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Abstract

A concise, rapid and high-yielding flow synthesis of aryl diazonium tetrafluoroborate salts is reported. The flow
approach has been achieved by means of a diazotization reaction to access unstable aryl diazonium chloride
salts in situ, followed by reaction with sodium tetrafluoroborate, to afford the corresponding aryldiazonium
tetrafluoroborates in isolated yields of 64-100%.
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Introduction

The synthesis of aryl diazonium salts was first reported by Griess in 1858.%% Since then, they have become
important synthons in organic synthesis due, in part, to the ease with which the diazonium group can be
displaced by a wide range of nucleophiles.? In the last 160 years, the range of reactions involving diazonium
salts has expanded from the development of the Sandmeyer reaction to obtain C-Cl, C-Br and C-CN bonds in
1884, and Pschorr intramolecular substitution reaction for the synthesis of biaryltricyclics in 1896.% These were
followed by the intermolecular Gomberg-Bachmann reaction in 1924 and, shortly thereafter in 1927, the Balz-
Schiemann reaction involving the thermal decomposition of diazonium tetrafluoroborates to obtain the
difficult to access aryl C-F bond.> The Meerwein arylation followed in 1939 and, 38 years later in 1977,
Kikukawa and Matsuda laid the foundation for palladium-catalyzed cross-couplings.? Since then, developments
in C-C, C-B, C-S and C-N bond formation, with and without retention of N,, have been reported.4

In 2002, de Mello and co-workers reported, for the first time, the generation of a diazonium salt under
flow conditions in which they used a nanoscale monolithic chip to prepare an aryl diazonium chloride,
followed by in-situ quenching to obtain azo dyes.” The same group subsequently demonstrated a linked in-situ
chloro-dediazonation.®

The in-situ generation and use of aryl diazonium salts have subsequently been reported in several flow
syntheses,” " as have the syntheses of related triazine moieties.’*> In many instances, the syntheses suffered
from solubility issues, requiring the use of large excesses of acid and nitrite or requiring complex and
specialized reactor setups. A detailed overview of these approaches can be found in the 2015 review by Felpin
and co-workers.*®

The most widely utilised approach to access aryldiazonium tetrafluoroborate salts involves the
diazotization of an aryl amine in the presence of sodium nitrite and hydrochloric acid under aqueous
conditions.*?%2 Thereafter, treatment with sodium tetrafluoroborate or fluoroboric acid results in the
precipitation of the desired aryldiazonium tetrafluoroborate salt (Scheme 1).

NH, N,*CI N,*BF -
| N NaNO, | X NaBF, N
o F HCl L - |//

Scheme 1. General approach for the synthesis of aryl diazonium tetrafluorborate salts.

To date, the synthesis and/or use of aryldiazonium tetrafluoroborates under flow conditions has been
limited. Yu and co-workers demonstrated a Balz-Schiemann reaction using aqueous sodium nitrite with a
combination of hydrochloric and fluoroboric acids under aqueous conditions in a tubular reactor to form aryl
diazonium tetrafluoroborate salts, followed by fluoro-dediazonation to obtain aryl fluorides in good yields."’ Li
and co-workers employed a similar approach during their flow synthesis of N-aryl pyrazoles generating
diazonium tetrafluoroborate salts by reaction of anilines/BF3/THF with tert-butyl nitrite/THF in a tubular
reactor. In this instance, the tube reactor was placed in a sonicator to prevent the build-up of precipitated
diazonium salts.” Baxendale and co-workers explored the generation of aryl diazonium chloride species under
aqueous, organic, and solid-phase conditions, followed by the in-situ consumption of the diazonium species in
downstream reactions.’® In one example, the diazotization of tert-butyl 4-aminophenylcarbamate was
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demonstrated by reaction with trimethylsilyl chloride/bromide and isopentyl nitrite, followed by off-line
conversion to the more stable tetrafluoroborate salt.'®

As part of an in-house research program we desired a convenient high-yielding approach for the preparation
of aryldiazonium tetrafluoroborates for use as coupling partners in Suzuki-Miyaura reactions. Reported herein
is a facile, high-yielding flow approach to access such systems.

