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Process Improvement in the Production of a Pharmaceutical Intermediate
Using a Reaction Calorimeter for Studies on the Reaction Kinetics of Amination

of a Bromopropyl Compound
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Abstract:
A synthetic process to produce a pharmaceutical intermediate,
[3-(dimethylamino)propyl]triphenylphosphonium bromide (1),

was established in the laboratory. Process safety evaluations

did not show any severe problems. In order to scale up to plant
scale, we simulated the reaction for both heat production and
byproduct production profiles with kinetic parameters. The
kinetic parameters were obtained by laboratory experiments
and reaction calorimeter measurements. Under the established
conditions, the production operated in a safe manner with high
quality.

Introduction

A pharmaceutical intermediate, [3-(dimethylamino)pro-
pyljtriphenylphosphonium bromidd), has been synthesized

from (3-bromopropyl)triphenylphosphonium bromid &nd
dimethylamine (Figure 1) The process flow diagram is
shown in Figure 2. The solid & in the solvent (methanol)

gradually dissolves during the addition of aqueous dimethyl-
amine and is completely dissolved at the end of the addition.

The conversion of the starting materialwas quantitative,

and the isolated yield df was over 90%; however, a small

amount (about 1% at 30C) of dimeric byproduc3 was

produced (Figure 3), which was difficult to remove in the

purification step.
For the commercial production df, it was planned to

carry out the processnoa 2 n? scale, so this process could
be assessed from a scale-up point of view. We evaluated it
for thermal safety as well as control of byproduct formation,
and we studied the reaction kinetics in order to determine

the best conditions for plant scale production.

Results and Discussion
Safety Evaluation of the Process. From the MSDS

(material safety data sheets), there were no toxicity and
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Figure 1. Synthesis of [3-(dimethylamino)propyl]triphen-
ylphosphonium bromide (1).
Br
PheP* ""Br
2

methanol (1.4 v/w)

50% aqueous

HNMe, (2.8eq) [ addition] <30°C, ~1 hour
[ reaction ] <40°C, 2 hours
j then reflux for 3 hours
[ work up ]
Br
PhsF”/\/\ NMe2

1
Figure 2. Process flow diagram of synthesis 1.
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Figure 3. Subreaction to produce the dimeric byproduct 3.

position, oxygen balance, and so on) of all of the compounds
were ranked “low”.
The results of the differential scanning calorimeter (DSC)

explosiveness problems with regard to the starting materialsanalysis showed that there was no exothermic decomposition

and the product. On the basis of the CHET#ddlculation,

till 200 °C with the starting material2 and 3, and the

the plosive hazard classifications (maximum heat of decom- quantities of heat were less than 400 J/g. From the results

T Corresponding author. Phone:81-722-23-5545. Fax:+81-722-27-7214.
E-Mail: takahiro.sano@kyowa.co.jp.

of the accelerating rate calorimeter (ARC) analysis, the
observed onset temperatureslcind 2 were also over 200

(1) () Oshima, E.; Kumazawa, T.; Ohtaki, S.; Obase, H.; Ohmori, K.; Ishii, °C although thermal inertia factors (PHI factors) were less
H.; Manabe, H.; Tamura, T.; Shuto, K. Eur. Patent EP 235796, 1987. (b) than 5 (1.7_3.9)‘ These materials were therefore unIiker

Corey, E. J.; Desai, Cletrahedron Lett1985,26, 5747. (c) Satzinger, G.;

Fritschi, E.; Herrman, M. Ger. Patent DE 3248094, 1984. (d) Tretter, J. R.

U.S. Patent US 3509175, 1969.

(2) ASTM SubcommitteeThe ASTM CHETAH Version 7.0; The Computer
Program For Chemical Thermodynamic and Energy Release Evaluation;

ASTM Data Series DS51B: Philadelphia, 1994.

to present thermal instability hazards at the proposed plant
operating temperature.

