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ABSTRACT: Hydrogen Bonding Phase-Transfer Catalysis (HB-PTC) offers a convenient solution to activate safe and economical metal
alkali fluorides for enantioselective nucleophilic fluorination. Herein, we demonstrate the scalability of this protocol with the fluorination of
200 g of rac-(R,R)-N,N-dibenzyl-2-bromocyclohexan-1-amine in a mechanically stirred 1 L glass reactor using 0.5 mol% of bis-urea organo-
catalyst. In these experiments, full conversions were obtained for high mixing intensities (impeller average shear rate >10 000 s; maximum
energy dissipation per unit of mass >300 W/kg). The thermal safety of the reaction was assessed by differential scanning calorimetry (DCS)
and reaction calorimetry (RC), assigning the reaction to Stoessel’s critical class 3.

1. INTRODUCTION

Fluorine incorporation has a dramatic effect on the physical and
chemical properties of organic molecules.! As such, it is a well-
established strategy in the pharmaceutical and agrochemical indus-
tries to improve the properties of biologically active compounds.?
As the number of fluorinated drugs on the market increases,? so
does the demand for enantioselective protocols which employ safe,
cheap and abundant fluorine sources.* The application of asymmet-
ric phase-transfer catalysis (PTC) to industrial processes offers
multiple advantages, such as the use of cheaper and safer raw ma-
terials, milder reaction conditions, and enhanced selectivity and
yields.5 Both cationic and anionic asymmetric PTC in combination
with electrophilic fluorinating reagents have been reported,® but the
high cost of these reagents is a disadvantage for large scale produc-
tion. In contrast to electrophilic fluorination reagents derived from
F2, alkali metal fluorides are safe and inexpensive fluorine sources,
which are available in bulk quantity from hydrogen fluoride.” Their
use in asymmetric fluorination is challenging because of their poor
solubility and the difficulties in balancing fluoride nucleophilicity
and basicity.

We reported Hydrogen Bonding Phase-Transfer Catalysis
(HB-PTC), a new concept in PTC that relies on the ability of a hy-
drogen bond donor to solubilize solid inorganic salts via complex-
ation of the anion.8-1° Control over enantioselectivity was achieved
for nucleophilic fluorination with a new class of chiral BINAM-
derived (BINAM = [1,1’-binapthalene]-2,2’-diamine) N-alkyl bis-
urea catalysts capable of forming a tricoordinated hydrogen bonded
fluoride complex I (Figure 1).1! Pairing with a cationic electrophile
leads to the chiral ion pair 11, that undergoes fluorination with re-
lease of the enantioenriched fluorinated product and the catalyst.
This metal-free organocatalyzed fluorination gave access to highly
valuable enantioenriched B-fluoroamines (up to 92% yield and 96:4
e.r. = enantiomeric ratio) upon enantioselective desymmetrization
of meso aziridinium ions generated in situ from stable precursors.®

Both potassium fluoride (KF) and cesium fluoride (CsF) were suit-
able reagents for this protocol.
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Figure 1: Asymmetric HB-PTC applied to metal alkali fluorides.
Bzh= Benzhydryl. MF = CsF or KF; X = Cl, Br, OTf.

The mildness of enantioselective fluorination under HB-PTC, cou-
pled with operational simplicity and the use of safe and economical
fluoride sources,'? prompted us to further investigate its scalability
for initial assessment of its advantages and limitations from a pro-
cess chemistry standpoint. As a model reaction, we focused on the
200 g-scale enantioselective fluorination of rac-(R,R)-N,N-diben-
zyl-2-bromocyclohexan-1-amine rac-1 (Figure 2A) in a mechani-
cally stirred reactor. The multigram synthesis (>30 g) of the or-
ganocatalyst (S)-3 used in this study has recently been achieved.!