Results and Discussion

In developing an approach that could be applied to a flow system, an initial batch-mode
investigation/optimisation series of experiments were undertaken using aniline as a model system to identify
conditions that would afford homogeneous reaction mixtures. Initially, sodium nitrite was exchanged for
isopentyl nitrite, allowing the reactions to be performed in more solubilising organic solvents; several
potential solvent systems were screened (Table 1).*

Table 1. Batch optimisation for the preparation of aryl tetrafluoroborates

oy
©/ 2.NaBF, 1a
Entry Solvent Acid Yield (%)
Source Equiv.
1 None® 32% HCl 5.1 3
2 DMF 32% HCl 5.1 19
3 H,0 32% HCI 5.1 20
4 1:1 EtOH/DMF 32% HCI 5.1 20
5 1:1 EtOH/H,0 32% HCI 5.1 48
6 CHsCN 32% HCI 5.1 61
7 CH3CNP 32% HCl 5.1 78
8 CH3CNb 32% HCI 1.1 100
9 CH3CNb 1.25 M Ethanolic 1.1 100

Standard conditions: aniline (1.0 equiv., 0.66 M), isopentyl nitrite (1.1 equiv.), acid (5.1 or 1.1 eq.),
NaBF; (2.0 equiv.), 30 min, 0 °C.  minimal amount of DMSO was used to solubilise the NaBH, prior to
addition. ° NaBF, packed in a syringe through which the reaction mixture was passed, 15 min residence
time for step 1.

Under solvent-free conditions, the conversion to 1a was very poor at only 3% (entry 1). The use of
DMF, ethanol or water, either alone or as mixtures, afforded improvements in the yields, however, these
were, at best, only moderate at 19-48% (entries 2-5). When using acetonitrile, the yield improved to 61%
(entry 6). In the latter case, the reagents, apart from sodium tetrafluoroborate, appeared to be solubilised at a
concentration of 0.66 M relative to aniline. The yield was further improved to 78% by initially performing the
diazotisation step at 0 °C, followed by passing the reaction mixture through a syringe packed with sodium
tetrafluoroborate (2.0 equiv.) three times (entry 7).
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In an effort to minimise the amount of acid used, the reaction was then optimised in terms of the
stoichiometric excess of the acid. Fortuitously, when decreasing the excess from 5.1 equivalents to 1.1
equivalents, the yield improved to 100% (entry 8). To avoid the use of corrosive agueous hydrochloric acid, the
process was repeated using ethanolic hydrochloric acid (1.25 M) which afforded quantitative isolated yields at
1.1 equivalents of the acid (entry 9). Finally, reduction of the reaction time (step 1) to 15 minutes afforded
comparable results.

The final optimised process involved the diazotisation of aniline (0.66 M, 1.0 equiv.) with iso-pentyl
nitrite (1.1 equiv.) and ethanolic hydrochloric acid (1.25 M, 1.1 equiv.) in acetonitrile at 0C (15 min reaction
time), prior to passage across a syringe packed with sodium tetrafluoroborate (2.0 equiv.), to afford the
desired aryl tetrafluoroborate salt (Scheme 2).

In order to convert the process to flow, the general setup depicted in scheme 2 was developed using a
Unigsis FlowSyn SS reactor (Figure 1). The setup involved the use of two HPLC pumps connected via a T-piece
adaptor to a 2 mL PTFE coil reactor (both at 0 °C). The coil reactor was, in turn, connected in series to an
Omnifit® column housing sodium tetrafluoroborate (at ambient temperature), followed by a back-pressure
regulator fitted at the output flow stream.

0-°C

RG/NHZ 1.0 mL.min"!
e
7 @

ACN/EIOH (0.20 M)

——ﬂ NaBF,  P—{8PR

2mL H

O
Y\/ “NO
+ EtQH/HCI

(0.22 M) (0.22 M) @

in ACN 1.0 mL.min™’!
Scheme 2. Schematic representation of our flow set-up for the Figure 1. Unigsis FlowSyn SS reactor
conversion of anilines to aryldiazonium tetrafluoroborates. set-up for the synthesis of

aryldiazonium tetrafluoroborates.
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Table 2. Reaction scope

