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Experimental section
General chemistry

'"H NMR spectra were recorded on a Bruker Avance DPX-400 spectrometer with the residual solvent
peak as the internal reference (CDCl; = 7.26 ppm, de-DMSO = 2.50 ppm). ‘H resonances are reported to
the nearest 0.01 ppm. *C NMR spectra were recorded on the same spectrometers with the central
resonance of the solvent peak as the internal reference (CDCl; = 77.16 ppm, ds-DMSO = 39.52 ppm). All
3C resonances are reported to the nearest 0.1 ppm. DEPT 135, COSY, HMQC, and HMBC experiments
were used to aid structural determination and spectral assignment. The multiplicity of H signals are
indicated as: s = singlet, d = doublet, dd = doublet of doublet, ddd = doublet of doublet of doublet, t =
triplet, g = quadruplet, sext = sextet, m = multiplet, br. = broad, or combinations of thereof. Coupling
constants (J) are quoted in Hz and reported to the nearest 0.1 Hz. Where appropriate, averages of the
signals from peaks displaying multiplicity were used to calculate the value of the coupling constant.
Infrared spectra were recorded neat on a PerkinElmer Spectrum One FT-IR spectrometer using Universal
ATR sampling accessories. Unless stated otherwise, reagents were obtained from commercial sources
and used without purification. Hydrous zirconia was kindly gifted from MEL Chemicals (cod. XZ0 631/01)
[1]. The removal of solvent under reduced pressure was carried out on a standard rotary evaporator.
Melting points were performed on a Stanford Research Systems MPA100 (OptiMelt) automated melting
point system and are uncorrected. High resolution mass spectrometry (HRMS) was performed using a
Waters Micromass LCT Premier™ spectrometer using time of flight with positive ESI, or conducted by Mr
Paul Skelton (Department of Chemistry, University of Cambridge) on a Bruker BioApex 47e FTICR
spectrometer using (positive) ESI or El at 70 ev to within a tolerance of 5 ppm of the theoretically
calculated value. Two FlowIR™ spectrometers (silicon and diamond window respectively) from Mettler
Toledo were used for the in-line analyses of the two steps [2]. BET analyses were performed using a
Tristar 3000 apparatus (Micromeritics) [3] at the Department of Material Sciences and Metallurgy,
University of Cambridge. The flow hydration reaction was performed using a Vapourtec R2+/R4 flow
platform [4]. A Knauer K-120 HPLC pump [5] was used for the hydrogenation step, in combination with a
ThalesNano H-Cube® reactor [6].
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Flow procedure for the synthesis of pyrazine-2-carboxamide. A solution of nitrile 3 in ethanol/H,0 (0.6
M, 8:1 v/v) was passed through the column reactor R2 (100 mm x 10 mm, 5 g hydrous zirconia) heated
at 100 °C, with a residence time of 20 minutes, to obtain a quantitative recovery of the primary amide 2
after concentration of the reactor output (>98% yield). White solid; m.p. 191-194 °C; 6§ H (400 MHz, ds-
DMSO, 25 °C) 7.84 (1H, br. s), 8.24 (1H, br. s), 8.70 (1H, dd, J = 2.5 Hz, J 1.5 Hz), 8.85 (1H, d, J = 2.5 Hz),
9.17 (1H, d, J = 1.5 Hz); & C (100 MHz, CDCls, 25 °C) 143.46 (CH), 143.69 (CH), 145.18 (C), 147.46 (CH),
165.13 (C); FTIR (neat, v): 3422, 3132, 1669, 1583, 1525, 1481, 1432, 1373, 1171, 1089, 1046, 1021, 870,
791 cm™; LC-MS: retention time 0.28 min, m/z [M + H]" = 124.19; HRMS (ESI): m/z calcd for CsHgON;":
124.0505; found 124.0504. Elemental analysis: calcd C = 48.78%, H = 4.09%, N = 34.13%; found C =
48.60%, H=4.19%, N = 33.70%.