Rac-1 was selected as substrate because it gives access to enanti-
opure trans-2-fluorocyclohexan-1-amine, a highly valuable build-
ing block for discovery campaigns,#1°> and represents a challeng-
ing substrate for enantioselective HB-PTC. Known high-yielding
syntheses of a protected racemic precursor include the deoxyfluor-
ination of trans-2-(dibenzylamino)cyclohexan-1-ol with explosive
DAST (DAST = Diethylaminosulfur trifluoride) (70% yield),%¢ and



the ring opening of the bicyclic tosyl aziridine with TBAF (69%
yield).** Alternative approaches to racemic trans-2-fluorocyclo-
hexan-1-amine or its protected analogues suffer from poor diastere-
oselectivity!” or use hazardous reagents,® and are low-yielding.1"18
In all cases, resolution with a chiral acid is required to afford the
enantiopure compound, resulting in the waste of half of an expen-
sive starting material. A protected precursor of trans-2-fluorocy-
clohexan-1-amine can be accessed in 92:8 e.r. using high loadings
of two Lewis acids (Co-Salen: 5 mol% and Ti(NMez)4: 10 mol%).°
The protocol employs toxic and corrosive HF generated in situ
from an excess of benzoyl fluoride and hexafluoroisopropanol
(HFIP) and was not demonstrated on scale larger than 1 g.

proof-of-scalability, further studies were therefore performed using
1.2 equiv of CsF, 0.5 mol% of (S)-3, in CH2Cl2 (2 M) (entry 16).

Table 1: Reaction Optimization(®
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Figure 2: A) Model reaction for the scale-up of enantioselective nucleo-
philic fluorination under HB-PTC in a mechanically stirred 1 L reactor.
B) Examples of bioactive compounds featuring the trans-2-fluorocyclo-
hexan-1-amine motif .15

2. RESULTS AND DISCUSSION

We reported the fluorination of rac-1 with KF (5 equiv) in the pres-
ence of 10 mol% of catalyst (S)-3 in a,a,a-trifluorotoluene for 72 h;
under these conditions (R,R)-2 was isolated in 68% yield (78%
F NMR yield) and 85.5:14.5 e.r.® The reaction with CsF gave sim-
ilar results (60% yield, 85:15 e.r.).

Optimization aimed at reducing catalyst loading revealed that sol-
vent and concentration were important parameters (Tables 1 and
S1-S3).2° The reactivity of KF in the presence of 1 mol% of (S)-3
was most favorable in CHCls, and afforded (R,R)-2 in 59% yield
after 72 h (Table 1, entry 2). The reaction with CsF was completed
in 24 h when the same catalyst loading (1 mol%) was used (97%
yield, 82:18 e.r., entry 4), and it was still efficient in the presence
of 0.5 mol% of (S)-3 (88% yield, 81:19 e.r., entry 5). Reducing the
loading further to 0.2 mol% decreased both yield and e.r. (33%
yield, 79:21 e.r., entry 6). A significative drop in yield was ob-
served reducing the CsF equivalents from 3 (88%, entry 5) to 1.2
(42%, entry 15) in the presence of 0.5 mol% of (S)-3, but high
yields could be restored doubling the concentration from 1 M to
2 M (87%, entry 16). For both fluoride salts, chlorinated solvents
gave the best conversions (KF: entries 2-3; CsF entries 7-14). The
reaction did not proceed or gave very low yields in PhCHs (21%,
entry 9), BUCN (10%, entry 11),2* 2-MeTHF (traces, entry 12), an-
isole (35%, entry 13) or EtOAC (traces, entry 14). Pleasingly, better
results were secured in CH2Cl2 (90%, entry 7), PhCFs (65%, entry
8), and 1,2-DFB (1,2-difluorobenzene, 66%, entry 10). At lower
catalyst loading (0.5 mol%) the yields obtained in PhCFs (12%, en-
try 17) and 1,2-DFB (30%, entry 18) were prohibitively low com-
pared to the reaction performed in CH2Cl2 (87%, entry 16). For