Next, the process safety was evaluated using a reaction
calorimeter (RC1). The heat of the reaction was measured
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Figure 4. Heat flow of the reaction: bold line (=), heat flow; aCis the concentration of the material (the subscript indicates the compound),
normal line (—), dimethylamine addition; dashed line (- - -), tis the reaction timekmain iS the reaction constant of the main reaction (product
temperature of the reactor. 1), andksyb is that of the subreaction (produg}.
. " . . 4
to be 93.6 kJ/mol during the addition of dimethylamine (at
30 °C) and 56.4 kJ/mol after the addition (Figure 4). The 2 Kmain
heat flow curve dropped under zero base line during and
. - 0 |
after the temperature ramp. We thought that this phenom- < O
enon was caused by heat loss from the cover of the reactor, B -2
and we measured the heat flow with mixed methanol and 4l Ksub
aqueous dimethylamine (witholi} under the same temper-
ature conditions. Comparing these results, there was no heat 6 ‘ ‘
during both the heating up and refluxing periods. The entire 0.0030  0.0031  0.0032 0.0033 0.0034
heat of reaction was 150.0 kJ/mol, and the adiabatic T
temperature rise (Ag) was calculated as about 4C on Figure 5. Arrhenius plot of the rate constants obtained from

the basis of the reaction mass and the heat capacity of thdsothermal reaction conditions: kmain shows the main reaction,
reactants and ksup Shows the subreaction.

Even when this reaction was performed with the reaction Table 1. Arrhenius regression analysis results 0kpain and
calorimeter at a higher temperature (&) or under adiabatic ~ Ksus

conditions, the heat of the reaction did not increase (almost param value correlation coeff
150 kJ/mol) and the maximum temperature increase under
adiabatic conditions (from 30C) was 37.0°C (data not Kmain Ea 1325 kJ/r7510| 0.9886
shown). The maximum temperature was°67(30+ 37 = Ao 4.68 x 10> L/mol-h

. " . Ksub Ea 101.6 kJ/mol 0.9837
67 °C), but the boiling point of the reactant was 7€ Ao 1.00 x 10 L/mol-h

(aqueous methanol), and reflux did not occurr. From these
results, this process was judged to be safe, and it was thought

that no runaway reaction would occur even in the case of Arrhenius plot. The subreaction rate constants and param-
an incorrect reaction temperature or a cooling failure. But €ters were then obtained by the reactionlaind 2 under

at higher temperatures (including adiabatic conditions), isothermal conditions (Figure 5; Table 1). The Arrhenius
byproduct 3 production was increased more than under €Xxpressions fitted very well with the observed datax

normal conditions (0.6% at 25C and 7.3% at 53C). 0.98). _

Kinetics Studies. The addition period and the addition/ Modification of the Rate Parameters with Heat Flow.
reaction temperature affected the yield and quality of the Generally, considering that the heat production is propor-
productl, so we studied the reaction kinetics. tional to the conversion, the heat production profile could

This reaction contains a main reaction (produtgsnd be calculated using the reaction kinetic parameters. In this
a subreaction (produce). The substrat@ reacts through ~ Process, the subreaction is-200 times slower than the main
the main reaction and the subreaction (parallel reaction), andréaction (kain > ksuy) as shown in Figure 5, and the heat
the productl further reacts through the subreaction (serial Production would be estimated only by considering the main
reaction). This type of reaction is a so-called serjzrallel reaction.
reaction (Chart 1). In scale-up production, it seems difficult to keep the

At first, the reaction was performed under isothermal réaction isothermal during the rapid addition of aqueous
conditions (25—50°C) as described in the Experimental dimethylamine, which would need alioa 2 h addition
Section and the main reaction rate constakfs:j were period (to be mentioned later). At first, we studied the

obtained. The kinetic parameters were calculated from the"€action under 3C0°C isothermal conditions with a 1 h-
addition period, and we compared the heat production profile
(3) The heat flow curve dropped under the zero base line during and after the simulated with Kkinetic parameters and the actual heat

temperature ramp. This phenomenon was caused by heat loss from the upper : : : .
cover of the reactor and not by the endotherm: Operating instructions of productlon measured by the reaction calorimeter. ObVIOUS|y'

