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AQUA-IMPREGNATED RESINS AS NEW
DUAL-FUNCTION DEUTERATING AGENT

Dmitri Muraviev* and Abraham Warshawsky

Department of Organic Chemistry,
The Weizmann Institute of Science, Rehovot 76100, Israel

ABSTRACT

This study reviews our work on novel approaches for carrying
out hydrogen-deuterium (H-D) exchange reactions, culminating
in a process to produce extremely pure deuterated organic com-
pounds using solid (polymeric) reagents, e.g., cation exchangers
in the deuterium form pre-swollen in deuterium oxide (D,0). H-
D exchange reaction carried out by cation-exchange deuterating
agents in a tri-phase liquid-liquid-solid systems (TMAB solution
in CCly-D,O-resin in the D-form) is accompanied by significant
hydrolysis of both TMAB and TMAB-d; (deuterated TMAB).
Substitution of the liquid aqueous phase by D,0 taken up by the
swollen resin phase eliminates the hydrolytic side-reaction. Hy-
drogen-deuterium exchange reaction on TMAB catalyzed by
cation-exchange resins or membranes under batch or under dy-
namic conditions, in columns, results in 100% yield of spectro-
scopically pure TMAB-d;.

*Corresponding author. Current address: Department of Analytical Chemistry, Autono-
mous University of Barcelona, E-08193 Bellaterra, Barcelona, Spain. Fax: 34-93-5812379;
E-mail: Dimitri.Muraviev @uab.es
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2088 MURAVIEV AND WARSHAWSKY
INTRODUCTION

Current practical methods for labeling compounds fall into three main cate-
gories (1-3): 1) chemical synthesis; 2) isotope-exchange reactions; and 3) bio-
chemical methods. The first two general methods are of particular importance
when applied for labeling compounds with deuterium (and tritium). Synthesis of
organic compounds stereospecifically labeled with hydrogen isotopes has proven
to be the most powerful tool allowing for elucidation of chemical and biochemi-
cal reaction mechanisms (3,4), and for structural characterization of organic com-
pounds (5).

Many types of organic compounds may be readily labeled with the hydro-
gen isotopes under appropriate conditions for different isotope-exchange reaction.
A good understanding of factors responsible for isotope-exchange reactions will
improve the yields of the labeled products Labeling of the substrate compound
must be carried out under optimal conditions i.e., 1) exchange reactions are both
rapid and efficient and 2) side-reactions are minimized.

Commercially available alkali metal borodeuterides are effectively em-
ployed for selective introduction of deuterium into organic compounds containing
reducible functional groups (1,6). Deuterated trialkylamine boranes and trimethy-
lamine borane (TMAB) in particular, are the most important intermediates for
their synthesis. Synthetic procedure involves one stage where TMBA-d; (deuter-
ated TMAB) reacts with, e.g., sodium methoxide evolving trimethylamine and
sodium borodeuteride (7,8).

Our interest in monoisotopic forms of sodium borohydride (e.g., tritium-
free NaBH,) has arisen because of our involvement with the solar neutrino exper-
iments at Grna-Sasso (Italy) known as the Gallex experiment. The Weizmann In-
stitute of Science was one of the partners in this experiment (9). In this project,
sodium borohydride is applied to reduce GeCl, into GeH, in gallium detector
based on the neutrino capture reaction (10,11):

71Ga (vee) 71GC

Deuterated alkali metal borohydrides are also suggested to be appropriate candi-
dates for this purpose.

Trialkylamine boranes have been known since 1937 (12—14) and are widely
used as selective reducing and hydroborating agents in organic synthesis (15-18)
and for metal reduction (19-21). The hydrogen-deuterium exchange of boron-
bound hydrogens in TMAB was originated by Davis et al. (22) and later reinvesti-
gated (in a scaled-up process) by Atkinson et al. (7,8). The isotope-exchange reac-
tion on TMAB is carried out in the liquid-liquid extraction system by consequential
treatment of an etheric TMAB solution by consecutive portions of D,SO,4 (10 times)
and is based on the exchange interaction of boron hydrogens with deuterons (23):

(CH3)3NBH3 + 1.5D,S0; & (CH3)3NBD3 + 1.5 H,SO, (1)

Copyright © Marcel Dekker, Inc. All rights reserved.
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Hydrogen-deuterium (H-D) exchange reaction (1) on TMAB (and other tri-
alkylamine boranes) is known to be coupled with rather intensive hydrolysis
(7,8,22) leading to the release of hydrogen (H, or HD), boric acid, and trimethy-
lamine (24-26):

(CH3);NBH; + H"(D™) + 3H,0(D,0)
= (CH3);H™ + B(OH)3(B(OD)3) + 3H,(HD)

2

The hydrolysis results in a decreased yield of the final TMAB-d; product (around
60% according to the standard procedure described (1). Hence, H-D exchange on
TMAB can be considered as a typical example of isotope-exchange reaction ac-
companied by undesired side-interaction.