NBn2 (5).3 (0.2-1 moi%) NBn2
~Br KF or CsF ~F
1, 24-72 h
rac-1 (RR)-2

Entry (eg/lu'?v) (cfgrlm\ée/nnt/l) rﬁ))l_oi Yield®  er.
1 KF (5) PhCF; (2) 1 27% 845155
2 KF (5) CHCl; (2) 1 59%  81.5:18:5
3 KF (5) CH.Cl; (2) 1 45%  815:185
4 CsF (3) CH.Cl, (1) 1 97% 82:18
5 CsF (3) CH:Cl, (1) 0.5 88% 81:19
6 CsF (3) CH.Cl, (1) 0.2 33% 79:21
7 CsF (1.2) CH.Cl, (1) 1 90% 82:18
8 CsF (1.2) PhCF; (1) 1 65% 85:15
9 CsF (1.2) PhCH; (1) 1 21% -
10 CsF(1.2)  1.2-DFB(1) 1 66% 815185
11 CsF (1.2) BUCN (1) 1 10% -
12 CsF (1.2) 2-MeTHF (1) 1 traces -
13 CsF (1.2) Anisole (1) 1 35% 84:16
14 CsF (1.2) EtOAc (1) 1 traces -
15 CsF (1.2) CH.Cl, (1) 05 42%  815:185
16 CsF (1.2) CH.Cl, (2) 0.5 87% 82:18
17 CsF (1.2) PhCF;(2) 0.5 12% 85:15

18 CsF(L2) 12-DFB(2) 05 30% 82:18

[A Reaction conditions: rac-1 (90 mg, 0.25 mmol), KF or CsF and
(S)-3 were weighed in a vial followed by addition of the solvent.
The reaction was stirred at rt, at 900 rpm for 72 h (KF) or 24 h
(CsF). ! Yield determined by '°F NMR using 4-fluoroanisole as
internal standard. [l e.r. determined by HPLC on a chiral non-race-
mic stationary phase. 1,2-DFB = 1,2-difluorobenzene.

Next, we evaluated the effect of CsF granulometry and purity, as
well as water content on the reaction outcome (Table 2). As ex-
pected, particle size played a major role for efficient phase transfer
(entries 1-2). The reaction was not influenced by CsF purity (en-
tries 2-3), while the water content impacted on reactivity but not
on enantioselectivity (entries 3-6). “Wet” CsF as provided from the
supplier?? performed better than dried CsF? (86% versus 74%
yield, entries 3-4). Deliberate addition of 10 mol% and 50 mol%
of water (0.46% and 4.8% mass of H2O/mass CsF) decreased the
yield to 65% and <5%, respectively (entries 5-6). Both CsF gran-
ulometry and water content are thus important parameters to ensure
reaction reproducibility. For this reason, we suggest storing CsF in
a desiccator for laboratory use.

Table 2: Effect of CsF Purity, Granulometry, and Water
Contentl®

NBn, (S)-3 (0.5 mol%) NBn,
Br CsF (1.2 equiv) F
o~ H,0 (x mol%) )
CH,Cl, (2 M), 1t, 48 h
rac-1 (R.R)-2



. HO/CSF oo i °
Entry CsF (purity) (Wiw %) Yield e.r.
1 Particle (99.9%) - 25% 81.5:18.5
2 Powder!® (99.9%) - 87% 81.5:18.5
3 Powdert! [ (999) - 86% 81:19
Powder®, dryl - 0 .
4 (99%) 74% 81.5:18.5
Powdert, dry!d 0 )
5 (99%) H,0 (0.96) 65% 82:18
Powderl®, dryl
! 0, —
6 (99%) H.0 (4.8) < 5%

[l Reaction conditions: rac-1 (500 mg, 1.40 mmol), CsF (260 mg,
1.2 equiv) and (S)-3 (9.8 mg, 0.5 mol%) were weighed in a vial,
followed by addition of CH,CI, (700 pL, 2 M) and H20, if any. The
reaction was stirred at rt, at 900 rpm for 24 h. [l Yield determined
by °F NMR using 4-fluoroanisole as internal standard. [ e.r. de-
termined by HPL.C on a chiral non-racemic stationary phase. [ Par-
ticle distribution: 1-2 mm. [ Particle distribution: 2-300 pum.
[Twater content: 0.98% wi/w. 9 CsF was dried in vacuo at 200 °C
for 48 h. Reaction performed using Schlenk techniques.

