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Despite extensive research into peptide synthesis, coupling of amino acids with weakly nucleophilic heterocyclic
amines remains a challenge. The need for microwave technology to promote this coupling interferes with the
scalability of the process. By applying the microwave-to-flow paradigm, a library of (α-aminoacyl)amino-substituted
heterocycles was continuously produced at near quantitative conversions and the reaction was scaled up successfully.
Various N-Cbz-protected amino acids were activated using BtH/SOCl2 under continuous-flow conditions with
excellent yields. Their coupling with heterocyclic amines was accomplished in MeCN–NMP on a preparative scale.
However, performing both steps in-line resulted in an inconvenient work-up. Therefore, a two-step approach was
taken, isolating the intermediate Bt-activated amino acid via simple filtration. This allows for a solvent switch to
DMSO for the coupling reaction which led to excellent conversions for a broad range of substrates.
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1. Introduction

Peptidomimetics and peptide conjugates are of considerable
interest in the design and the optimization of new leads in the
pharmaceutical and agrochemical industry [1]. In particular,
oligopeptidoylamino-substituted heterocycles have served as
model for the development of a wide variety of biologically
active molecules, including efflux pump inhibitors [2], peptide
deformylase inhibitors [3], cytotoxic compounds [4], inhibitors
of apoptosis [5], inhibitors of tumor necrosis factor-α converting
enzymes [6], anti-inflammatory [7] and antisickling [8] com-
pounds, pesticides [9], and for the design of biosensors [10].
The synthesis of these oligopeptidoylamino-substituted het-

erocycles usually requires high temperatures and prolonged
reaction times and involves an acylation step using a variety
of coupling reagents, e.g., 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) [3], N,N′-dicyclohexylcarbodiimide
(DCC) [6b] or 1H-Benzotriazole (BtH) [11]. BtH has a pro-
nounced range of benefits: having a rather low toxicity, excel-
lent leaving group characteristics, a high tolerance to other
functional groups, as well as being easy to handle, soluble in
organic solvents, and efficiently coupling with carboxylic sub-
strates [11, 12]. Moreover, BtH is less expensive than other Bt
containing coupling reagents, such as HATU or HBTU.
Katritzky and coworkers proved the strength of the benzotriazole

methodology for the coupling of N-protected α-aminoacylbenzo-
triazoles with several heterocyclic amines [13]. This coupling is a
much less explored area than peptide synthesis, as the N-acylation
of such weakly nucleophilic heterocyclic amines is not a straight-
forward reaction using conventional coupling methods in batch
[14]. A library of these (N-protected α-aminoacyl)amino hetero-
cyclic compounds was generated by Katritzky et al. after short
reaction times under microwave heating (30 min, 70 °C), however,
mostly with modest yields at millimole scale. Microwave irradia-
tion has proven to be very efficient in chemical synthesis, when
compared to conventional heating [15]. Rapid and efficient heating
of the entire reaction mixture is achieved by direct coupling of the

microwave energy with the molecule dipoles (microwave dielectric
heating). Using sealed vessels, microwave-heated reactionmixtures
can reach temperatures above the boiling point of the solvent
applied. This can result in a considerable decrease of the required
reaction time as compared to the classically heated reactions, which
are limited to the solvent reflux temperature. Furthermore, micro-
wave-enhanced processes often showed to be superior to the clas-
sical process conditions regarding side-product formation.
Microwave heating is, however, mostly unsuitable for scale-up:
the heating efficiency rapidly drops when increasing the reaction
scale above gram quantities, and many conditions of volume,
temperature, and solvent are virtually out of scope. A recent trend
to circumvent these hurdles utilizes the translation of microwave to
microreactor technology (“microwave-to-flow” paradigm) [16].
Considering the common features of these two technologies –
exquisite control of reaction parameters, efficient heating, and
possibility of high-temperature and high-pressure conditions – it
is possible to perform this transition and open up a route for the
scale-up of microwave-heated chemical processes [17].
In view of the aim of our research group to facilitate reactions

in flow that are difficult to scale [18], we report the continuous-
flow adaptation of the Katritzky Bt-activation of amino acids,
and the subsequent amide coupling reaction, leading to
increased yields and efficient scale-up (Scheme 1).
Solution-phase peptide bond formation in flow, using