Reflux and Distillation Set, Mettler Toledo Instrument, 1989. there was a difference, as shown in Figure 6.
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Figure 6. Heat flow measured with the reaction calorimeter. 0:00 1:.00 2:00 3:00 4:00 5:00 6:00 7:00
The measured heat flow under 30 C isothermal conditions with Time

a 1 h addition period is represented by the solid line{), and
the calculated heat flow under the same conditions is repre-
sented by boxes[). The total heat of the reaction (about 150
kJ/mol) is distributed on the basis of the reaction rate.

Figure 8. Heat flow curves measured for various stirring
speeds at 30°C with a 2 h period of addition of aqueous
dimethylamine.
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Figure 7. Heat flow measured after the dissolution of 2: solid Time
line (—), measured heat flow; boxes(), calculated heat flow. Figure 9. Heat flow curves measured for various addition

. . : . ) periods at 30°C with a 200 rpm stirring speed.
In this reaction? did not dissolve during the early stage,

but it dissolved gradually during the addition period. This content increased). If the dissolution »flepended on the
dissolution mode of was thought to be one reason for the  solvent components, the time for dissolution should be same.
difference that appeared in Figure 6. We then measured theThe addition periods were changed in the range31h
heat profile with the reaction calorimeter after dissolvihg  although the times for dissolution after the end of addition
with more methandl. The actual measurement result showed were apparently different from each other (Figure 9). From

a good agreement with the simulated profile based on thethese results, the dissolution®fvas not affected by physical

reaction rate (Figure 7). In this case, the evaluation of the properties like agitation or solvent composition.

heat production calculation using the parameters listed in  For all of the conditions shown in Figures 8 and 9, the

Table 1 showed high reliability. conversion o was about 55% at the dissolution point. From
On the other hand, these results also proved that thethese results, the dissolutionfvas affected by the reaction

dissolution of2 was important for considering the heat progress; that is, the reaction rate up to the conversion of

production, and during the early period of this reaction, the 550, seemed to be equal to the rate of dissolutichwhich

rate-determining step seemed to be the dissolutio. df was expressed by the Arrhenius equation of the measured
so, the measured heat flow curve showed the dissolution rateneat flow curve. Therefore, the dissolution 2fdid not

and we intended to clarify the entire reaction from these change with scale-up.

aspects. _ . _ The reaction calorimeter was operated under isothermal
If t'here vyould be some mechgnlcal 'factor_s influencing conditions at different temperatures in the range-20°C,
the dissolution of2, the time to dissolution might change  and from the measured heat flow curves the rate constants
with stirring speed. The stirring speed of the calorimeter were obtained by the Arrhenius pldt&sone Figures 10 and
was changed in the range 16800 rpm, and heat flows were  11: Table 2). From these results, the heat rate could be
measured, but they gave almost the same pattern (Figure 8)expressed as in the equation in Chart 2.
Thus, the dissolution was not affected by agitation. By the  The calculated heat production profile is as follows. The
way, the composition of the reaction solvent changed during heat production rate is proportional to the dissolution rate
the addition of aqueous dimethylamine (initially, the solvent until the conversion of is 55%, after which the heat rate is
was only methanol; however, during the addition, the water proportional to the main reaction rate as shown in Chart 2.
: : The dissolution rate and the main reaction rate were
(4) Compound2 is not very soluble in water<0.005 g/mL at 20°C) or . . . . .
methanol (0.5 g/mL at 26C), so the reaction was significantly influenced calculated using the kinetic parameters listed in Tables 1 and
by the dissolution rate d. To use more solvent volume in order to dissolve 2, We checked the reliability of these kinetic parameters
2 was not good for production efficiency; using less solvent to increase by comparison of the actual and the calculated heat flow

efficiency caused the byprodugto increase significantly because of high .
concentration. and the result showed good agreement (Figure 12), so we
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Figure 10. Heat flows at various temperatures and their slopes Figure 12. Predicted and actual heat flow of the reaction at
during 2 h addition with a 200 rpm stirring speed. 30 °C with a 1 h addition period: solid line (—), actual heat

flow measured by reaction calorimeter; dotted line €--), heat

4 flow calculated with eq 2 (considering dissolution); dashed line
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Figure 11. Arrhenius plot of the dissolution rate constants
(ksu) Obtained from the slopes of heat flows measured by
reaction calorimeter (Figure 10). Temperature (°C)