1. isopentyl nitrite,

72\ NH ethanolic HCI 7 N\ . )
v 2 o N,"BF,4
R — 2 NaBF4 R\—

1a-l 2a-|
Flow R | Yield (%)
Entry  Aniline Product Solvent system ow .a_tle(m
min™) Batch Flow
93%
N,*BF,
1 la Q)nerses CHAONEtOH 2.0 100 100
60%
N,*BF,
2 1b O 2'BF; CHLCN/EtOH 2.0 40 85
N,"BF, 80%
3 1 Q ik 2.0 31 64
¢ o CH3CN/EtOH
N,*BF, 60%
4 1d Q o 2.0 77 100
" CH3CN/EtOH
50%
HO N,*BF,
5 le )N O/t 15 21 100
76%
(¢]] N,*BF,
6 1f O 2BF, CHLCN/EtOH 2.0 80 98
76%
B N,*BF,
7 1g ()N CHLN/EHOH 2.0 90 99
N,*BF,” 76%
8 1h Q 2 2.0 100 100
. CHsCN/EtOH
N,*BF 76%
9 1i Q 2 2.0 99 100
| . CHsCN/EtOH
. 93%
F N,*BF,
10 1j O 2'BFy CHACN/EtOH 2.0 83 100
HZNOZSON{'BE{ 60%
11 1k CHLCN/EtOH 2.0 36 -
e 60%
CO,H 0
12 1 @ CHLONEtOH 1.75 75 99

Standard conditions: Batch: aniline (1.0 equiv., 0.66 M), isopentyl nitrite (1.1 equiv.), ethanolic hydrochloric

acid (1.1 eq.), NaBF4 (2.0 equiv.), 15 min, 0 °C (step 1), rt (step 2). Flow: (Scheme 2, Figure 1): aryl amine (1.0

equiv., 0.20 M), isopentyl nitrite (1.1 equiv.), ethanolic hydrochloric acid (1.1 equiv.), NaBF, (2.0 equiv.).
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The process was initially envisaged with the diazotisation occurring in a cooled mixing chip, prior to
passage through the Omnifit® column housing the sodium tetrafluoroborate. Unfortunately, although not
apparent in batch-mode, when utilising a mixing chip there was a gradual build-up of the precipitated
diazonium hydrochloride salt in the chip, which ultimately led to reactor fouling. In an attempt to overcome
this issue, the reaction concentration was reduced from 0.66 M to 0.2 M and an ethanol/acetonitrile solvent
mix was adopted. The problem persisted, however, and not wanting to dilute the reaction mixture further, we
exchanged the mixing chip for a T-piece mixer connected in series to a 2 mL PTFE coil reactor (id 1 mm), which
we felt would be less likely to suffer from blockages. Reactor fouling was avoided utilising this set-up, and
there was no visual evidence of the build-up of solids occurring inside the PTFE tubing. Thereafter, using
aniline as a model system, the process was optimised in terms of residence time, ultimately affording pure
benzenediazonium tetrafluoroborate 1a in quantitative yield with a residence time of 2 min 39 sec at a flow
rate of 2 mL min™’. Off-line processing and purification conveniently only required the removal of solvent and
trituration of the resulting residue in tetrahydrofuran to afford the pure tetrafluoroborate salt. The scope of
the reaction was then tested through the syntheses of a range of aryl diazonium tetrafluoroborate salts (Table
2) from their respective aryl amines, requiring only minor adjustments to the solvent system or flow rates
used. The set-up afforded most of the desired tetrafluoroborate salts in isolated yields of 98-100% except for
4-methylbenzenediazonium tetrafluoroborate 1b (85%) and 2-hydroxybenzenediazonium tetrafluoroborate 1c
(64%) (entries 2 and 3). In the case of 4-sulfamoylbenzenediazonium tetrafluoroborate 1k, the sulfanilamide
starting reagent could not be sufficiently solubilized for use in the flow reactor (entry 11). In all cases apart
from entry 11, the flow yields were equal to or better than the corresponding batch yields.