In preparation of the scale-up, we examined the effect of the order
of addition of the reagents on a 0.5 g scale of rac-1 (Table 3, entries
1-3). Mixing all the solid reagents followed by addition of CHzCl:
(batch conditions) afforded (R,R)-2 in 88% yield and 81.5:18.5 e.r.
after 24 h (entry 1). A similar result was obtained pre-stirring CsF
and (S)-3 in CHzCl: for 45 min, followed by the addition of rac-1
as a solid (83% yield in 24 h, 82:18 e.r., entry 2). Inverting the ad-
dition order by adding solid CsF to a stirred solution of rac-1 and
(S)-3 in CH.CI, did not change the reaction outcome (82% yield in
24 h, 82:18 e.r., entry 3). The scalability of the reaction in magneti-
cally stirred round-bottom flasks (RBFs) was evaluated on a scale
from 5to 50 g (entries 4-7). Reproducibility of the fluorination was
assessed running two parallel reactions on 5 g of rac-1 employing
reagents and catalyst (S)-3 from different suppliers and batches (en-
tries 4-5). Comparable conversions and e.r. were obtained, prompt-
ing us to further scale up the fluorination to 10 g (entry 6) and 50 g
(entry 7). In all cases the reaction was complete within 48 h and the
only product obtained was B-fluoroamine (R,R)-2 in 81.5:18.5 e.r..

Table 3: Scale-up in Magnetically Stirred Vessels®

NBn2 (S)-3 (0.5 mol%) NBn2
WBr CsF (1.2 equiv) «F
CHCl, (2 M)
rt, 24-48 h
rac-1 (RR)-2
Entry Scale Time Yield ! er.t
1 0.5 g (batch) 24 h 88% 81.5:18.5
2 0.5 g (semi-batch) 24h 83% 82:18
3t 0.5 g (semi-batch) 24 h 82% 82:18
41 5 g (batch) 48 h >99% 81.5:18.5
50 5 g (batch) 48 h >99% 81:19
6 10 g (batch) 48 h 98% 82:18
7 50 g (batch) 48h  98% (90%)  81.5:18.5

[ Reaction conditions: rac-1, CsF (1.2 equiv) and (S)-3
(0.5 mol%), were stirred in CH2Cl2 (2 M) at rt and 900 rpm in a vial
or RBF for 24-48 h. [l Yield determined by °F NMR using
4-fluoroanisole as internal standard; yield of isolated product in pa-
renthesis. [ e.r. determined by HPLC on a chiral non-racemic sta-
tionary phase. [ (S)-3 and CsF were stirred in CH2Cl> for 45 min
before addition of rac-1 as a solid. [ (S)-3 and rac-1 were stirred

in CH2Cl2 for 45 min before addition of solid CsF. [ rac-1 synthe-
tized in Oxford; CsF from Sigma-Aldrich (99%); (S)-3: from a
batch different to the one used in the scale-up; CH2Cl2 from Sigma-
Aldrich (stabilized with amylene). [ rac-1 from WuXi AppTec;
CsF from Fluorochem (99%), (S)-3 from the same batch used in the
scale-up, CH2Cl. from Carlo Erba Reagents (stabilized with amyl-
ene).

To evaluate the performance of the fluorination in a mechanically
stirred vessel, we performed the reaction on 200 g of rac-1inallL
jacketed laboratory reactor (OptiMax) equipped with a 45° down-
pumping four-bladed PBT (pitched blade turbine), a flat glass baf-
fle, a calibration probe, and a temperature probe (Figures 3A and
3B). The reactor was charged with rac-1 (200 g) and CH:Cl»
(280 ml). When the substrate was solubilized (judged visually), the
catalyst (S)-3 (3.9 g, 0.5 mol%) was added, followed by solid CsF
(104 g) in a single charge. *°F NMR analysis revealed that 75% of
the product was formed within 22 h and 97% yield was achieved in
46 h. This result compares favorably with a 10 g reaction per-
formed in a magnetically stirred RBF (88% and 99% vyield after
21 h and 48 h, respectively; Figure 3C). At the end of the reaction,
the product was separated from the catalyst by acid-base extraction
(HCI/NaOH), which afforded 157.39 g of (R,R)-2 (95% yield,
81.5:18.5 e.r.). The amine was neutralized with trifluoroacetic acid
and the resulting salt was recrystallized from 'PrOH (1 mL/g) to
afford 115.7 g of (R,R)-2¢CF3COOH in 98:2 e.r. (53%).