β-amino acids as starting materials for the synthesis of β-pep-
tide-based antibiotics, was reported previously by Wiles and
Watts [19] and Seeberger et al. [20] Watts et al. made use of
electroosmotic flow to mobilize the reagents. N-Boc- or
N-Fmoc-protected amino acids were used as such in a DCC-
activated coupling reaction with a second amino acid, protected
as the Dmab ester, or were pre-activated as the pentafluorophenyl
ester via an EDC coupling reaction in batch, prior to the dipeptide
synthesis under continuous-flow conditions [19] Acid fluorides,
prepared in batch, were selected as activated forms of N-Boc- or
N-Fmoc-protected amino acids by Seeberger et al. [20].
Ley et al. published a synthesis strategy using polymer-sup-

ported reagents, alsomaking use of a continuous-flowBt-activation
of N-protected amino acids and subsequent coupling with a
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second amino acid. Several dipeptides were synthesized as such
in good yields (61–83%) [21]. The authors developed an inno-
vative procedure to tackle the problem of the continuous syn-
thesis of peptides utilizing advanced approaches such as
immobilized reagents, scavengers, and catch and release proto-
cols. However, this entails the need for expensive polymer
supported reagents and extra synthetic steps. Moreover, as the
activation and coupling step are separated in time, it is not a fully
continuous-flow process. More recently, an efficient solid-phase
continuous-flow synthesis of peptides was reported by Fülöp et al.,
using HATU as coupling reagent [22].

2. Results and Discussion

2.1. Continuous Bt-Activation of N-Cbz-α-Amino Acids.
In the first step, the continuous-flow activation of N-Cbz-pro-
tected amino acids was studied. Performing both the activation
and coupling of amino acids in a continuous-flow mode would
facilitate a high throughput and the fully automated synthesis of
peptide bonds. Protection of amino acids by a Cbz-group was
preferred over other protecting groups, e.g., Boc or Fmoc pro-
tection, in view of the higher yields of the Bt-activation in
literature [23]. Two Bt-activation methods were evaluated: on
the one hand, 1-(methanesulfonyl)benzotriazole (BtMs) was
used, and on the other hand, BtS(O)Bt was generated in situ
by reaction of thionyl chloride and 1H-benzotriazole.

In the first attempt to produce the benzotriazole-activated N-
Cbz-protected α-amino acids 2 under flow conditions, BtMs 5
was synthesized by reaction of benzotriazole with methanesul-
fonyl chloride (MsCl) in about 90% isolated yield [24]. In order
to transfer the Bt-activation step using BtMs to the continuous-

flow concept, different solvents and reaction conditions were
evaluated in batch to ensure optimal solubility of all reaction
partners. Comparable yields were obtained in dry THF and dry
MeCN, while the use of dry NMP led to a complex reaction
mixture (CRM), as observed by 1H-NMR analysis (Table 1)
[25]. All three solvents resulted in clear reaction mixtures.
The Bt-activation was then evaluated in a continuous-flow

mode in dry MeCN, using a small-scale borosilicate glass chip
reactor (internal volume [IV]: 10 μL; channel width: 300 μm;
channel depth: 60 μm; see Supporting Information [SI] for a
full system description). The conversions (as determined by
external standardization) for this series of optimization experi-
ments are summarized in Table 2.
In the first series of flow experiments, the influence of the

reaction temperature was evaluated (Table 2, entries 1–4). An
increase of the reaction temperature generally resulted in an
increase of the conversion although the effect was moderate.
At higher temperatures, more free BtH was observed in the
liquid chromatography–mass spectrometry (LC–MS) spectrum,
indicating a higher degree of degradation. Using an excess of
BtMs resulted in a considerable increase of the conversion
(Table 2, entries 2 and 5, 3 and 9). The highest conversion
was obtained with a residence time of 15 min at 90 °C (Table 2,
entry 6). A further increase of the reaction time resulted in a
decrease of the conversion (Table 2, entry 7). A lower conver-
sion was obtained at higher reaction temperatures when an
excess of BtMs was used (Table 2, entries 6 and 10, 7 and
11), and a maximum of 81% was reached for the activation of
Cbz-L-Trp 1b using 1.25 equivalents of BtMs combined with a
residence time of 15 min at 90 °C (Table 2, entry 6). It should be
noted that, in all these flow experiments, a limited amount

Scheme 1. Envisioned continuous-flow synthesis of N-Cbz-(α-aminoacyl)amino-substituted heterocycles.