Reservoir containing
solution of
starting material Valve V1
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Raspberry Piand
USB hub

Heated hydrous
zirconia column

FlowIR. iC IR laptop
is off-picture

Using a single stream of a Vapourtec R2/R4+ reactor, material is pumped through a polymer tubing to
the glass column reactor. The output of this reactor passes through a second tubing to a 100 psi back-
pressure regulator (BPR) and then through a third tubing to the switching valve V1, directing it either to
waste or to be collected. All tubing is PFA with @ 1mm.

Flow procedure for the synthesis of (R,S)-piperazine-2-carboxamide. A solution of carboxamide 2 in
ethanol/H,0 (0.6 M, 8:1 v/v) was fed using a Knauer K-120 pump (flow rate 0.1 mL min™!) into the H-
Cube apparatus, loaded with a 10% Pd/C catalyst cartridge, heated at 100 °C to obtain a quantitative
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transformation to the primary amide 1 after concentration of the reactor output (95% yield). White
solid; & H (400 MHz, MeOD, 25 °C) *H NMR (400 MHz, MeOD) & 2.66 (2H, ddd, J = 16.3, 7.7, 4.3 Hz), 2.80
—2.71(1H, m), 2.82 (1H, dt, J = 11.8, 2.7 Hz), 2.95 (1H, dt, J = 12.2, 2.7 Hz), 3.08 (1H, dd, J = 12.4, 3.4 Hz),
3.36 —3.28 (2H, m); & C (100 MHz, CDCls, 25 °C) 45.56 (CH,), 46.26 (CH,), 49.63 (CH,), 59.39 (CH), 174.58
(C); FTIR (neat, v): 3332, 3308, 3194, 2949, 2904, 2832, 1673, 1611, 1488, 1438, 1409, 1355, 1306, 1186,
1136, 1116, 1071, 1057, 1003, 959, 908, 823, 723 cm™"; LC-MS: retention time 0.26 min, m/z [M + H]" =
130.14; HRMS (ESI): m/z caled for CsH;,ON5™: 130.0975; found 130.0979. Elemental analysis: calcd C =
46.50%, H =8.58%, N = 32.53%; found C=46.49%, H = 8.50%, N = 32.30%.

—

Collection Valve V2

Collection Vials

The reagent solution is infused using the Knauer K-120 pump into the H-Cube® via a @ 0.5 mm PTFE
tubing and @ 0.5 mm stainless steel tubing. The output of the H-Cube® passes through @ 0.5 mm PTFE
tubing through a 100 psi BPR, then the FlowlR™ spectrometer, and then a 75 psi BPR to the collection
valve V2 (Valco VICI 10-position switching valve). The second BPR was required to stop the hydrogen
from blowing the solution through the FlowIR™ too rapidly, whilst not providing more pressure than the
IR head can withstand.

Flow procedure for the telescoped synthesis of (R,S)-piperazine-2-carboxamide. A solution of nitrile 3
in ethanol/H,0 (0.6 M, 8:1 v/v) was passed through the column reactor R2 (100 mm x 10 mm, 5 g
hydrous zirconia) heated at 100 °C, with a residence time of 20 minutes. This intermediate solution was
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used directly without purification in the second step. This could be performed either by matching the
flow rates of the two steps, or using a reservoir arrangement as described in the main article. The
intermediate solution was delivered to the H-Cube® apparatus (flow rate 0.1 mL min™) using a Knauer K-
120 pump. The H-Cube® was loaded with a 10% Pd/C catalyst cartridge, which was heated at 100 °C.
After concentration of the reactor output the primary amide 1 was obtained (95% yield).

Collection reservoir

o i T

The intermediate solution was directed into a pear shaped flask through a tube (@ 0.5 mm PTFE, total
volume 1 mL) from V1. A bent stainless steel tube allows the solution to be drawn out by the Knauer K-
120 pump. An open needle allows the pressure to equalise. A plastic board gives a white background to
the image captured by the camera, which is held in position relative to the flask with clamps.
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DoE run results

H, Pressure Temperature Flow rate | Conversion Product Side-product 1 Side-product 2

