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ABSTRACT: Nucleating agent intermediate -H2thylene-bis(4,6-@irtbutylphenol) phosphate chloride was synthesized
successfully in a continuoaws by the phosphorylation reaction for tisétime. After evaluating severamint continuousow

reactors, the continuous ©ce agitated cell reactor (ACR) designed based on the continuous stirred-tank reactor (CSTR)
principle was proved capable of overcoming the severe channel clogging caused by the precipitation product triethylar
hydrochloride. This can be attributed to the violent agitation and particle size control by the moving agitators. The yield
continuous ow after optimization reached nearly 98% at@O0@ithin the residence time of only 4 min and the optimal
equivalents of triethylamine and P@@ 2.8 and 1.1, respectively. In contrast to the batch operation, the yield has been increase:
through continuous operation. This is atve method for the synthesis of the desired product and exhibits the merits of short
residence time, easy operation, and straightforward scale-up.

KEYWORDS:phosphorylation reaction, continoeusynthesis, precipitation clogging, process optimization, reactor analysis

1. INTRODUCTION POC} is added too quickly, a conspicuous therreat and

2,2-Methylene-bis(4,6-tirtbutylphenol) phosphate chloride Iarge:[_ mas?es of HCI acid mist will occur due to the fast
is the synthetic intermediate of a series of plastic nucleatiffgficion rate.

agents such as NA-40, NA-45, and NA-71, which are widelx he continuousow technology has emerged as an excellent
used in the modc¢ation for mechanical and thermal propertiesg oice f_(()jr Isettmg(jup ?hh'ghly?m;'t ar)d T"?If% prgceﬁs and Ihas

of polypropylene (PPY.Generally, 2,2nethylene-bis(4,6-di- . %entm ey(ljjseh In the Clc()j"’;lf 1fnj|_'ﬁa n “t‘? yehemica
tertbutylphenol) phosphate chlorid® ¢an be prepared by Industry, and pharmacyeids. € continuous ow

the phosphorylation reaction of 2ithylene-bis(4, 6t reactor has been demonstrated as a strong platform for the

butyl) phenol 1) and POC] with triethylamine as the acid- continuous synthesis of high-valoe chemicals, functional
materials, and pharmaceuticals owing to their larger surface-to-

binding agent base, as showrsgheme ,1along with the volume ratios, higher mixing ogency, enhanced heat and
formation of precipitation product triethylamine hydrochloride » 19 9 Y,

3) 35 Eurthermore 2 aethylene-bis(4,6-airtbutylphe- mass transfer, tolerance to harsh reaction conditions, precise
nol) phosphate chloride)(can be hydrolyzed to produce CONtrol over the whole process, excellent process safety, and
2 2-methylene-bis(4,6-irtbutylphenol) phosphates)( great airtightness.'’” Therefore, the continuous operation
(Scheme )1 which is the synthetic precursor of nucleatinngde provides great opportunities for the process icéensi

agents and is also considered as a very important chemicatl'(ﬁ[]1 of the phosphorylation reaction. However, praiisct

o : almost insoluble in toluene (the most common solvent in this
the ne chem|ca_l mdus_ﬁ‘ﬁA number of synthetic processes reaction) and appeared as precipitates. In fact, the manipu-
for the preparation @fin batch reactors have been reloortedIation of precipitation reactions in continuaws reactors is
(Table ). Svaraused the reactant PQ@k the solvent and precip

N,N-dimethylformamide in catalytic amounts as the Cataly%?”c?)r?tlijr?foﬁzaclnl\?vngiﬁ theallésperrzlns;nnglyfrr:)lPndr?és éﬂig?g;caﬂon

. . . . 4
Nakahara ot Blemployed tiethylamine in catalytc amountsSYTeSis 10 advanced materials manufactiimpcumu:
ploy y yt lation of precipitation products (like halide salts) often results

as the acid-binding agenyt ithe yield obtained was . ;
. 4 in the sharp increase of system pressure, and then leads to
unsatisfactory. Lately, Xiand Gong et af. reported that clogging and compelled process shutdd@h.A few

on increasing the amount of triethylamine in the reaction thﬁmethods have been proposed to handle solids in continuous
yields reached 90%.