Figure 13. Predicted yield of 3 for various temperatures and

Table 2. Arrhenius regression analysis results on the rate of addition periods.

dissolution of 2

param value correlation coeff 25

—_ 20 -
I(dissolve E, 141.3 kJ/mol 0.9886 %

Ao 2.34 x 10" L/mol-h E 15 |
e

% 10 |

Chart 2. Equations for calculating the rate of heat 3 5 |
production considering dissolution of 2 =

rate of heat productios: (4.68 x 1019e"***C,Cyye, 0
(conversion o >55%)

4 11580/1,
= (2.34x 10")e C.Chinwme, Figure 14. Predicted reaction time for various temperatures
(conversion o > 55%) with a 1 h addition of aqueous dimethylamine.
could use those for further simulation studies. When the | 1% i h addit iod E h h
slurry of 2 in methanol without agueous dimethylamine was at aimost 1% in each addition period. - Even when the
heated up to 50C and dissolved, of course, no reaction temperature was 4%C and the addition period was shorter
y ’ . H 0,

occurred and there was no exotherm or endotherm durmgthan 1h, the ypld 08 was expected o _be Iess. than 2%. At
the operation. Thus the heat production profile could be temperatures higher than 36 aqd addition periods greater
calculated without considering the dissolution itself. than 2 h.’ the byprodud would increase markedly.

Simulation Studies on the Optimization of the Reac- The yield Of:’.’ §eemed to be reduced at low temperature,
tion. In the simulation studies, the addition of dimethylamine but the prOdUCtIYIty of.the produdtbecame worse becaqs_e
was assumed to be operated under isothermal conditions antﬁ)f the SIOW reacthn (F|gure 14). On the basis of prodqcFIVIty
then the temperature was also to be maintained constant. Th@nd quality considerations, the reaction should be finished
reaction was then judged to end when the conversic@ of within 12 h and the formation & should be less than 2%.
became less than 0.1%/h The best temperature was thought to be aboli@5 If

At first, we simulated the reaction from a quality point the temperature was higher than 25, the byproducg
of view. On the basis of the kinetic parameters (Table 1), would Increase, and if the temperature was lower than 25
the yield of byproducB was calculated at various temper- C, the reaction would not end in 8 h.
atures and addition perlods (Flgure 13)' When the operating (5) In the subsequent synthetic steps, the bypro8usteffectively removed
temperature was under 2&, 3 was expected to be formed when the yield of3 is less than 3%.

10 20 30 40

Temperature (°C)
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Figure 15. Predicted shortest addition period at various
temperatures of actual plant reactor.
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Figure 16. Maximum temperature of the reaction in case of a
cooling failure (T).

Chart 3. Equations for calculating the Damk¢hler number

and T.@ equations Table 3. Scale-up results of this reaction

2 1 yield, %
a=— 5 = KGinigiatt . P E—
T(1—X) scale addn period,h temprang€, 1 3
_ 2 lab ~1 ~30 90-95 0.3-0.8
T =T+ n(Da)ATad plant 1.3 2527 93.4 0.8

aDa is the Damkohler numbek is the conversion of starting materia] k
is the rate constant of the main reacti@iniial iS the concentration d at the
start of reactiont is the reaction timeT is the maximum temperature in the . . i
case of a cooling failureT, is the reaction temperaturAT,q is the adiabatic the cooling ability of the reactor was worse than the estimated