/°C  /mLmin™

1 Full 100 0.1 1.00 1.00 0.00 0.00
2 20 bar 100 0.1 0.53 0.35 0.08 0.10
3 20 bar 40 0.2 0.85 0.08 0.07 0.70
4 Full 40 0.1 0.78 0.74 0.04 0.00
5 20 bar 40 0.2 0.52 0.34 0.18 0.00
6 20 bar 40 0.1 0.38 0.26 0.12 0.00
7 20 bar 100 0.2 0.37 0.34 0.03 0.00
8 Full 40 0.2 0.80 0.54 0.26 0.00
9 20 bar 40 0.1 0.46 0.42 0.04 0.00
10 Full 100 0.1 1.00 1.00 0.00 0.00
11 Full 40 0.1 0.73 0.59 0.14 0.00
12 Full 100 0.2 1.00 1.00 0.00 0.00
13 Full 100 0.2 1.00 1.00 0.00 0.00
14 20 bar 100 0.1 0.40 0.37 0.04 0.00
15 Full 40 0.2 0.75 0.52 0.23 0.00
16 20 bar 100 0.2 0.44 0.44 0.00 0.00

Values calculated from NMR, based on relative integration of peaks at 9.24 ppm (starting material),
3.13 ppm (product), 3.79 ppm (side-product 1) and 3.18 ppm (side-product 2).
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Design-Expert® Software
Factor Coding: Actual
Conversion

X1 = A: Pressure
X2 = B: Temperature

Actual Factor
C: Flow rate = 0.15

B B- 40.00
A B+ 100.00

Design-Expert® Software
Factor Coding: Actual
Product

® Design Points

X1 = A: Pressure
X2 = B: Temperature

Actual Factor
C: Flow rate = 0.10

B B- 40.00
A B+ 100.00

Conversion

Product

Interaction

1.20 —

1.00 —

0.80 —|

0.60 —

0.40 —|

0.20 —

B: Temperature

20 bar

A: Pressure

Interaction

Full

1.40 —

1.20 —

1.00 —

0.80 —{

0.60 —

0.40 —|

0.20 —

0.00 —

B: Temperature

20 bar

A: Pressure

Full
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Design-Expert® Software
Factor Coding: Actual
SP1

® Design Points

X1 = A: Pressure
X2 = B: Temperature

Actual Factor
C: Flow rate = 0.10

B B- 40.00
A B+ 100.00

SP1

-0.10 —

Interaction

0.30 —

0.20 —

0.10 —

0.00 —

B: Temperature

N

20 bar

A: Pressure

Full
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Digital Connections

Vapourtec ThalesNano Valco VICI
| R2+/R4 | FlowlR [K“a”erk'12°] [ H-Cube ] [MultipositionValve]

UsSB-Serial Adapter

Brainboxes I

ES-257

Netwo rk Switch

Control Computer
(Raspberry Pi or Dell OptiPlex)

*é -

Router / NAT ‘ . Seal

~
~
~
~
~

Octopus Interface Server

Internet
(SMS Notification
Service)

Client Devices
Wired or
wireless
connection
Individual devices were connected as most appropriate to the control computer. The Vapourtec unit was
situated a few metres from the control computer and so an Ethernet connection was most convenient.

Other devices were closer and were connected by USB or USB/Serial Adapter.

The FlowIR™ has to be controlled by the Mettler-Toledo iC IR software. This is set to perform an auto-
export of data to a text file. A small script running on the laptop makes this data accessible to the
control computer.

The interface server can be the same machine as the control computer. In this case it was a separate
machine outside the lab. The server software can also be run on a virtual machine in the cloud allowing
internet access to the experimental data. Importantly the control computer can be behind a firewall and
not visible from the internet, increasing the security of the laboratory devices.

This same configuration was used for all of the experiments; a Raspberry Pi® [7] computer was used for
experiments not involving a camera.
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BET measurements data for the hydrous zirconia catalyst (cod. XZ0631/01, MEL Chemicals).