Conclusions

We have successfully developed a concise, rapid and high-yielding flow method for the synthesis of
aryldiazonium tetrafluoroborates. The flow approach notably affords similar or improved yields when
compared to existing batch approaches, and does not require the handling or isolation of the unstable
diazonium chloride salt precursors which are generated and consumed in situ. Importantly, the approach as
described does not suffer from the build-up of precipitates, and there was no observed formation of
unwanted diphenyl diazene byproducts that have been noted previously.'” Furthermore, minimal off-line
processing and purification are required, with pure material isolated by simple solvent removal and trituration
in tetrahydrofuran. The used of a packed-bed reactor to house the sodium tetrafluoroborate, which is used
stoichiometrically, suggests that this approach is less amenable to scale-up than previously reported
approaches.” ''® We believe, however, that it offers a mild and easily implemented alternative that is of
value in circumstances in which the preparation and isolation of gram quantities of pure aryldiazonium
tetrafluoroborates are required. Investigations into telescoping the described setup into reactions wherein the
obtained tetrafluoroborates are further functionalised are ongoing in our laboratory.

Experimental Section

General. Solvents and reagents were purchased from Sigma-Aldrich and used without further purification. 'H,
3¢ and °F NMR spectra were recorded on a Bruker AVANCE-IIl 300 MHz spectrometer or a Bruker AVANCE-III
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400 MHz spectrometer with the residual solvent peak as an internal reference (DMSO-ds = 2.49 and 39.5 ppm
for 'H and *C NMR, respectively). Chemical shifts, 8, are reported in parts per million (ppm), and splitting
patterns are given as singlet (s), doublet (d), triplet (t), quartet (q), or multiplet (m). Coupling constants, J, are
expressed in hertz (Hz). Infrared spectra were run on a Bruker ALPHA platinum ATR spectrometer. The
absorptions are reported on the wavenumber (cm™) scale, in the range of 400-4000 cm™. Yields refer to
isolated pure products unless stated otherwise. Flow reactions were performed on a Unigsis FlowSyn Stainless
Steel reactor.

Typical batch synthesis of aryl diazonium tetrafluoroborate salts (table 1 entry 10). A solution of aryl amine
(2 mmol, 1.0 equiv.) in acetonitrile (5 ml) was cooled to 0 °C. Ethanolic hydrochloric acid (2.2 mmol, 1.1 equiv.)
was added to the solution in a drop-wise fashion followed by drop-wise addition of isopentyl nitrite (2.2 mmol,
1.1 equiv.). The reaction mixture was stirred for 15 min after which time it was passed through a syringe
packed with sodium tetrafluoroborate (4 mmol, 2.0 equiv.) at ambient temperature (3x). After the third pass,
the output of the syringe was collected, cooled to 0 °C, and followed by concentration to dryness. The residue
obtained was then suspended in tetrahydrofuran facilitating the precipitation of the pure aryldiazonium
tetrafluoroborate salts which were then collected by vacuum filtration and washed with tetrahydrofuran
(Table 1 entries).

Typical flow synthesis of aryl diazonium tetrafluoroborate salts (Table 1, entry 1). A solution of aryl amine
[11.0 ml, 0.2 M in CHsCN/EtOH (see ratios in table 2)], and a solution of isopentyl nitrite/ethanolic
hydrochloric acid (1.6 mL/9.5 ml, 0.22 M in CHsCN), were combined at a T-piece mixer (see table 2 for flow
rates and scheme 2 for reactor set-up), cooled to 0 C and reacted in a 2 mL HT PTFE coil also cooled to 0C. The
combined stream was then passed through a glass Omnifit® column packed with sodium tetrafluoroborate
(1.25 g, 11.4 mmol, 2.0 equiv.) at room temperature, followed by passage through a back-pressure regulator.
The output stream was collected in a flask cooled to 0 °C, concentrated to dryness, and re-suspended in
tetrahydrofuran, facilitating the precipitation of the pure aryldiazonium tetrafluoroborate salts, which were
then collected by vacuum filtration and washed with tetrahydrofuran.

Benzenediazonium tetrafluoroborate (1a). The titled compound was prepared following either protocol A or
B affording a light pink solid (batch: 3.3 mmol scale, 0.63 g, 100%; flow: 2.2 mmol scale, 0.42 g, 100%). "H-NMR
(300 MHz DMSO-dg); & = 8.65 (d, 2H, J 8.07 Hz), 8.25 (dd, 1H, J 7.28 & 7.28 Hz), 7.97 (dd, 2H, J 7.85 & 7.85 Hz).
BC-NMR (75 MHz DMSO-dg); 6 = 140.92, 132.69, 131.29, 116.02. BF NMR (282 MHz, DMSO-dg); 6 =-148.30. IR
cm™ (neat) 3105, 2292, 1016, 754, 662. Data match those previously reported.22