Table 1. Preliminary batch experiments for the activation with BtMs 5

Entry Solvent T (°C) Yield (%)

1 THF Δ 18
2 THF (dry) Δ 57
3 MeCN (dry) 70 53
4 MeCN (dry) Δ 55
5 NMP (dry) 70 CRM
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(about 6%) of unidentified side products were detected on LC–
MS. However, no correlation between side product formation
and the reaction temperature or residence time was observed.
Next, the alternate activation using in situ generated BtS(O)

Bt was studied. Again, a series of batch experiments with
different solvents was performed in order to determine suitable

reaction conditions for the continuous-flow experiments
(Scheme 2 and Table 3).
The use of THF, CH2Cl2, or MeCN resulted in the formation

of a turbid reaction mixture, although good isolated yields were
obtained (Table 3, entries 1–3, 75–80% yield). Also the use of
DMF resulted in the formation of precipitate. In case dry
DMSO was used as a solvent in batch, no conversion was
detected on LC–MS. A homogeneous reaction mixture without
precipitation of the formed salts was observed with NMP.
However, isolation of the end product 2a was difficult due to
the high boiling point of NMP (Tb=202 °C). Evaporation of the
solvent under mild vacuum was not possible, and distillation of
the solvent under high-vacuum conditions (2 mbar) resulted in a
complex residue. As such, solvent mixtures THF–NMP and
MeCN–NMP were evaluated for the activation (Table 3, entries
7–14). Using these solvent mixtures, clean conversions were
observed, and in view of the ease of isolation, the solvent
mixture with the lowest amount of NMP was selected. Lower
amounts of NMP could be used in MeCN before turbidity was
observed (Table 3, entry 10), and a near quantitative conversion
(99%) was reached after 10 min at 0 °C.
Having determined the optimal solvent mixture, the Bt-acti-

vation of amino acids under continuous-flow conditions was
optimized (Scheme 3 and Table 4). These experiments were
performed in a PFA tube reactor (ID: 508 μm) at 0 °C.
Changing the residence times in both tube reactors had little

influence on the conversion (Table 4, entries 1–3). Comparable
conversions were obtained with residence times varying from 2
to 10 min (resp. 1–5 min) for the first (resp. second) tube
reactor. A slight increase of the excess of SOCl2 eventually
led to an excellent conversion (Table 4, entry 4). Subsequently,

Scheme 2. Activation of Cbz-Gly 1a with BtH–SOCl2

Table 2. Optimization of the Bt-activation of Cbz-L-Trp 1b in flow

Entry T (°C) BtMs (equiv.) RT (min) Conversion (%)a

1 80 1 10 46
2 90 1 10 56
3 100 1 10 52
4 120 1 10 63
5 90 1.25 10 74
6 90 1.25 15 81
7 90 1.25 20 67
8 100 1.25 5 56
9 100 1.25 10 74
10 100 1.25 15 63
11 100 1.25 20 58

a Towards 2b, as determined quantitatively by LC–MS with external
standard (see SI).

Table 3. Evaluation of different solvents for the activation with BtH–SOCl2
Entry Substrate Solvent Observation Entry Substrate Solvent Observation

1 1a Dry THF Turbid 8 1b MeCN–NMP (2:1) Clear
2 1a Dry CH2Cl2 Turbid 9 1b MeCN–NMP (4:1) Clear
3 1a Dry MeCN Turbid 10 1b MeCN–NMP (6:1) Clear
4 1a Dry DMF Turbid 11 1b MeCN–NMP (9:1) Turbid
5 1a Dry DMSO Clear 12 1b THF–NMP (1:1) Clear
6 1a Dry NMP Clear 13 1b THF–NMP (2:1) Clear
7 1b MeCN–NMP (1:1) Clear 14 1b THF–NMP (4:1) Turbid