Although the preparation &fhas achieved a satisfactory
yield after optimization in a batch reattdthe drawbacks of ~ Received: March 25, 2021
batch operation are still obvious, for example (a) dient
capability of heat transfer, (b) decrease in productieney
due to auxiliary operatibh(c) consumption of nitrogen to
prevent the oxidation df and (d) dropwise addition of
POCL, which signcantly extends the reaction time. If the
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Scheme 1. Reaction for Preparing 2y®thylene-bis(4,6-deert-butylphenol) Phosphate Chloride (2) and Corresponding
Hydrolysis Product 2,2Methylene-bis(4,6-diertbutylphenol) Phosphate (4)
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Table 1. Various Synthetic Processes for the Preparation ofas the solvent rather than toluene (also the most common
2,2 -Methylene-bis(4,6-deertbutylphenol) Phosphate solvent in this reaction) due to the excellent solubility of the
Chloride (2) in a Batch Reactor same produ@ in chlorofornt?

In this work, we successfully overcame the clogging problem

Gy Euer TS ciElitis  YEEREIIEY caused by precipitation prod8and optimized the reaction
1 Svaa POEI 10 h, 105C 34 3 process conditions in the continuous d@® agitated cell
2 Tajima cyclohexane 1.5 h°20 34 4 reactor (ACR). The performances oédént continuousow
3 Nakahara  toluene 2h, 2 45 8 reactors were also compared. To the best of our knowledge,
4 Xin toluene 6 h, 2TC 90 9 this is the rst time that the complex phosphorylation
5  Gong acetonitrile 2.5 h, 80 90 10 precipitation reaction of with POC} was successfully
Asolated yields. achieved in a continuousw, which provided reference-

worthy solutions for continuousw synthesis of similar

. . _ chemical reactions.
ow reactors, such as acoustic pgWwenil drop coating®

mechanical energy input (continuous stirring tank an

oscillating ow)?"?® and solvent dissolvable for the precip-%' RESULTS AND DISCUSSION

itation”® Nod et al. have overcome the clogging challenges @ eliminate the precipitates produced, several reaction
palladium-catalyzed amination reaction®wnvia acoustic  conditions have been investigated in the batch reesttor
irradiation and achieved stable operation of the processThe clogging risk is minimal in the continuaws reactors if
Pomberger et al. developed a small continuous stirred-tatfile reaction mixture maintains homogeneous phase rather than
reactor (CSTR) cascade to handle solid-containing photaradually becoming a liqusblid heterogeneous phase. First,
reactions and realized gram-scale synthesis in 13 h of stahke phosphorylation reaction was carried out undmeni
operation, cering a strategy for solid-containing heterogetemperatures since the solubility of salt in the solvent generally
neous photoow chemistry. Mao et al. achieved the increases with the temperature. However, the solid content of
continuous ow synthesis of antioxidant 168 with chloroformthe reaction mixture did not decrease on increasing the

(a) (b)

Figure 1.Continuous ow synthesis processes of@&hylene-bis(4,6-irtbutylphenol) phosphate chloride with a (a) PFA coil-tube reactor
and (b) a PFA coil-tube reactor in an ultrasonic bath.
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Figure 2.(a) Continuous ow synthesis process of-2thylene-bis(4,6-@irtbutylphenol) phosphate chloride with the continuous vibrating
tubular reactor (CVTR) and (b) model of the multistage micro-CSTR cascade.

reaction temperature and was maintained at more than 10 pimary radiation force exerted on a particlewn F, has
% when toluene was used as the solvent. Next, althouien given &533*
dichloromethane and 1,2-dichloroethane could slightly de-