ls.otherm Tabular Report

Redatne Albsoluie Can ity Elapsed Time Saturation
Pressure (P/Po) Presgure Adsorbed {hmiin) Pressure
{mmHg) {cmig STF) {mmHg)
00: 38 TE81.13434
001055 4550 525021 578743 01:08
0,030 14 BEZZ 23 54193 &8 0283 017
0.0&081 3268 A7 8305 TT.2027 01:24
008577 (53 66 G606 B3 122 01:32
0. (RBEE8TTT TE 8717 85 8878 01:37
0. 117520848 a1 T4615 B4 8118 01:43
0. 137303365 107 18528 O3 GhRE 01:48
0. 157208557 122 11706 fE g L 01:53
07727 50E2 13837518 1011974 01:58
0. 197381880 154 DE2TQ 104 2480 2 0l
02487172198 184 11777 113.5838 i
0.2a7a3Taaz 232 288 121.17a2 0218
0. 382307418 274 BEG44 128 2065 02 24
0. 387142812 300 51544 1326440 0228
0.44TAGTEER Zal9 17444 136 0868 0232
0. 497 208032 BT aTEeA 138 5256 0235
0547574017 42T 2T133 1404535 0237
0. 507e0 e A86 37454 142 1348 0238
0240 TR0 2TTRA
064807 4148 505 BT145 143, T0E0 0242
069730727 S 0TATT 145, 5344 0244
0. TAGED 2425 LEZ TE1TH 147 5260 0248
0. TARRE 42 a21 50281 150.0012 0248
081850 1347 638 90T 13 1513472 0251
084747 1244 681 B4ET0 1533857 2 5l
0BT X0 3282 G20 8TEEY 185 BE3S 0258
0. B0t 4080 &O0 82 a0 188 4901 0256
0,92 102 2205 718 55535 162 5055 0302
0. G500 (325 Ta1 18235 1711658 030
097X ea 2 TEG DART 188 551 027
0. G800 5736 TEd 45371 1870335 032
0801028177 TT307T245 2121142 i ]
0,001 354053 T3 30092 218 5023 0325
0. QR0 1388 T ATe32 208 T00E 0328
0.97ea0Ta08 761 83837 202 5x24 0320
097054723 TEG 884 T4 1870186 0332
0. 95142E327 T42 10150 182 1801 0340
0927105244 T2 11212 1710871 0245
0. BaZ07 4580 o065 462 16 1621981 0352
0. 88T 330851 G768 44058 158 2733 0356
083081 TTTA G54 GTRZE 165 2783 (358
082701 576 5 B84 B8 154 1TET DR
0. 802195007 625 52158 152, 3462 0o 02
0. 754203518 SBE 24933 149 6367 06105
0. TOERITEY B8 7RO 24 147 2688 el 07
0.BRLIBE4 2R 5 B41TR 145 4824 DR ]
060306 1856 470 26117 1437837 ez 11
0, BE25E Z 303 430 90158 142, 2303 0z 14
0. 502E0ERE1 301 Be15Y 140, 7400 16
0. 453860645 353 82075 138 6243 el 18
0. 405020740 36 52740 1347340 02 24
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ls.otherm Tabular Report
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Ouanfity Adsorbed (om¥g 5TP)

Isotherm Log Plot
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BET Surface Area Report

BET Swface Area: 3765470 + 52146 mg
Siope: 0.011443 +0.000150 giom? 5TP
¥-Intercept. 0.000118 +0.000019 giom? 5TP
C: 98 134312
Qm: B8 4951 cm¥yg STP
Comelation Cosefident 0. S0d2 2
Mokecular Cross- Seconal Area: 0.1620 nm?
Relafive Cwuantity (PP - 1))
Pressure Audgorbed
{PPo) {om¥g 5TF)

0.010584609 5T BT43 0.000184
0.0301 48522 68 0283 0000457
0.0508 13265 T2z 000083
0.0B57 70452 B3 1222 0001120
0.0BBEE8TTT 85 BB2E 0001273
0. 117520648 B0 8118 0001483
0127303355 O3 BOEs 000180
0157208557 97 4azx2 0001913
0.177275022 101.1874 0002120
01897381660 104 2480 0002345
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Langmuir Surface Area Report
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Langmuir Surface Area Plot
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t-Plot Report
Micropore Volume: -0.019061 am¥g STP
one Ares; *
External Surface Area: 4150610 mifg
Swope: 368335060 + 2ATETHS cmfignm STF
Y-Imercept -12 322642 + 1033230 cm’ig STP
Cometafion Cosfigent 0900702
Surface Area Comection Factor: 1.000
Dengty Conversion Factor: 0.0015468
Total Surfece Area (BET): 3765179 mifg
Thickness Range: 0.35000 nm to 0.50000 nm
Thickness Equation: Harking and Jura
t=[ 13.98 /{0,034 -wgFFa) )] * 05