Scheme 3. Activation of Cbz-L-Trp 1b with BtH–SOCl2 under continuous-flow conditions
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different amino acids were activated using the continuous-flow
procedure. The end products were easily isolated as they pre-
cipitated when the reactor output was collected in H2O. The
crude precipitate contained only trace amounts of NMP. In order
to remove these solvent traces, it was washed with H2O, which
entailed a small amount of product loss.
For each derivative, a sample was collected over a period of

30 min. Table 5 gives an overview of the crude yield (before the
removal of traces of NMP) and purified yield (after complete
removal of NMP) for the synthesized derivatives. The obtained
isolated yields in batch are also displayed. No racemization was
observed for enantiomeric pure starting materials based on

comparison of the optical rotation of the synthesized derivatives
with literature data [23b, 23c].
In order to monitor the yield during the course of the oper-

ation, the continuous-flow Bt-activation of three different deriv-
atives was run for several hours. Samples were collected over a
period of one hour, and the isolated yield of each sample was
determined (Figure 1). Comparable isolated yields were
obtained over a period of 6 h, indicating stable operation.
2.2. Telescoping the Coupling Step with the Continuous

Bt-Activation. In the second phase of this study, the alignment
of both activation and coupling step of the N-Cbz-protected
amino acids with heterocyclic amines was considered. There-
fore, the coupling of Cbz-D,L-Phe-Bt 2d and 2-aminopyridine 3a
was evaluated in MeCN–NMP (6:1) (Scheme 4). These experi-
ments were performed on a glass modular mesoreactor system (IV:
6.5 mL; see Supporting Information for a full description). The
reaction temperature was raised in comparison to the reported batch
procedure in order to speed up the coupling reaction and to limit the
residence time.
The first series of experiments with 1.05 equivalents of 2-

aminopyridine 3a resulted in moderate conversions of 47–64%
depending on the residence time (Table 6, entries 1–3).

Table 4. Activation of Cbz-L-Trp 1b with BtH–SOCl2 under continuous-
flow conditions

Entry RT1 (min) RT2 (min) SOCl2 (equiv.) Conversion (%)a

1 2 1 1.2 83
2 4 2 1.2 84
3 10 5 1.2 89
4 2 1 1.5 94

a Towards 2b, as determined quantitatively by LC–MS with external
standard (see SI).

Figure 1. Isolated yield of the process over time

Table 5. Bt-activation of amino acids under continuous-flow conditions

Entry End product 2 Crude yield (%) Purified yield (%)a Calculated throughput (g/day)

1 Cbz-Gly-Bt 2a Quantitative 99 (98) 50
2 Cbz-L-Phe-Bt 2c 99 94 (82) 61
3 Cbz-D,L-Phe-Bt 2d 99 97 (64) 63
4 Cbz-L-Ala-Bt 2e 85 80 (67) 42
5 Cbz-D,L-Ala-Bt 2f 82 76 (61) 40
6 Cbz-L-Met-Bt 2 g 97 71 (66) 44
7 Cbz-L-Trp-Bt 2b 91 85 (58) 60
8 Cbz-D,L-Trp-Bt 2 h 94 87 (66) 62

aYields obtained in batch indicated in parentheses.

Scheme 4. Continuous-flow coupling of Cbz-D,L-Phe-Bt 2d and 2-aminopyridine 3a
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Increasing the equivalents of 2-aminopyridine 3a resulted in
slightly higher conversions (Table 6, entries 4 and 5). An
optimal conversion of 86% was reached with a residence time
of 30 min, and an increased concentration of the starting mate-
rial (Table 6, entry 8). The end product was easily isolated via
precipitate formation in 75% yield. Note that the optimal con-
centration of starting compound 2d equals the concentration at
the outlet of the continuous-flow Bt-activation step.
Hence, attempts were made to perform the Bt-activation of