. 2.3
crease the solid content to less than 10 wt % and chloroform F=g ﬂ zpo s sin X!
can even completely diss@Meigh volatility and toxicity limit re 3 :

their applications in production on the industrial scale. Hence, N @)
in this work, the tested chloralkanes were not considered as -

solvents in the development of a continuaus process. — pS 2 s{v P

Moreover, other tested solvents could only increase the solid Pt s s @)

content and especially when using meydutyl ether and

chlorobenzene, the solid content reached up to more than 8dherep, is the acoustic pressure amplitude dependent on the

wt % and the uidity of the reaction mixture was greatly voltage and frequency under which piezoceramic opesated,

reduced. Unfortunately, no other suitable solvent, acid-bindiffge particle radius,is the compressibilityjs the density, is

agent, or catalyst screened can achieve the expected proi&s§ontrast factor, and subscripts S and P refer to the solvent

objective. The details of the experimental results an@nd particle, respectively. Therefore, larger particles are more

explanations are shown @ection 3of the Supporting Ilkely_to break up into smaller ones that are Iesg Ilke_ly to cause

Information. clogging. However, .though ul_trasonlc wave |rrad|a§|on can
The peruoroalkoxy copolymer (PFA) coil-tube reactor is'educe the particle size accordingrtdand mitigate particle

one of the most common and simple continuowsreactors ~ 299regation and the particle-to-wall interaction to some degree,

and its tolerance to the precipitation reaction in the liquidt as still di cult to dispose of the precipitates accumulated in

phase is worth exploring. The schematic overview lfle continuousow reactor. As a result, the clogging everjtua_lly

continuous ow synthetic processes is showrigure 1 appened and stable operation could not even be maintained

X . = for more than 30 min. The details of experimental results are
(seeSection 4.3or details). The upper pressure limits of the shown inSection of the Supporting Information.

plunger pumps were set at 1.5 MPa so that the plunger pumps,,vever. the use of ultrasonic wave irradiatiered a
would stop Working.agtoma}tically if the system pressure,, possit’)Ie way, namely external feetzt (mechanical
exceeded the upper limit, which denotes severe clogging. &gy input) to handle precipitation reactions in continuous
experimental results showed that a higherrate sped up o “reactors. The stirring disturbance has always been
clogging. This can be explained by a faster growth rate apgyarded as anextive way to deal with the chemical reaction
denser structure of precipitate clusters resulting from thg,stems containing solids. Based on the continuous stirred-tank
increase in collision frequency and faster wall adte8ion.  reactor (CSTR) principle which has been considered as one of
the other hand, a highesw rate in continuousw reactors  the most widely used andeetive methods for handling solid-
enhances turbulent contact and leads to a higher mass trangfgitaining reactions in a continuoow?"*° a new type of
rate3” Thus, the reaction rate could be increased and then thsntinuous vibrating tubular reactor (CVTR) was designed
clogging was accelerated. Reducing the reaction concentratioi evaluated. The schematic overview of the synthesis process
and temperature can delay the clogging by decreasing iBeshown irFigure A. The reactor was made of a coiled 316
reaction rate. On the premise of ensuring a satisfying mass atainless steel tube (6.35 mm OD and 4.35 mm ID, 4.5 m
heat transfer ect, a modest increase of the pipe innerlength), in which 1500 tiny 316 stainless steel beads (3 mm
diameter from 0.8 to 2.5 mm is certainly conducive taliameter) were loaded to serve as agitators. The reaction
prolonging the stable operation time. However, it turned owtolumeV is about 45 mL, calculated according to the following
that clogging would eventually occur under the tested procegguation
conditions and the stable operation time is rarely more than 20 .4 L
min (seeSection 5n the Sl for details). V= RLS = P= 3
Ultrasonic wave (UW) irradiation has been regarded as one 3 C )
of the potential methods to handle precipitation reactions iwhereR is the pipe inner radiusjs the pipe length, amds
continuous ow reactor§?*>?’ The sound wave can impose a the radius of the bead. The reactor wasd on a vibrostand
force on the particles. In cases of the standing wave, thennected with a control cabinet. The vibrostand provided an
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Figure 3.Continuous ow synthesis process of -t2thylene-bis(4,64irtbutylphenol) phosphate chloride with @e ACR.