temperature rise of this reaction (about 4T), andx is the circular constant. cooling ability and/or the addition period became longer than
» .2 h, the yield of3 was calculated to be 0.9% and thgwas
In order to decrease the byproduct, the addition period ., |.ulated as 57.2C. When the temperature was 30 for
should be short (Figure 13), but the minimum addition period e same addition period (1.7 h), the yield ®fvould be

depe_nde_d on the cqoling g_bility of the actual rg_actor. _By 0.9% and theT would be 56.8°C. These differences in
considering the cooling ability, the shortest addition period o yield of3 and theT seemed not to be a severe problem

for keeping the reaction at 2& was calculated tobe 1.7h  j yhig process. Therefore, the temperature for the addition
(Figure 15). So we thought that the best set of conditions of dimethylamine could be between 25 and 0

was addition of dimethylamine as rapidly as possible with Summary. We have simulated this process with high
the temperature kept at about 25 (1.7 h). quality, high productivity, and safety in the plant by studying

Next, we studied the reaction from a safety point of View. o yaaction kinetics. After these studies, we did scale
When the reaction was terminated, the time needed after theyagting  For temperature control, we used partial brine flow

addition of dimethylamine and the heat accumulation was (=5 °C) during and after the dimethylamine addition. The

not clear (Figure 4). Therefore, we had to establish the ¢qjing apility of the reactor was better than estimated, and
conditions under which the heat accumulation would be the addition period was shorter than 1.7 h, which were good

lower. When the reaction temperature is low, the heat ¢, 4 ality and productivity. The results are shown in Table
accumulation becomes large because of the slow reaction

and thg maximum temperature in the case of a cooling fa.ilure In this case, we have studied only isothermal conditions,
(Ter) will be high. On the other hand, when the reaction y,+ exnanding to nonisothermal conditions will make it
temperature is high, the heat accumulation becomes small,,osqipie to find an easier way to control the operation with
but it means that the starting temperature is high, solthe g quality product. We intend as the next step to simulate
also becomes high. In these cases,Thean be calculated o process under nonisothermal conditions.

using the Damkoher number (Da), which is the dimensionless
number for the reaction rate (Chart 3)According to the
equations in Chart 3, thd of this process could be
calculated for various temperatures and addition periods
(Figure 16). It was thought that the lower tAg is, the

Experimental Section

All materials were commercially available. (3-Bromopro-
pyDtriphenylphosphonium bromid@) was purchased from
easier it is to control the reaction temperature if a cooling Manac Inc_orporated_ (>87% purity), and MeOH_ and .50%
failure occurrs, which provides more safety. aqueous dimethylamine were purchased from Ishizu Seiyaku,

Using the best conditions from a quality point of view of Ltd. For an analytical sample, the product, [3-(dimethyl-

“25 °C, 1.7 h addition” (yield of byprodu@ was calculated amino)propyl]triphenylphosphonium bromidg)( was pur-
to be 0.8% in this case), ther was estimated as 59°€. If chased from A.ld“Ch Co. . . .
The analysis of the reaction was carried out using the
(6) The shortest addition period was calculated from the balance of the total HPLC internal standard method as described beléiwand
heat production and the cooling capacity of the actual reactor in which this 13C NMR spectra were recorded on a Bruker AC300
@ ;g;*“,j'jg;”;i °§§§§g§’c-hy 1. StoesselCHem. Eng. Scilogs, 43, 2147, spectrometer with TMS as the internal standard. IR spectra

(b) Stoessel, FChem. Eng. Prog1995,9, 46. were recorded on a Shimadzu FTIR-4300.
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HPLC Analysis. Column: YMC-Pack ODS-AM 312.
150 x 6 mm (YMC Co., Ltd.). Column temperature: 25
°C. Mobile phase: 1.5L of D, 1.0 L of CHCN, and 0.5

dimethylamine (2.8 equiv) which was preheated to each
reaction temperature. The compouhdissolved after a few
minutes. Every 20 min, 1 mL of the resultant solution was

L of MeOH with 10.25 g of potassium dihydrogen phosphate taken, to which was added 1 mL of 0.05 N HCI for
and 6.5 g of sodium 1-octanesulfonate, pH 3.0 adjusted with quenching the reaction. After each sample was diluted to

85% HPOy. Flow rate: 1 mL/min. Detection: UV 225
nm. Internal standard: buty-hydroxybenzoate.