Cbz-D,L-Phe-OH 1d in-line with the coupling with 2-amino-
pyridine 3a (Scheme 5). The Bt-activation was carried out in
two 0.3 mL PFA-tube reactors (ID: 508 μm), with a residence
time of respectively 2 and 1 min (vide supra). The reaction
mixture was then pumped over an alkaline resin in an attempt to
trap the released HCl and the excess of SOCl2 which could
restrain the conversion in the subsequent coupling reaction.
Because of the rapid saturation of this resin, however, another
approach was needed. The dosage of 2-aminopyridine 3a was
raised to 2 equivalents to compensate for the excess of SOCl2,
and 3 equivalents of triethylamine were added to capture HCl as
the corresponding soluble salt. The coupling reaction was per-
formed on a large scale, using a glass modular mesoreactor
system (IV: 17.1 mL; see Supporting Information for a full
description). As observed on LC–MS, an excellent conversion
to the end product 4d was obtained. The work-up, however, was
severely hampered by the large excess of benzotriazole and
NMP in the reaction mixture. An aqueous work-up, which

entailed product losses, and a problematic chromatographic
purification step were required. As the isolation of the inter-
mediate Bt-activated amino acid can be performed easily via
filtration, a two-step approach appeared to be far more conven-
ient and further integration was not pursued.
Moreover, the proposed two-step approach allows for a free

selection of solvent for the coupling reaction and, thus, facili-
tates maximizing the yields (see below). Further demonstrating
the need for a solvent switch, when evaluating the coupling
reaction of N-Cbz-Gly-Bt 2a and a more sterically hindered
amine 5-amino-3-methyl-1-phenylpyrazole 3b in MeCN–NMP
(6:1), barely any conversion was obtained.
2.3. Continuous Coupling of N-Cbz-α-Aminoacylbenzo-

triazoles and Heterocyclic Amines. In the last phase of this
study, the continuous-flow coupling of N-Cbz-α-aminoacylben-
zotriazoles 2 and heterocyclic amines 3 (which are difficult to
couple) was further optimized. This was initially performed on
a small-scale borosilicate glass chip reactor (IV: 10 μL; see
Supporting Information for a full description).
The suggested two-step process tolerates the introduction of a

new solvent in the second step in view of increased conversions.
Following the target reaction as presented by Katritzky et al.,
initial reactions were performed using DMF as solvent [13]. The
optimization process is outlined in Table 7. When performing
the reaction of glycine 2a and 5-amino-3-methyl-1-phenylpyr-
azole 3b in DMF and in DMSO under the same conditions, a
similar conversion was measured and no influence of the solvent
was noticed (Table 7, entries 4 and 5). Other lower boiling point
solvents from this class (acetone, acetonitrile, and dichlorome-
thane), alone or in combination with DMSO or DMF, resulted in
much lower or no conversion. Therefore, DMF was replaced by
DMSO as solvent in all consecutive trials. Note that, in a control
experiment, the use of DMSO under the reported microwave
heating conditions resulted in a drop of the conversion compared
to the reported results for DMF (i.e., 20% instead of 40% for 2a
and 3b).
Excellent conversions were obtained for the coupling of a

library of N-protected α-aminoacylbenzotriazoles and several
heterocyclic amines in DMSO, when compared to the use of
MeCN–NMP (6:1) as solvent mixture. For the coupling of Cbz-
D,L-Phe-Bt 2d and 2-aminopyridine 3a, the conversion was
further increased by 13% in DMSO compared to MeCN–
NMP, despite the lower residence time and the equimolar
amount of 2-aminopyridine 3a (Table 6, entry 8, and Table 7,

Table 6. Coupling of Cbz-D,L-Phe-Bt 2d and 2-aminopyridine 3a in flow in
MeCN–NMP (6:1)

Entry 2d (M) 3a (equiv.) RT (min) T (°C) Conversion (%)a

1 0.05 1.05 10.16 130 47
2 0.05 1.05 15.5 130 57
3 0.05 1.05 20.33 130 64
4 0.05 1.2 10.16 130 51
5 0.05 1.2 20.33 130 68
6 0.05 1.2 29.5 130 80
7 0.075 1.2 10.16 130 60
8 0.075 1.2 29.5 130 86
9 0.025 1.2 10.16 130 36
10 0.025 1.2 20.33 130 53
11 0.025 1.2 29.5 130 65

aAs determined by LC–MS (see SI).