intense and ective vertical vibration at xed frequency of  shear agitators (0.8 tfor each), as shownfingure 4. The

50 Hz and amplitude of 5 mm to drive the bead agitators ttotal available reaction volume is 92 mL. The reactor was
stir and shear the liquidolid mixture in ow. Therefore, the
reactor is equivalent to a multistage micro-CSTR cascade, as
shown inFigure B. Herein, we proposed a concept of average
equivalent radiuR,, the inner radius of the hollow pipe with

the same length and reaction volume as above, which is given
as follows

V= RA 4)
Substitutingeq 4in eq 3giveseq 5as follows

RZL= RLS 4 pL 5
3 Z ) Figure 4.(a) High shear agitator and (b) stirringeet of the

AsR=2.175 mml. = 4.5 m and = 1.5 mm, th&® calculated  agitators on the solid-containing heterogeneous mixture of the
by eq 5is approximately 1.8 mm. Therefore, the CVTR waghosphorylation reaction.
compared with a coiled hollow tubular reactor (316 stainless
steel, 6 mm OD, and 4 mm ID, 4.5 m length) in terms of theequipped with an air compressor power system that provides
e ectiveness of handling the phosphorylation precipitatiopower for the ective lateral shaking of the reactor plate with
reaction. The operation conditions were as follows: than adjustable operating frequency o Hz. More
residence time was 4 min, the PR@Quivalent was 1.1, the importantly, besides adjusting the reaction volume, the
triethylamine equivalent was 3, the feed concentratibns ofagitators provide strong shear and agitation on the liquid
and POG were 0.36 and 1.77 mol/L, and the femd ratio solid mixture inow with drastic shaking of the reactor block.
of 1 to POC} was 4.5:1. The results showed that a stablélence, the heterogeneous mixture could achieve excellent
operation has been achieved in the CVTR, while the hollomixing and disturbance, in particular, the sedimentation of
tubular reactor got clogged in 30 min as expected. Hence siblids during the phosphorylation reaction process was avoided
has been demonstrated that the CVTR is capable of handlifigigure #). An oil bath circulation thermostat was used to
the phosphorylation precipitation reaction. However, cloggingaintain the predetermined reaction temperature. Two feeds
occurred soon once the vertical vibration stopped. Moreovavere delivered into the reactor respectively through two inlets
higher vibration frequencies tended to cause mechanicat at the bottom of the reactor block and the product was
looseness and wear to the reactor. As a result, it wak di delivered through an outlet set on the upper part. The
to set the outer heat exchange jacket. Thus the reaction wasidence time in the reactor was altered by changing the feed
carried out only at room temperature {8) and the yield ow rates of plunger pumps.
was only 75.9%, less than satisfactory. Perhaps the increasekKifst, the eect of shaking frequency as a key parameter was
residence time could increase the yield, but also decrease shadied. The resultsfigure @ show that the variation of the
throughput signcantly. shaking frequency had littleeet on the yield. However, the

The continuous Core ACR is a continuousw device  system pressures at frequencies of 4 and 5 Hz increased slowly
that is also designed based on the CSTR principle and provigesl indicated a potential risk of clogging. Therefore, the major
huge yotential for operating the reactions containingpenets of the agitator movement were to produce
solids® *’ Figure 3shows the schematic overview of thedisturbances and prevent sedimentation to ensure steady
continuous ow synthetic process with @e ACR. The ow, while the contribution to the mass transfer of the
reactor block (manufactured from Hastelloy C276) containghosphorylation reaction was aent. Taking into account
10 cells (10 mL for each) with agitators loaded inside. The 1ifhe power consumption, 6 Hz should be chosen for further
cells are connected in series by square channels (4 mmprocess optimization. It turned out that the ACR has the
width). The agitators used in this work were spring-like highxcellent capability of handling precipitation reactions at
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appropriate shaking frequencies and no clogging or evesaction temperature sigrantly accelerated the reaction.