4-Methylbenzenediazonium tetrafluoroborate (1b). The titled compound was prepared following either
protocol A or B affording a light brown solid (batch: 2.0 mmol scale, 0.16 g, 40%; flow: 2.0 mmol scale, 0.34 g,
85%). "H-NMR (300 MHz DMSO-dg); & = 8.53 (d, 2H, J 8.46 Hz), 7.79 (d, 2H J 8.37), 2.56 (s, 3H). *C-NMR (75
MHz DMSO-dg); 6 = 154.02, 132.67, 131.81, 111.94, 22.39. BF NMR (282 MHz, DMSO-dg); 6 = -148.26. IR cm™
(neat) 3111, 2286, 1581, 1011, 817, 723. Data match those previously reported.22
2-Hydroxybenzenediazonium tetrafluoroborate (1c). The titled compound was prepared following either
protocol A or B affording an off-white solid (batch: 1.95 mmol scale, 0.12 g, 31%; flow: 1.88 mmol scale, 0.26
g, 64%). 'H-NMR (300 MHz DMSO-ds); & =7.60 (d, 1H, J 8.04 Hz), 7.42 (dd, 1H, J 7.86 & 7.86 Hz), 6.84 (s, 1H),
6.59 (d, 1H, J 9.24 Hz), 6.37 (dd, 1H, J 7.48 & 7.48). >*C-NMR (75 MHz DMSO-d¢); & = 173.43, 139.91, 127.21,
121.68,116.02, 91.35. YF NMR (282 MHz, DMSO-dg); 6 =-148.57. IR cm™ (neat) 2280, 1306, 1010, 750, 608.
3-Hydroxybenzenediazonium tetrafluoroborate (1d). The titled compound was prepared following either
protocol A or B affording a brown solid (batch: 1.95 mmol scale, 0.32 g, 77%; flow: 1.90 mmol scale, 0.40 g,
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100%). *H-NMR (300 MHz DMSO-dg); & = 11.41 (s, 1H), 8.10 (d, 1H, J 7.53), 7.94 (s, 1H), 7.74 (dd, 1H, J 7.25 &
7.25 Hz), 7.60 (d, 1H, J 6.12). °F NMR (282 MHz, DMSO-dg); & = -148.45. IR cm™ (neat) 3199, 1411, 1306, 1011,
725.

4-Hydroxybenzenediazonium tetrafluoroborate (1e). The titled compound was prepared following either
protocol A or B affording a white solid (batch: 1.90 mmol scale, 0.09 g, 21%; flow: 1.90 mmol scale, 0.40 g,
100%). *H-NMR (300 MHz DMSO-dg); & = 8.29 (d, 2H, J 9.21 Hz), 6.96 (d, 2H, J 8.85 Hz). °F NMR (282 MHz,
DMSO-dg); 6 =-148.49. IR cm™ (neat) 2113, 2082, 1827, 1305, 1012, 595.

4-Chlorobenzenediazonium tetrafluoroborate (1f). The titled compound was prepared following either
protocol A or B affording white solid (batch: 1.88 mmol scale, 0.33 g, 80%; flow: 1.74 mmol scale, 0.39 g, 98%).
'H-NMR (300 MHz DMSO-dg); & = 8.68 (d, 2H, J 8.91 Hz), 8.10 (d, 2H, J 8.91 Hz). *C-NMR (75 MHz DMSO-ds);
& = 146.57, 134.42, 131.63, 114.72. >F NMR (282 MHz, DMSO-dq); & = -148.26. IR cm™ (neat) 3108, 2289,
1313, 1290, 1024, 833, 771.

4-Bromobenzenediazonium tetrafluoroborate (1g). The titled compound was prepared following either
protocol A or B affording a white solid (batch: 1.55 mmol scale, 0.37 g, 90%; flow: 1.52 mmol scale, 0.40 g,
99%). *H-NMR (300 MHz DMSO-dg); & = 8.56 (d, 2H, J 8.88 Hz); 8.24 (d, 2H, J 8.88 Hz). *C-NMR (75 MHz
DMSO-dg); & = 136.58, 134.56, 133.98, 115.14. *°F NMR (282 MHz, DMSO-dg); & = -148.23. IR cm™ (neat) 3097,
2282,1291, 1029, 827, 759. Data match those previously reported.22