Relafive Statisical Chuantity
Pressure (PiPo) Thickness (nm)  Adsorbed

{om¥g STP)
0.010564 620 0.26381 ETAT43
0030148522 0. 20007 GR02E
0080813265 0.33454 TTRT
0085770453 0.35852 R ]
0.0B8558TTT 038871 B58828
0. 117520848 038087 BOg118
0137303385 0.39507 Q36985
0. 157206557 040870 araezz
0ATT2TS 022 042206 101.1974
0. 197381680 043519 104 8489
0248717216 048816 1135836
0. 247637232 049068 1211782
0. 352207416 0.53586 1282265
03487142912 056707 1326440
0447467 828 0619 1360868
0. 497200032 084387 1385256
0547574017 068800 1404535
0. 54760T 981 0.73706 14213486
0648074148 oTeT 1437980

* The micropore area is not reporied because either the micropore volume is negative or the calculated extemnal surface
areais larger than the total surface area.
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t-Plot
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BJH Adsomption Pore Distribution Report
t=3.54 [ -5 fin{PfPo) ] * 0.333
Diameter Range: 1.7000 nm o 300 0000 nm
Adsorbate Property Factor: 0.95300 nm

Denaty Conversion Factor: 0.0015468
Fraction of Pores Open at Both Ends: 0.00

Pore Diameter Average Imcremenital Cumulaive | al Cu ]
Range (nm) Diameter (nm)  Pore Volume Pore Volume Pore Area Pore Area
{om?¥g) {emg) {m¥g) (mg)

23852173 2.3 0.010421 Q10421 0.188 0.188
2173 -9889 118.7 0.025038 0035460 0.844 1032
G989 -736 825 0.017498 QOEIEES 0.848 1880
T3E - 404 AT 8 0.026705 QOTETE3 2,240 4121
404 - 259 300 0.015138 Q02892 2017 6.138
259201 e 0.007005 0101887 1.281 ]
201 -163 78 0.005125 0107022 1.182 8 551
163 - 138 1“5 0.003894 0110918 1.051 9603
138-118 125 0.003658 0114574 1.172 10775
116 - 104 0a 0.002458 0117033 0.901 11 676
104 - 8.4 a1 0.004661 0121693 2.045 13721
84- 7.0 75 0.003852 0.1 25545 2,046 15767
70- 60 LT 0003501 0.1 20048 2,188 17 956
60- 52 55 0.003532 0132578 2.581 20507
5248 49 0.003848 0138426 3168 2IETE
4.6 - 4.1 4.3 0.00B885 0141311 4,538 2821
4.1- 37 38 0.008028 0148238 7183 35403
3733 35 0.010812 0158151 12,500 A48 002
33-30 31 0.015348 0174490 19.515 &7 817
30-27 28 0.026238 Q200737 36,240 104 A58
27- 25 26 0.020646 0230383 46,251 150707
25-22 23 0.0350089 0265392 60,600 211307
22- 21 22 0.01467 2 0280064 27243 238 550
21- 20 21 0.014781 0284845 28702 267 252
20-18 20 0.015025 0308870 30.585 297 817
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BJH Adsorption dWidD Pore Vo lume
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BJH Adsorption dVWdlog (D) Pore Volume

—— zrod?

519

1
1
1
1 |T|I||..||| 1 1 1 1
— . 1
- — ] 1
- - ' 1
1 1 1 1 R | 1 1
' ' —— '
1 1 —
1 1 ' 1 1 T— ]
' 1 ' ' ——
1 1 ' 1 1
i s
T T v T T TS
' ' . ' =T
1 1 ' 1 1
1 1 1 1 1 1 nw.“n 1
1 1 ' 1 . 5, '
1 1 1 Yo
1 1 W
1 1 1 1 o
' \!
||||||| T e Ty
1 1 1 1 1 1 .%
1 1 1 1
1
1

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Pore Diameter (nm)

I
1]