pressure increase occurred during the process. Although generally continuousw reactors can be easily
Next, the T-mixer was applied before feeding to examirmerated at elevated temperatures and pressures, and that is

whether premixing would be beagial to increase the yield. one of the main reasons for choosing continweuinstead

The results shown Fgure b indicate that there was nearly of batch in general, it was dult to explore the yield at

no di erence on the yield when comparing T-mixer premixingeaction temperature higher than 400n this process. The

feeding versus two separate feeds. This indicates that gmsication of the reaction mixture gradually became obvious

drastic shaking of agitators in the reactor block provideat temperatures above 100, while the commercially

su ciently intense and fast mixing of the two reagent feedvailable back pressure regulator (BPR, X-Tec Fluid Technol-

solutions. In addition, a very short section of the PFA pipe (26&gy Co., Ltd.) we used did not tolerate the solid precipitates.

mm ID) was employed to connect the T-mixer and reactofhe severe clogging in the BPR always led to the shutdown of

inlet. Clogging occurred in the short connecting pipe since thbe process. Furthermore, the residence time also has a distinct

reaction would start as soon as the two feeds contacted. Apasitive eect on the yield at the same reaction temperature.

result, the precipitates accumulated quickly andligethe But as the reaction temperature gradually increased@ 100

connecting pipe. Hence, premixing was proven unnecessarjhi@ e ect of residence time on the yield became less and the

this process, and the setup with two separate feeds waslds reached around 95%. Therefore, the decrease in yield

adopted for further process optimization. caused by the reduction of residence time can be compensated
Then, the eects of reaction temperature and residence timby increasing the reaction temperature. No side reaction

on the yield were researched. As shownrgiore 6 the

reaction temperature has a distinct positee en the yield

at the same residence time, which indicated that the increase of
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Figure 7.E ects of equivalents of (a) triethylamine (RACL equiv) and (b) POg(triethylamine: 2.8 equiv) on the yidld100°C, residence
time: 4 min, feed concentrationlof.36 mol/L and of POgI1.77 mol/L, feedow ratio ofl to POCkL: 4.5:1f 6 Hz, yield: isolated yields.
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Scheme 2. Phosphorylation Reaction Mechanism
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increased but the yield decreased from 97.6 to 92.8% and thabtained from the batch operation. The superiority of
to 90.3%. This could be due to the increased consumption ebntinuous ow over batch for the phosphorylation reaction
POCE by redundant triethylamine. Therefore, the optimals shown inrable 2

molar ratio of triethylamine fowas 2.8 at 4 min residence

time and 100C. Table 2. Comparison between Continuous Operation and

Finally, the molar ratio of PQ@ 1 was evaluated using Batch Operation for the Phosphorylation Reaction
2.8 equivalents of triethylamin€ig(ire B). The vyield

decreased from 97.6 to 90.9% when the equivalents continuous operation  batch operation
POCL decreased from 1.1 to 1.02, while a continuous increaseyield (%} 97.6 90

in the equivalents of PQQGtom 1.1 to 1.3 resulted in no STY (kg/nts) 0.529 0.013

further distinct change in the vyield. Hence, it can be triethylamine equivalent 2.8 3.0
demonstrated that appropriate excess ;P@6lributed to nitrogen demand not required large masses