2-Fluorobenzenediazonium tetrafluoroborate (1h). The titled compound was prepared following either
protocol A or B affording a light-yellow solid (batch: 2.1 mmol scale, 0.44 g, 100%; flow: 1.9 mmol scale, 0.40 g,
100%). *H-NMR (300 MHz DMSO-dg); & = 8.73 (dd, 1H, J 6.63 & 6.63 Hz), 8.37 (dd, 1H, J 7.10 & 13.52 Hz), 7.99
(dd, 1H, J 9.18 & 9.18 Hz), 7.81 (dd, 1H, J 7.95 & 7.95 Hz). *C-NMR (75 MHz DMSO-d); & = 162.17, 158.55,
144.78, 144.66, 133.46, 133.41, 127.47, 118.81, 118.60, 105.65, 105.48. F NMR (282 MHz, DMSO-dg); 6 = -
102.55, 148.37. IR cm™ (neat) 3106, 2292, 1287, 1250, 1029, 830, 769.

3-Fluorobenzenediazonium tetrafluoroborate (1i). The titled compound was prepared following either
protocol A or B affording a white coloured solid (batch: 2.1 mmol scale, 0.43 g, 99%,; flow: 1.9 mmol scale, 0.40
g, 100%). *H-NMR (300 MHz DMSO-dg); 6 = 8.66 (d, 1H, J 7.59 Hz), 8.58 (d, 1H, J 8.28 Hz), 8.21 (dd, 1H, J 8.45
& 8.45 Hz), 8.00 — 8.08 (m, 1H). *C-NMR (75 MHz DMSO-dg); & = 161.86, 159.35, 133.65, 133.56, 129.89,
129.86, 129.30, 129.09, 119.69, 119.39, 117.41, 117.29. F NMR (282 MHz, DMSO-dg); 6 =-105.75, -148.24. IR
cm™ (neat) 3101, 2300, 1235, 1028, 874, 789, 651.

4-Fluorobenzenediazonium tetrafluoroborate (1j). The titled compound was prepared following either
protocol A or B affording a light-yellow solid (batch: 2.05 mmol scale, 0.37 g, 83%; flow: 1.9 mmol scale, 0.40 g,
100%). *H-NMR (300 MHz DMSO-dg); & = 8.77 — 8.82 (m, 2H), 7.84 — 7.90 (m, 2H). *C-NMR (75 MHz DMSO-
ds); & =169.80, 167.14, 137.08, 136.96, 119.55, 119.30, 111.87, 111.84. BF NMR (282 MHz, DMSO-dg); 6 = -
87.21,-148.17. IR cm™ (neat) 3114, 2291, 1252, 1016, 843, 682. Data match those previously reported.?
4-Sulfamoylbenzenediazonium tetrafluoroborate (1k). The titled compound was prepared following either
protocol A affording a pale-yellow solid (batch: 1.65 mmol scale, 0.15 g, 36%). ‘*H-NMR (300 MHz DMSO-dg); &
= 8.85 (d, 2H, J 8.73), 8.32 (d, 2H, J 8.76), 8.04 (s, 2H). *C-NMR (75 MHz DMSO-d¢); & = 153.37, 134.05,
128.06, 119.46. YF NMR (282 MHz, DMSO-dg); 6 = -148.25. IR cm™ (neat) 2079, 1663, 1306, 1011, 618.
2-Carboxybenzenediazonium tetrafluoroborate (1l). The titled compound was prepared following either
protocol A or B affording a white solid (batch: 1.73 mmol scale, 0.31 g, 75%; flow: 1.72 mmol scale, 0.40 g,
99%). *H-NMR (300 MHz DMSO-dg); 6 = 12.21 (s, br, 1H), 7.71 (dd, 1H, J 8.04 & 1.46 Hz), 7.56 (dd, 1H, J 8.58 &
8.58 Hz), 7.12 (d, 1H, J 7.72 Hz), 7.10 (d, 1H, J 7.52). *C-NMR (75 MHz DMSO-dg); & = 172.33, 157.50, 135.29,
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130.36, 129.77, 120.62, 116.96. °F NMR (282 MHz, DMSO-ds); & = -148.33. IR cm™ (neat) 3099, 2281, 1728,
1047, 725, 635.
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