A) Asymmetric Fluorination under HB-PTC

NBn, (S)-3(0.5mol%)  NBny NHan
Br _CsF (1.2 equiv) _ oF 1) CF3COOH |
CH?tCLZB(ﬁ M) 2) Crystallization 01:3(302
’ from PrOH
rac-1 (RR)-2 (R,R)-2 «CF3CO,H
200g 95% yield 115.7 g (53% yield)
81.5:185eur. 98:2 e.r.
B) T=98mm

H =60 mm ° . "'
/\ NYE Stirring: 1100 rpm
{ ) V W =10 mm DIT=0.45
,, 1 c/iD=022
e e . @W C=10mm HIT = 0.61
|

D =45mm B =4mm
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Figure 3: A) Scale-up of enantioselective fluorination under HB-PTC in a
mechanically stirred reactor; B) reactor set-up; C) comparison of the fluor-
ination in a RBF (10 g, blue) and in the OptiMax (200 g, red).

To collect further data, we repeated the reaction on 200 g of rac-1
ina 1 L Radleys reactor, equipped with a PTFE 45° down-pumping
four-bladed PBT and 4 flat baffles located 90° apart. The maximum
motor speed for this set-up was 678 rpm compared to the 1100 rpm
reached by the OptiMax motor. After 24 h, the yield of (R,R)-2 was
11% and did not improve in the following 48 h. Samples were taken
at 24 h and 48 h, and transferred in vials equipped with a magnetic
stirring bar. No catalyst nor CsF were added to these samples. Stir-
ring these aliquots for further 48 h afforded (R,R)-2 in 58% and
77% yield, respectively. These results suggest that the low conver-
sion in the Radleys reactor was due to poor mixing. Both CsF and
CsBr are dense solids (4.12 g/cm?® and 4.44 g/cm? respectively), and
the mechanical stirrer serves the purpose to suspend these inorganic
salts. From visual inspection, this was achieved in both reactors.
The energy dissipation of the reactor set-up may influence conver-
sion. In a preliminary analysis, Dynochem was used to assess mix-
ing parameters at this scale (<1 L).>* We compared the local maxi-
mum energy dissipation rate in the impeller region (emax)?® and the
impeller averaged turbulent shear rate (yimp)?® of four trials charac-
terized by different reactor set-ups and conversions (Table 4). A
significative difference in the value of these parameters was found
between the reactions that stalled below 50% conversion (entries
3-4) and those that reached completion within the same period (en-
tries 1-2). Full conversions were obtained above a threshold of 300
W/kg for the local maximum energy dissipation rate emax and of
10 000 s* for the impeller average shear rate yimp.

Table 4: Hydrodynamic Parameters!®

NBn; (S)-3 (0.5 mol%) NBn,
CsF (1 2 equiv) WF
@ T chchem
rt, 24-48 h
rac-1 (R,.R)-2
Reactor Conversion(’l £max Yimp
Entry
Volume (48 h) (W/Kg) (s
1 22 mL 95% 330 12 000
2 1L 97% 310 10 000
3 1L 11% 80 5000
4 05L 56% 20 2000

[l Conditions: Entry 1: TOP45 autoclave reactor (tank: 725-4),
22 cm®, 100% baffled, four-bladed turbine, 2050 rpm, 3 g of rac-1.
Entry 2: OptiMax HFCal Mettler Toledo, 1 L, 98% baffled, 45°

down-pumping four-bladed PBT, 1100 rpm, 200 g of rac-1. Entry
3: Radleys reactor, 1L, 100% baffled, 45° down-pumping
four-bladed PBT, 678 rpm, on 200 g of rac-1. Entry 4: RC1AP01
calorimeter Mettler Toledo, 0.5 L, 31% baffled (temperature and
calibration probes), 45° down-pumping four-bladed PBT, 600 rpm,
100 g of rac-1; [’ Determined by *H NMR using 4-fluoroanisole as
internal standard.

Intense mixing could result in smaller CsBr particle size distribu-
tion, leading to increased wall deposit and possibly negatively im-
pacting the filterability of the crude reaction mixture.?” Samples of
CsBr formed in this 200 g scale reaction were analyzed by optical
and scanning electron microscopy (SEM) revealing agglomerates
(~100 pm) of spherlcal partlcles of 5-10 um (Flgure 4).

Figure 4: SEM analysis of a sample of CsBr obtained upon fluori-
nation on 200 g of rac-1. Coating: gold, 120 s; Voltage: 10 kV-15
kV; A) x 1 000; B) x 10 000.