the high conversion df In consideration of the reactant cost, solated yields.
the POC] equivalent should be 1.1.
In the batch reactor, the limited mass transtest evas Relying on external mechanical energy, the ACR ensured
detrimental to the mixing of reactahtnd POG and then that the precipitates couldw along with the liquid phase.
the decrease of the reaction rate resulted in mcomple@ompared to the ultrasonic wave irradiation with high
conversion, thus the yield was reduced. However, thfequency and low amplitude, the shaking with low frequency
enhanced mass and heat transfeieacies in the ACR  and high amplitude showed more excelleatieeness on the
improved the mixing ects and increased the reaction rate.handling of the precipitatiorow. The stirring is pretty
Therefore, the yield achieved by continuaws (up to  su cient in every stage of the 10 serial cells and the reactor is
97.6%) was higher than that achieved by batch (90%). kquivalent to a 10-stage CSTR cascade, as illustFateaden
addition, nitrogen which was used to prevent the oxidation ofg, According to the multistage completely migadmodel,
was not required because of the great air tightness of tiige variance? can be expressed as the inverse of the total
continuous ow reactor. Moreover, compared to the runningserieN, given by the following equatitit

time of less of than 30 min in the PFA coil-tube reactors, the 1
continuous synthesis reaction has been achieved in the ACR 2= = 6
with more than 8 h of stable operation. Adopting the N ©)

optimized process conditions in terms of maximizing th&he axial diusion model of a closedosed system describes
yield, the spacé¢ime yield (STY) of2 obtained from the the relationship between the variance and the dimensionless
continuous operation is more than 40 times higher than th&g, number, given by the following equatith
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particles which adhere to each other for a smaller surface-area-
to-volume ratio and thus lower surface tefi¥iomn batch
operation of the phosphorylation reaction, the particles tended
to grow freely and formed spherical-like appearances. The
particle size in the batch reactor was roughly larger than that in
the PFA coil-tube reactor and ACR. The particle size in ACR
was close to that in the PFA coil-tube reactor, while had wider
distribution. This corresponds with the scanning electron
microscopy (SEM) images in which precipitation particles in

Figure 8.10-stage CSTR cascade model 0bi@ACR.

2
2_ 2 ) 1 l(lg Py the PFA coil-tube reactor seem relatively more uniform and
Pe, @) regular in columnar appearances, while the shape of those in
ACR seems disordered and irregular. It means that the drastic
Therein,Pg, was given &5 shaking of agitators in the ACR reactor block is capable of
Vi, controlling particle size, just like the ultrasonic wave
Pe,= —/ irradiation. In addition to this, the movement of agitators
Da ®) exerted violent agitation on precipitates to avoid their

sedimentation and adhesion on the reactor wall, which is the
key to ensure stable operation of the continumwseactor
without clogging.

The experiments using the laboratory-scale reactmeCo
ACR demonstrate that a continuoosv sequence for the
preparation of intermedia&én the manufacturing of a series

wherev is the average linear velocity of tbe, L, is the
length of a certairuid section in an imite straight pipe, and
D.,is the axial ective diusion coecient. Hence, the total
seriedN can be associated with the axialsion model and
presented asq 9

1 2 1 2 of plastic nucleating agents is feasible. Despite the excellent
—=_=3 2&;1(18 ePh) performance exhibited by ACR on a small scale, larger
N Pg ©) guantities of product synthesis have been always desired and

WhenN = 10,eq 9was iteratively computed and the numericalCa" Pe achieved by a continuoow reactor with a larger
i Y b | olume. The application of a continuouso@oagitated tube

solution ofPe, is approximately 18.94. This calculated result’ 1 .
indicated thgnt theo?/f/) in ACR hyas deviated from the state of reactor (ATR) is a favorable strategy for scaling up the process

fully mixed ow (Pe,  0). However, theow pattern was still to a larger scale and has become a specially attractive option

far from the plugow (P<?;1 + f for heterogeneous reactions, in particular the precipitation
The size distributions and-morphology features CIJ-Ieactioné.z 44 Also, the spike-shaped residence time distribu-

precipitation particles in the PFA coil-tube reactor wit ion curves measured in this reactor are strong evidence

ultrasonic bath, ACR and batch reactor are characterized %gving E)hatkthe_e_xcellené agitatiotn teghnlology of ATR can
study the characteristics of precipitation particles producéa gcetl ac mmr:jg tanth pr&rjno ZCIR‘%anE)b’g m?re
from the phosphorylation reactidfigiires 9and 10 and & ¢/€ntly compared to the Upne - 'Ne Teaction