CHETAH Calculation. The CHETAH calculation was
run with Version 7.0. CHETAH has no group value of salts

10 mL with MeOH and mixed with the internal standard,
the concentrations of the starting matefatthe productl,

and the byproducB were analyzed by HPLC. The main
reaction rate constant was obtained with correlation of the

such asl—3, so these compounds were calculated as freereaction time and the concentrations of the prodlcs

bases.
DSC Measurements. A MAC Science Co., Ltd.,

follows: Considering first-order reaction, time was plotted
for (x axis) as a function of the natural logarithm of the

DSC3100 with sa tainless steel cell was used under 2 kg/reciprocal of the remainder ratio &f(In[1/(1 — X)]) (y axis);

cn? pressure (air). The heating rate was°ID/min from
50 to 500°C.

ARC Measurements. A Columbia Scientific Industries
ARC with a titanium bomb was used as follows. Sample
mass: 1—3 g. Thermal inertia factors (PHI factors): 1.7—
3.9. Start temperature: €. End temperature: 40%C.
Slope sensitivity: 0.02C/min. Heat step temperature: 5
°C. Calculation step temperature: 2. Wait time: 10
min.

Synthesis ofN,N-Dimethyl-N,N-bis[3-(triphenylphos-
phonio)propyllammonium Tribromide (3). A mixture of
140.0 g (0.244 mol) o2 and 96.0 g (0.244 mol) df in 288
mL of MeOH was heated to reflux. After 14 h, the solvent

the relation of these points was a linear correlation across
the origin (correlation coefficient® > 0.98), and the slope
of the line showed the main reaction rate constaii.
As stated as above, the subreaction rate constant was
obtained; thus 4.3 g (10 mmol) défand 4.6 g (10 mmol) of
2 in 10 mL of MeOH (dissolved) were reacted at each
reaction temperature. After the reaction was quenched, the
concentrations ol—3 were analyzed by HPLC.
Measurement of Heats of Reaction. Mettler's RC1
reaction calorimeter outfitted with an APO1 batch reactor (2
L glassware) was used. The starting mate2igd00 g) and
MeOH (700 mL) were charged in the reactor, and the
operating conditions (temperature, stirring speed) were

was evaporated and the residue was crystallized from 400determined. After the temperature was constant, 50%

mL of toluene. The crude crystal @& (192.3 g) was
recrystallized from 500 mL of CECN. Then 109.8 g o8
was obtained with 98% purity (50% vyield).

1H NMR (CDCl—CDs0D, 300 MHz): 6 2.16-2.33 (4H,
m), 2.32 (6H, s), 3.75 (4H, | = 15.8 Hz), 4.25 (4H, t) =
7.7 Hz), 7.65—7.96 (30 H, m).

13C NMR (CDCk—CD;0D, 75 MHz): 6 19.6 (d), 17.1

aqueous dimethylamine (2.8 equiv) at ambient temperature

was proportionally added with a dosing pump over a set

period. The measurement was continued till heat production
ceased and the end of the reaction was determined by HPLC
analysis. Calibrations for determining the heat capacity and
the heat transfer coefficient were performed before and after
the reaction. Values of heat production were cited per mole

(s), 50.7 (s), 63.7 (d), 117.4 (d), 130.7 (d), 134.1 (d), 135.2 of 2. Heat flow calculation terms include@o, (heat

(d).

IR (KBr, cm™1): 3420, 1420, 1440, 1180, 1000, 740, 720,
690.

Determination of Reaction Constants. To a slurry of
2 (20.0 g, 43 mmol) in 28 mL of MeOH stirred at each

production)Qaccum(heat accumulationlqes (heat flow due
to dosing), andQ.ss (heat loss through the reactor cover).

Received for review October 28, 1997.

reaction temperature was quickly added 50% aqueousOP970055U
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