The thermal safety of the fluorination under HB-PTC was exam-
ined next. Differential scanning calorimetry (DSC) tests were per-
formed on pure (S)-3, rac-1 and (R,R)-2, as well as on the initial
(sampled immediately after CsF addition) and final (sampled after
48 h) reaction mixtures. No major decomposition (> 100 J/g) was
observed below 150 °C during a standard dynamic test (scanning
rate 5 °C/min, static air atmosphere, high pressure sealed gold-
plated crucible). The initial and final reaction mixtures mirrored the
curves of the starting material and product, respectively, but the
energy released during their decomposition was substantially re-
duced due to the dilution effect of CH2Cl2 (initial reaction mixture:
40 J/g, versus pure rac-1: 159 J/g; final reaction mixture: two peaks
of 41 J/g and 74 J/g, versus pure (R,R)-2: 274 J/g).28 The 200 g scale
fluorination was performed in a Mettler Toledo OptiMax heat flow
calorimeter (HTCal).?® Solubilization of rac-1 in CHzCl: is an en-
dothermic process (AH = +28 kJ/mol) which results in an adiabatic
temperature drop (ATad) 0f 22 °C, while catalyst addition only mar-
ginally perturbates the heat flow. Product formation following CsF
charge is exothermic (AH = —30 kJ/mol of rac-1 or gr = 24.7 kJ/kg
of reaction mass) and presents high thermal accumulation (95%) at
the end of CsF addition. This corresponds to ATad = +28 °C. The
maximum temperature of the synthesis reaction (MTSR), which is
the maximum temperature reached by the reaction mass in adia-
batic conditions—e.g. in case of cooling failure—would be 50 °C
(Tp+ ATag =22 °C + 28 °C, Table 5). This exceeds the boiling point
of the solvent (CH2Cl2, Bp: 39.6 °C, Table 5), but it is more than
100 °C below the onset of thermal decomposition of both the initial
and final reaction mixtures (170 °C and 245 °C respectively) as de-
termined by DSC analysis. These data permit to assign the fluori-
nation to the critical class 3, according to Stoessel’s classification.?
Since solvent evaporation constitutes a safety barrier to the loss of
control of the main reaction, the use of a condenser of appropriate
size is required to minimize the thermal risk. This is also mitigated
by the fact that the reaction is slow (48 h), and no gas is generated
in the process.



Table 5: Process Parameters for Critical Class Definition

Parameter Value Comment
Tp 22 °C Process Temperature
MTT 40°C CH2CI2 Bp
ATad 28 °C From RC
MTSR 50 °C From RC
Toet 170 °C From DSt%rc:r:ntir:(eu:pétlal reac
Texo 70°C Tonset —100 °C

MTT= Maximum Technical Temperature; in an open system, this
corresponds to the solvent boiling point. MTSR = Maximum Tem-
perature of the Synthesis Reaction; the maximum temperature
reached by the reaction mass in adiabatic conditions due to the heat
released by the main reaction. RC = Reaction Calorimetry. DSC =
Differential Scanning Calorimetry.

3. CONCLUSIONS

HB-PTC was successfully applied to the scale-up of the enantiose-
lective fluorination of 200 g of racemic trans-N,N-dibenzyl-2-bro-
mocyclohexan-1-amine rac-1 in the presence of N-alkyl bis-urea
(S)-3. The reaction afforded B-fluoroamine (R,R)-2 in excellent
yield (95%, 157.39 g) and no erosion of enantioselectivity com-
pared to the smaller scale reactions (81.5:18.5 e.r.). The enantio-
meric ratio was enhanced (98:2 e.r.) by single recrystallization of
the CF3COOH salt of (R,R)-2 from 'PrOH (115.7 g). The fluorina-
tion protocol is characterized by an easy set-up and, for reactions
using up to 50 g of rac-1, can be carried out in standard laboratory
glassware without pre-treatment of CsF (fine powder). CsF particle
size distribution and water content are important parameters to en-
sure reproducibility. Scale-up (200 g) in a 1 L mechanically stirred
reactor has been demonstrated. The use of an axial impeller and
baffles is recommended to ensure optimal suspension of solid CsF.
Under these conditions, the best conversions were obtained when
the local energy dissipation rate emax and the local turbulent shear
rates yimp Were superior to 300 W/kg and 10000 s-1, respectively.
The thermal safety of the reaction was evaluated by DSC and RC
which allowed to categorize this fluorination protocol into Stoes-
sel’s critical class 3.