Scheme 5. Reactor set-up for the in-line Bt-activation of 1d and subsequent coupling with 3a
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entry 18). Furthermore, in case of the coupling of N-Cbz-Gly-Bt
2a and 5-amino-3-methyl-1-phenylpyrazole 3b, less than 1%
conversion was observed in MeCN–NMP, while in DMSO,
40% conversion was achieved (Table 7, entry 5).
The reaction temperature appeared to be essential for smooth

conversion. When performing the reaction at 70 °C (Table 7,
entries 2 and 3), as stated in the original procedure, a low
conversion was observed. Increasing the temperature to 100 °C

and 130 °C led to higher conversions. At 150 °C, conversions
were similar to the results at 130 °C; however, LC–MS revealed
the presence of a number of side products. Hence, the optimal
reaction temperature proved to be 130 °C. Additionally, increas-
ing residence times resulted in higher conversions.
Finally, the scale-up potential of this coupling reaction was

demonstrated on the reaction of Cbz-L-Trp-Bt 2b and 2-amino-
thiazole 3e. An analogous larger scale glass modular

Table 7. Continuous production of N-Cbz-(α-aminoacyl)amino-substituted heterocycles 4 (10 μL scale)

Entry Substratea Het-NH2
b Solvent RT (min) T (°C) Conv. (%)c Reported yield [13] (%)d

1 Cbz-Gly-Bt 2a MeCN–NMP 50.0 130 <1 40
2 Cbz-Gly-Bt 2a DMF–acetone 10.0 70 <1
3 Cbz-Gly-Bt 2a DMF 100 70 10
4 Cbz-Gly-Bt 2a DMF 100 130 40
5 Cbz-Gly-Bt 2a DMSO 100 130 40

6 Cbz-L-Phe-Bt 2c DMF 15.2 130 99 55
7 Cbz-L-Phe-Bt 2c DMF 12.5 130 95
8 Cbz-L-Phe-Bt 2c DMSO 15.2 130 99

9 Cbz-L-Ala-Bt 2e DMSO 10 100 77 98
10 Cbz-L-Ala-Bt 2e DMSO 20 100 88
11 Cbz-L-Ala-Bt 2e DMSO 10 130 94
12 Cbz-L-Ala-Bt 2e DMSO 20 130 99

13 Cbz-L-Met-Bt 2 g DMSO 25 130 99 68
14 Cbz-L-Met-Bt 2 g DMSO 25 100 93
15 Cbz-L-Met-Bt 2 g DMSO 15.2 130 99

16 Cbz-D,L-Phe-Bt 2d DMSO 10 130 95 70
17 Cbz-D,L-Phe-Bt 2d DMSO 15.2 130 95
18 Cbz-D,L-Phe-Bt 2d DMSO 20 130 98
19 Cbz-D,L-Phe-Bt 2d DMSO 5 130 82

20 Cbz-L-Pro-Bt 2i DMSO 50 100 99 98

21 CBz-D,L-Ala-Bt 2f DMSO 20 130 99 78
22 Cbz-D,L-Ala-Bt 2f DMSO 10 130 99

23 Cbz-L-Trp-Bt 2b DMSO 15.2 130 99 81
24 Cbz-L-Trp-Bt 2b DMSO 10 130 99
25 Cbz-D,L-Trp-Bt 2 h DMSO 25 130 94 66
26 Cbz-D,L-Trp-Bt 2 h DMSO 33 130 96

a See SI for starting concentrations.
b 1.05 equiv. 3.
cAs determined by LC–MS (see SI).
d Isolated yield of the microwave-heated batch procedure.
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mesoreactor system (IV: 17.1 mL; see Supporting Information
for a full system description) was used. This mesoreactor
system makes use of static mixing elements in the channels,
to counter the problem of the decreasing mixing efficiency as
the channel diameter rises. To confirm the ease of scale-up,
the previously optimized parameters were evaluated on a
milliliter scale (Table 7, entry 24). A near quantitative con-
version was achieved with a calculated throughput of 10.8 g/
h, and the end product was isolated straightforwardly in 89%
yield (Table 8).