1

+
" T
1 1 1 1 " 1 " l__l
: | : LA
||||||| |_I||I||.I._.|I|||I||._.|||I||I|._.|I||II||ﬂ||||||||...IIl.Ill....ll*lllll
! ! : i
" " P L
m 1 |T|||_||||I“p|_|||||m|| 1 “
A _
-+ ‘ ‘ :
rT...T 1 . 1 . 1
T T m T T T m T T T | T T T T m T T T T T T T T T T T T
P ] w i 1_u 1__ ._I Q
= =] = =] = =] = =

(B ) SOy, S



B.JH Adsorption Cumulative Pore Area
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BJH Adsomption dAfdD Pore Area
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B.JH Adsorption dAidlog (D) Pore Area
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BJH Ads orption Cumulat ve Pore Volume
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B.JH Desorption Pore Distribution Report
t=3.54 [ -5/ m{PPo) ]~ 0.333
Diameter Range: 1.7000 nm o 300 0000 nm
Adsorbate Property Facior: 0.95300nm

Denaty Conversion Factor: 0.0015468
Fracfion of Pores Open at Both Ends: 0.00

Pore Diameter Average Incremental Cumulative Incremental Cumulative
Range (nm) Diameter (nm)  Pore Volume Pare Volume Pore Area Pore Area
{om3ig) {cmg) {mg) {mg)

2251778 196.0 0.018037 0018037 0.327 0327
17748 -840 100.6 0.010193 0026230 0.405 073z
840 -875 FER] 0008365 003555 0.507 123
675 -4158 48 5 0025480 0081574 2,144 3383
416 - 280 324 0.019852 0081435 2472 5 855
280 - 193 220 0.016239 0097675 2847 8 803
193 -157 7a 0.007118 0104793 1.663 10 486
157 - 131 14.1 0.005435 0.1 10228 1.538 12 004
131122 128 0.002016 0112244 0.640 12 B4
122-107 13 0.003276 0115820 1.159 13 803
07 86 a4 0004954 0120474 2112 15 814
86-T71 77 0.00M252 0124725 2,205 18.119
71-61 65 0.003625 0128350 2206 20 345
6.1- 53 56 0.003413 0131783 2429 22774
53-47 49 0.003236 0.1 34920 263 25 ADS
4.7 - 4.1 4.4 0.003280 0138280 3.010 28 414
4.1- 37 39 0.005721 0144001 5884 3 278
37- 34 35 0.012572 0156573 14.281 48 554
34 - 30 3z 0.018966 0175538 23.866 T2 A25
30-27 28 0023533 0190071 32793 106 218
27-258 26 0029021 0228003 44661 144 879
2522 23 0.035220 0263313 &0.037 200 216
22-20 21 004453 0307788 85663 205 570
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Pore \olume (omg)

B.JH Desorption Cumulative Pore Volume
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BJH Desomption dv/dD Pore Volume
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B.JH Desorption dVdiog(D) Pore Volume
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BJH Desorption Cumulative Pore Area
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BJH Desorption dA/dD Pore Area
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B.JH Desorption dA/dlog(D) Pore Area
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Summary Report

Surface Area
Single point surface area at PIPo = 01897381660 3663377 mig

BET Swrface Area: 3765179 mifg
Langmuir Surface Ares: 48504 51 mifg
i-Fiot External Surizce Area; 4150610 mifg

BJH Adsonption cumulative surface ares of pores
betwesen 1. 7000 nm and 200 0000 nm dameter: 2878170 mifg

BJH Desonption cumulatie swufaoe areaof pores
betwesen 1. 7000 nm and 200 0000 nm dameter: 2055783 mifg

Pore Volume
Simgls poant adsonpion total pore volume of pores
keas than 736426 nm diameter at PIPo = 0972008912 0. 288718 om¥g
1 Piot micropore volume: 0019081 em¥ig

B.JH Adsorption cumul afive wolume of pores
between 1 7000 nm and 200 0000 nm diameater: 0203870 em¥g

B.JH Desorption cumul aive wolume of pores
between 1 7000 nm and 200 0000 nm diameater: 0207766 om¥g

Pome Size
Adsorplion average pore wadth (WA by BET): 3.08700nm
B.JH Adsonplion average pore diameter (4WAY 4. 1619 nm

B.JH Desorplion average pore diameter (4WAY 4. 1649 nm
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