4. EXPERIMENTAL SECTION

4.1. General experimental The synthesis of starting material rac-1
was outsourced to WuXi AppTec according to literature procedure®
and the substrate was used as provided. The multigram synthesis of
catalyst (S)-3 is reported elsewhere.!3 KF (99.9% trace metal basis
from Alfa Aesar) was used as provided by the supplier (fine pow-
der) and used without pre-drying. CsF (Fluorochem, 99% purity,
water content 0.98% wi/w determined by Karl-Fisher titration) was
used as provided by the supplier (fine powder, particle distribution
2-300 pum) and used without pre-drying. The same batch was used
during the whole scale-up. CH2Cl2 was purchased either from
Sigma-Aldrich (= 99.8%, for HPLC, stabilizer: amylene) or Carlo
Erba Reagents (> 99.98%, stabilizer: amylene). All NMR spectra
were recorded on Bruker AVANCE 111 HD 400 or AVANCE NEO
400. ™H and 3C NMR spectral data are reported as chemical shifts
(9) in parts per million (ppm) relative to the solvent peak using the
Bruker internal referencing procedure (edlock). *F NMR spectra
are referenced relative to Trifluoroacetic acid (TFA). Data are re-
ported as follows: chemical shift, multiplicity (s = singlet, d =

doublet, t = triplet, g = quartet, pent= pentet, sept = septet,
br = broad, m = multiplet), coupling constants (Hz) and integration.
The Fluorination was monitored by 'H and °F NMR using
4-fluoroanisole as internal standard. The enantiomeric ratios were
determined by HPLC analysis on a Shimadzu i-Prominence LC-
2030 (PDA detector) employing a DAICEL CHIRALPAK® IB-3
by comparing the samples with the racemic mixture.