3. Conclusion

Aviable route for the production of the N-Cbz-(α-aminoacyl)
amino-substituted heterocycles 4 using the benzotriazole meth-
odology to activate amino acids in continuous flow was devel-
oped. Two methods were evaluated for the continuous Bt-
activation of N-protected amino acids: BtMs and BtH–SOCl2.
When the appropriate solvent was used, both methods could be
used under continuous-flow conditions without precipitate for-
mation. After optimization of the Bt-activation of Cbz-L-Trp 1b
with BtMs 5, a conversion of 81% was reached. However,
activation with BtH–SOCl2 in MeCN–NMP (6:1) resulted in
an excellent conversion (94%). Moreover, work-up of the
reaction mixture was very straightforward via filtration. Sev-
eral derivatives were continuously synthesized in good iso-
lated yields (71–99%). Telescoping the continuous Bt-
activation and the subsequent coupling with a heterocyclic
amine appeared to be not feasible as the use of MeCN–NMP
(6:1) limits the conversion in the coupling step and the excess
of BtH complicates the work-up. Therefore, a two-step
approach was proposed, which allowed for a solvent switch
to DMSO for the coupling reaction. This resulted in improved
conversions (40–99%) in comparison to the microwave-heated
batch process. In this way, the “microwave-to-flow” paradigm
applies to the benzotriazole chemistry. Moreover, the ease of
upscaling a microreactor process was confirmed for the cou-
pling reaction of Cbz-L-Trp 1b and 2-aminothiazole 3e with an
isolated yield of 89%.

4. Experimental Section

4.1. Activation of N-Cbz-Protected Amino Acids with
BtMs in Flow. Experiments were performed with a Labtrix®
Start microreactor (IV: 10 μL; see Supporting Information).
Two solutions were prepared in advance: 0.125 M Cbz-L-Trp
1b and 0.175 M Et3N in MeCN (solution 1) and 0.156 M BtMs
5 in MeCN (solution 2). After rinsing the system with MeCN,
the microreactor was primed with at least 5 system volumes at
higher flow rate (10 μL/min). Two syringes were prewashed
with 0.5 mL of the starting solutions each, filled with these
solutions and connected to both inlets. The microreactor chip
was heated to 90 °C, and both solutions were pumped through
the microreactor with a flow rate of 0.33 μL/min corresponding
with a residence time of 15 min and an excess of BtMs 5 (1.25
equiv.). After reaching steady state, a sample was collected and
analyzed via LC–MS.
4.2. Activation of N-Cbz-Protected Amino Acids with

BtH–SOCl2 in Flow. The activation of amino acids with
BtH–SOCl2 was performed using a tube reactor in view of the
corrosiveness of the reagents (Figure 2).
Both tube reactors were built using PFA-tubing (ID: 0.020″,

OD: 1/16″) with an internal volume of 1.5 mL each. The reagent
solutions were pumped through the tube reactor with a SyrrisW

Reagent Pump (SOCl2 and BtH) and a UniqsisW Binary Pump
Module (Cbz-AA). The mixing of the reagents occurred in an
ETFE T-connector. The reactor was cooled to the desired reac-
tion temperature using an ice bath.
The reactor system was first rinsed with dry MeCN–NMP

(6:1), and the following three solutions were prepared: (a)
0.45 M SOCl2 in dry MeCN–NMP (6:1), (b) 1.2 M BtH 6 in
dry MeCN–NMP (6:1), and (c) 0.15 MN-Cbz-AA 1 in dry
MeCN–NMP (6:1). The tube reactor was cooled to 0 °C, and
reagent A was also cooled to prevent degradation of SOCl2.
Reagents A and B were pumped through the tube reactor with a
flow rate of 0.375 mL/min each, corresponding to a residence time
of 2 min in the first tube reactor. The output of the first reactor was
mixed with reagent C (0.75 mL/min). Hence, a residence time of
1 min and a stoichiometric ratio N-Cbz-AA–BtH–SOCl2 1:4:1.5
were obtained in the second tube reactor. After reaching steady

Table 8. Continuous coupling of Cbz-L-Trp-Bt 2b and 2-aminothiazole 3e (17.1 mL scale)

Substrate Het-NH2
a Conc. 2b (mol/L) Solvent RT (min) T (°C) Conv. (%) Yield (%) Reported yield (%)b

Cbz-L-Trp-Bt 2b 2e 0.5 DMSO 10 130 98 89 81
a 1.05 equiv. 3e.
b Isolated yield of the microwave-heated batch procedure.