Table 3. As can be seen from the results, the precipitatio?fOlume in ATR is 10 L (8 tubes in series and 1.25 L for each)

particles in the PFA coil-tube reactor, ACR, and batch reacthiCh is 1QO_times_|z_1rger than that in ACR. Hence, based_on
cient stirring, mixing, and heat transfer, the corresponding

all consist of a small portion of nanoparticles and the majori h A
P b J oughput can be increased samitly in contrast to that

are in the micrometer range, including some aggregates. X o ;
Aggregation may occur during the reaction process among t ained from ACR \_/vhen the reaction conditions remain th?
same. The synthesis process scaled up by ATR is quite

promising.

3. CONCLUSIONS

An important intermediate 2yethylene-bis(4,6-@irtbu-
tylphenol) phosphate chloride was synthesized successfully in a
continuous ow by the phosphorylation reaction for tist
time. Facing the huge challenge of handling the precipitation
product triethylamine hydrochloride in a continuous the
new type of continuous Qe ACR designed based on the
multistage CSTR cascade principle was demonstrated as a
more excellent choice for overcoming the clogging issue and
achieve the stable operation compared to the coil-tube
reactors. The process was operated steadily for more than 8
h and no pressure increase and clogging were observed.
Besides providing intense mixing and controlling particle size,
the drastic shaking of the reactor block and agitators were also
used to produce violent disturbances, prevent solid sedimenta-
tion, and ensure uniformly dispersed steaslyThe shaking
Figure 9.Particle size distribution of precipitation particles in thelf@guéncy had little ect on the yield because of thesant
PFA coil-tube reactor with ultrasonic batho@ACR, and batch ~ Mixing in the reactor at the tested frequencies and thus the
reactor. T: 50 °C, POC} 1.1 equiv, triethylamine: 3 equiv, Ppremixing was not required. An increasing temperature could
concentration af: 0.36 mol/L and of POgI1.77 mol/L. apparently accelerate the reaction and reduce the residence
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Figure 10.Morphologies of precipitation particles in the PFA coil-tube reactor with ultrasonic bethACR, and batch reacf®r.50°C,
POCL: 1.1 equiv, triethylamine: 3 equiv, concentratian®86 mol/L and of POgI1.77 mol/L.

Table 3. Particle Size Distribution Parameters for INESA, Inc., Shanghai) was used to test the melting points.
Precipitation Particles in the PFA Coil-Tube Reactor with The temperature increased from room temperaturéCdt 5
Ultrasonic Bath, Coore ACR, and Batch Reactor min. The purities of the reactant and product were analyzed

using a high-performance liquid chromatography system

pefiiele dre i) (HPLC; Agilent 1260, Agilent, Inc.) equipped with a capillary

reactor type dio dso oo column (Phenomenex Polar-RP C18>4.650 mm). A
PFA coil-tube reactor with ultrasonic bath ~ 14.08  28.85 58.88water/methanol (6:94 v/v) mixture was used as the mobile
Co ore ACR 12.69 39.14 11102 phase and the elution was carried out at 1 mL/min{Hhe
batch reactor 2740  59.07 11243 NMR spectrum was recorded on a Bruker Ascend instrument

8, 10% of the particle sizes are smaller than thisd¢gl66% of at 500 MHz. Chemical shifts are reported iippm)

the particle sizes are smaller than this \dgi80% of the particle  referenced to an internal tetramethylsilane (TMS) standard for

sizes are smaller than this value50 °C, POCL 1.1 equiv, !4 NMR spectroscopy. The following abbreviations are used

triethylamine: 3 equiv, concentratiofi: .36 mol/L and of POgI to explain multiplicities: s = singlet, d = doublet. A dry laser