4.2. Enantioselective Fluorination under HB-PTC

Reaction: A OptiMax HFCal Mettler Toledo 1 L glass reactor (di-
ameter 98 mm, dish bottom head) equipped with a 45 mm glass
45 °down-pumping four-bladed PBT (pitched blade turbine), a
4 mm glass baffle, a temperature probe and a calibration probe (see
Figure 3B) was charged with 250 mL of CH,CI, followed by solid
rac-1 (200 g, 0.558 mol). The temperature of the jacket was set at
22 °C and the stirring speed at 1100 rpm. Full solubilization
(judged visually, ~10 min) and temperature stabilization at 22 °C
was achieved prior to performing the first calibration. The stirring
speed was reduced to 300 rpm and solid catalyst (S)-3 (3.9 g,
0.5 mol%) was added followed by further 30 mL of CH,Cl, (to wash
the flask and funnel). Full solubilization (judged visually, ~ 30 s)
was achieved prior to the addition of solid CsF (104 g, 1.2 equiv)
as a single charge. The stirring rate was increased to 1100 rpm and
the reaction stirred at this speed until full conversion (monitored by
'H and '°F NMR) which was reached after 48 h. A second calibra-
tion was performed at this point. Reaction monitoring (NMR):
Samples were taken from the stirred reactor and filtered using a 13
mm syringe filter (0.45 um PTFE). Exactly 50 uL of filtrate were
transferred in a vial and evaporated to dryness. 10 puL of 4-fluoroan-
isole and 1 mL of CDCls were added and both 'H NMR (to estimate
the conversion) and quantitative °F NMR (to obtain the yield)
were recorded. Work-up: The reactor was emptied and washed
with 600 mL of CH,Cl,: 'Pr20 = 1:1 (2x 300 mL each wash). The
combined organic phases were filtered on a plug of Clarcel® filter
aid (4 cm high), eluting with further 100 mL of CH,Cl,: 'Pr.O = 1:1.
The filtrate was evaporated in vacuo to obtain 160 g of crude 2. The
crude product was dissolved in iPr.0 (800 mL) and extracted with
HCl@ag) 1 M (3x 500 mL). The aqueous phase was neutralized with
NaOH@q) 5 M (300 mL, pH = 8, monitored by pH-paper) and ex-
tracted with CH,CI, (800 mL followed by 2x500 mL). The com-
bined organic layers were washed with brine (500 mL), passed
through a MgSO4 pad and evaporated in vacuo to afford (R,R)-2 as
a white solid (157.39 g, 95% yield, 81.5:18.5 e.r.). Purification:
The product was fully solubilized in 'PrOH (500 mL) at 60 °C and
trifluoroacetic acid (40.5 mL, 1 equiv) was added dropwise while
stirring to form the corresponding salt. VVolatiles were removed in
vacuo to afford a white powdery solid (217.7 g) which was dis-
solved in refluxing 'PrOH (218 mL). Crystallization was achieved
by slowly (over 2 h) cooling the solution to 35 °C, temperature that
was maintained for further 4 h. (Note: control of the crystallization
time is necessary to achieve a good level of enantioenrichment).
After this time, the solid was filtered and washed twice with cold
(+4 °C) 'PrOH to afford 115.7 g of CF3sCOOH+(R,R)-2 in 98:2 e.r.
(115.7 g, 53% recrystallization yield). Characterization: Spectro-
scopic data of the free base (R,R)-2 were in agreement with the
ones previously reported in the literature.® [a] 2> "°o=—18.4° (c 0.8,
CHCls, e.r. = 98:2). Spectroscopic data of the trifluoroacetic salt
CFsCOOH+(R,R)-2: *H NMR (500 MHz, CDCls) § 11.93 (br s,
1H), 7.55 (dd, J = 7.4, 2.2 Hz, 4H), 7.41 — 7.33 (m, 6H), 4.86 (dtd,
J=51.3,10.5, 4.8 Hz, 1H), 4.40 (d, J = 13.1 Hz, 2H), 4.24 (d, J =
13.1 Hz, 2H), 3.26 (dtt, J = 13.7, 10.4, 4.7 Hz, 1H), 2.34 — 2.14 (m,
2H), 1.75 — 1.55 (m, 2H), 1.38 (tddd, J = 12.6, 10.7, 8.4, 4.1 Hz,
1H), 1.24 (qd, J=12.7,3.7 Hz, 1H), 1.18 — 0.93 (m, 2H); 19F NMR
(471 MHz, CDCls) 8 -75.64 (3F), -174.40 (d, J = 52.6 Hz, 1F);



13C NMR (126 MHz, CDCls) § 161.6 (q, J = 35.4 Hz), 131.9 (br),
131.0,129.4,129.1, 116.8 (g, J =292.5 Hz), 91.4 (d, J = 178.9 Hz),
63.4 (d, J =14.2 Hz), 56.8 (br), 32.4 (d, J = 17.3 Hz), 27.4 (d, J =
6.6 Hz), 24.5 (d, J = 2.1 Hz), 23.3 (d, J = 11.2 Hz); MP: 103-
105 °C; [0] ®Cp=-2.8° (c 1.2, CHCls, e.r. = 98:2). All the e.r.
were determined on the free base. The e.r. of recrystallized
CF3COOH?-+(R,R)-2 was determined on 5 samples taken randomly
and neutralized with NaOHg) 5 M, extracted with heptane and an-
alyzed by chiral HPLC. HPLC separation: DAICEL
CHIRALPAK® IB-3, Heptane:PrOH = 99.5:0.5, 1 mL/min; t1 =
3.46 min (minor), t2 = 4.49 min (major).
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ABBREVIATIONS and SYMBOLS

BINAM: [1,1’-binapthalene]-2,2’-diamine

Bzh: Benzhydryl

1,2-DFB = 1,2-difluorobenzene

DSC: Differential Scanning Calorimetry

e.r.: enantiomeric ration

FCC: Flash Column Chromatography

HB-PTC: Hydrogen Bonding Phase-Transfer Catalysis
MTSR: Maximum Temperature of the Synthesis Reaction
MTT= Maximum Technical Temperature

PBT= Pitched Blade Turbine

RC: Reaction Calorimetry

SEM: Scanning Electron Microscopy

D = Impeller diameter (m)

emax = Local maximum energy dissipation rate in the impeller re-
gion (W/kg)

yimp = Impeller shear rates (s-1)

N = Impeller speed (s-%)

M = Liquid viscosity (Pa*s)

P= Power input (W)

Po = Power number
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