Figure 2. Activation of N-Cbz-protected amino acids with BtH–SOCl2 using a tube reactor

Continuous-Flow Benzotriazole Activation
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state, a sample was collected in an excess of H2O over a period of
30 min. A pale white precipitate (N-Cbz-AA-Bt 2) was formed
which was filtered and subsequently washed with H2O to remove
traces of NMP. Spectral data of the synthesized N-Cbz-AA-Bt 2
corresponded with literature [23b, 26].
4.3. Coupling of Cbz-D,L-Phe-Bt 2d and 2-Aminopyri-

dine 3a in MeCN–NMP (6:1) in Flow. Experiments were
performed with a KiloFlow® reactor (IV: 6.5 mL; see Supporting
Information). The reactor was rinsed with dry MeCN–NMP (6:1),
and the following solutions were prepared in advance: 0.075 M
Cbz-D,L-Phe-Bt 2d in dry MeCN–NMP (6:1) and 0.09M 2-amino-
pyridine 3a in dry MeCN–NMP (6:1).
The solution of 2d was preheated to 50 °C. The reactor was

heated to 130 °C, and both reagent solutions were pumped through
the reactor at a flow rate of 0.11 mL/min. Hence, a residence time
of 29.5 min and a stoichiometric ratio 2d:3a 1:1.2 were obtained.
After reaching steady state, a sample was collected and analyzed
via LC–MS.

4.4. Coupling of an N-Cbz-α-Aminoacylbenzotriazole
and a Heterocyclic Amine in DMSO in Flow. The optimiza-
tion experiments were performed using a Labtrix® Start micro-
reactor (IV: 10 μL). The system was prewashed with reaction
solvent for at least 10 reactor volumes. Two syringes were filled
with a first solution of N-Cbz-α-aminoacylbenzotriazole 2, with
a concentration as indicated in Table 9, and a second solution of
1.05 equivalents of the heterocyclic amine 3 in DMSO, and
connected to both inlets. Next, the system was primed with at
least 5 system volumes at higher flow rate (10 μL/min). The
flow was then set to the desired value, and the system was
equilibrated at the determined flow and temperature conditions.
After at least 3 system volumes, a sample was collected and
analyzed by LC–MS, after dilution in MeCN. The conversion
was estimated by comparing the absorbance of free BtH and N-
Cbz-α-aminoacylbenzotriazole at 254 nm (see Supporting
Information). The complete characterization of all compounds
has been published [13].
Next, the coupling reaction of Cbz-L-Trp-Bt 2b and 2-amino-

thiazole 3e was scaled up using the KiloFlowW mesoreactor under
the optimal reaction conditions, as determined on a small scale.
First, two 0.5 M reagent solutions were prepared. Twenty-five
millimoles of Cbz-L-Trp-Bt 2b (solution 1) and 1.05 equiv. of 2-
aminothiazole 3e (solution 2) were dissolved in DMSO to obtain
50 mL solutions. The reactor system was heated to 130 °C, and a
BPR of 7 bar was applied. Both reagent solutions were pumped
through the KiloFlowW reactor with a flow rate of 0.86 mL/min,
which corresponds to a residence time of 10 min and a stoichio-
metric ratio Cbz-L-Trp-Bt 2b:3e of 1:1.05. After reaching steady
state, a sample was collected. Subsequently, DMSO was removed
by distillation at high-vacuum conditions. The crude product was
purified by column chromatography with hexane–ethyl acetate 3:2
to obtain the pure (α-aminoacyl)amino-substituted heterocycle
(4.35 g, 10.34 mmol, 89%).
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Table 9. Concentrations of substrates 2

Entry Substrate Conc. 2 (mol/L)

1 Cbz-Gly-Bt 2a 0.5
2 Cbz-L-Phe-Bt 2c 0.5
3 Cbz-L-Ala-Bt 2e 0.15
4 Cbz-L-Met-Bt 2 g 0.5
5 Cbz-D,L-Phe-Bt 2d 0.25
6 Cbz-L-Pro-Bt 2i 0.5
7 CBz-D,L-Ala-Bt 2f 1
8 Cbz-L-Trp-Bt 2b 0.5
9 Cbz-D,L-Trp-Bt 2 h 0.25
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