1.77 mollL. di raction particle size analyzer (MASTERSIZER 3000,
Malvern, Inc., U.K.)) was used to test the particle size

time. With the i - t of tri : -(i:istributi_ons of precipitates from the phosphorylation reaction.
'me. Wi € increasing amount of triethylamine (as an aci scanning electron microscope (SEM, Nova NanoSEM 450,

bindi t), the pH of th ti ixt )
inding agent), the pH of the reaction mixture graduaII¥:E|, Inc.) was used to observe the morphological features of

increased but the yieldst increased and then slightly i ' ; i
decreased. The yield leveledvith the increasing amount of precipitation particles from the phosphorylation reaction. An

POCL. In contrast to the 90% yield obtained within severaficcélérating voltage of 3 kV was used and samples were
hours from batch, the yield from continuoosy after ~ covered by a 10 nm platinum layer. _

optimization reached nearly 98% at°f®@nd 6 Hz within ~4.2. Synthesis Procedure of 2,2Methylene-bis(4,6-

only 4 min and the corresponding optimal equivalents dfi-tert-butylphenol) Phosphate Chloride in Batch. 2,2-
triethylamine and POChre 2.8 and 1.1, respectively. The Methylene-bis(4,6-trtbutyl) phenol (10.62 g, 25 mmol, 1
continuous agitated technology has provided an availa§iguiv), solvent (45 mL), and base (75 mmol, 3 equiv) were
excellent strategy for handling precipitation processes and @8ged to a 250 mL four-neckesk equipped with condenser

o ered the basic principles for continucus synthesis of and spirit thermometer. After nitrogen was blown slowly into

similar reactions from |aboratory to |arger scales. the ask for 10 min, the mixture was stirred and heated to a
specic temperature in an oil bath (DF-101S, YUHUA, Inc.,
4. EXPERIMENTAL SECTION Gongyi). Then POgI(2.56 mL, 27.5 mmol, 1.1 equiv) was
4.1. General Procedures.2,2-Methylene-bis(4,6-tirt diluted with about 12 mL of the same solvent and dropwise

butyl) phenol (purity > 99%) was purchased from Shanghﬁdd‘?d slowly with a dropping funne.l in 30 min. The reaction
Shengpan New Material Technology Co., Ltd. Ultrapure watépntinued for a few hours before it stopped, and then the
was taken from Laboratory Water Ruation System hitrogen blow was removed. Due to the greatutties in
purchased from Shanghai Hetai Instrument Co., Ltd. Nitroge¥Parating, the results of the phosphorylation reaction were
(purity > 99.999%) was purchased from Shanghai Weichua@gluated using hydrolysis produche reaction mixture was
Standard Gas Analysis Techniques Co., Ltd. All of the othéirectly heated to about 9&, su ciently hydrolyzed by
reagents (purity > 99%) were purchased from Shanghai Titafeam distillation until all of the solvent has been distilled out.
Technology Co., Ltd. All of the reagents were used directhhen, the mixture was naturally cooled to room temperature.
without any further puiation. The vibrostand and control The hydrolyzed mixture waléered, washed with ultrapure
cabinet (LS-ZD-50) were purchased from Dongguan LES Tesater three times, and then dried in a vacuum overf@t 80
Equipment Co., Ltd. Core ACR (ACR-P200) was purchased for 6 h to obtain the crude product. Subsequently, the crude
from AM Technology Co., Ltd., U.K. The air compressoiproduct was recrystallized with toluene and dried in a vacuum
power system (GA-85X) was purchased from Shanghaven at 8GC for 6 h to get pured produc#. The product
GREELOQY Industrial Co., Ltd. The oil bath circulationwas weighed to calculate the yield and analyzed with an HPLC
thermostat (XT 550) was purchased from LAUDA Technolsystem, an NMR spectrometer, and a melting point meter to
ogy Co., Ltd.,, Germany. A melting point meter (WRS-1Cgon rm the purity. To characterize particle size distributions,
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