Hydrolysis of TMAB (and deuterolysis of TMAM-d3) is of particular inter-
est. In synthetic applications, the excess reducing agent can be removed by hy-
drolytic destruction (e.g., with aqueous acid (17)). In the acid-catalyzed hydrogen-
deuterium exchange on TMAB, the hydrolysis is an undesired reaction. A detailed
investigation of the kinetics of TMAB hydrolysis with mineral acids has been car-
ried out by Ryschkevitch (24) and Davis et al. (23). For obvious reasons, the hy-
drolysis of TMAB has been assumed to be an acid-catalyzed reaction (23,24), but
until recently, no evidences for this can be found in the literature. Moreover, quite
curiously, the hydrolysis of TMAB was shown to be an auto-catalytic process ac-
celerated by the hydrolytic product, namely trimethylammonium ions (24) (see re-
action (2)). The following main reasons have stimulated the authors to start the se-
ries of investigations described in this study:

1. None of the publications describing deuteration of TMAB have re-
ported (until recently) any quantitative data on the rates of the isotope-
exchange reaction or those on the accompanying hydrolysis reaction,
although information of this type is available in some publications con-
cerning deuteration of boranes (27-32),

2. The use of solid (polymeric) deuterating agents has not been described
in the literature, and

3. Anoverall kinetic mechanism of H-D exchange reaction on TMAB has
not been reported until recently.

The study summarizes the results obtained by developing the novel ap-
proach for carrying out the hydrogen-deuterium exchange reactions. The ap-
proach is based on the use of solid polymeric deuterating agents such as, sulfonate
cation exchangers in the D-form pre-swollen in D,O. Hydrolysis of TMAB in the
presence of liquid and solid (polymeric) acids, hydrogen-deuterium exchange re-
action on TMAB with cation-exchange resins or membranes under batch or dy-
namic conditions (in column), and results obtained by studying some other prob-
lems are reported and discussed below.

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016
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GENERAL BACKGROUND

The following materials were used in the studies described below: TMAB
was synthesized and purified as described elsewhere (33). Standard deuterated
TMAB-d; was prepared by reacting sodium borodeuteride with trimethylamine
hydrochloride (34). Samples of granulated sulfonate cation exchanger Dowex 50
X 2 (40—60 mesh) were transformed into the deutero-form (D-form) according to
the procedure described earlier (35). The cation-exchange membranes composed
of highly sulfonated polyethylene were supplied by Soreq Nuclear Research Cen-
ter, Israel. Carbon tetrachloride was used as a solvent for TMAB in all experi-
ments carried out due to a combination of required water insolubility and favor-
able spectroscopic properties. The isotope-exchange reaction was monitored by
Fourier transform infrared (FTIR) analysis following the disappearance of the
strong B-H absorption band at 2360 cm ™! and the appearance of the broad B-D
band at 1783 cm ™!, indicating BH; and BD; antisymmetric stretches, respectively
(36). The kinetics of TMAB hydrolysis was studied under batch conditions as de-
scribed elsewhere (37,38) and was followed by both FTIR analysis and volumet-
ric measurements of the gas evolving the reactor (see Eq. 2). From the results of
FTIR analysis the degree of hydrolysis (F) was calculated as follows:

C,—C
Fr=—"6— 3)

where C, and C, are the concentration of TMAB at time ¢ and at t = O (initial),
mol/dm?.

From the results of the volumetric analysis, the F; values were calculated
independently for the same time intervals according to

V;
Vmax

Fy= “
where V, is the volume of hydrogen (or HD) evolved in the time interval, ¢, and
Vinax 1S the maximum volume of the gas that evolves from a given amount of
TMAB under complete hydrolysis at normal conditions (273.15 K and 1 bar) ac-
cording to Eq. (2).

D-H EXCHANGE REACTION ON TMAB WITH SULFONATE
CATION EXCHANGER IN DEUTERIUM FORM UNDER
BATCH CONDITIONS

The main parameters of the systems (S; to S¢) described in this section are
collected in Table 1. S; is similar to the liquid-liquid biphase systems studied by
Davis et al. (22) or Atkinson et al. (7,8). Systems S, and S; are triphase systems

Copyright © Marcel Dekker, Inc. All rights reserved.
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Table 1. Parameters of Systems Used by Studying H-D Exchange on TMAB with Ion-Exchange

Resins*
Number Type
System of Aqueous of Reaction
No. Phases Phase System  Solid Phase Studied Remarks
S 2 1.6 M D,SO, O/A — H-D exchange Hydrolysis of
in D,O TMAB was
observed but
not measured
quantitatively
S, 3 D,OpD=6 O/A/R Dowex 50 X2 H-Dexchange Resin granulation
and 40-60 mesh
hydrolysis
Ss 3 D,OpD=6 O/A/R Dowex 50 X 8 H-D exchange Resin granulation
200-400 mesh
Sa4 2 — O/-/R Dowex 50 X 2 H-D exchange Resin granulation
and 40-60 mesh;
hydrolysis resin phase
was
preliminarily
swollen in
D,0 and
washed from
the sorbed
D2SO4
Ss 2 — O/-/R Dowex 50 X 2 H-D exchange Resin granulation
and 40-60 mesh;
hydrolysis sorbed D,SO4
was not
removed from
resin phase
Se 3 0.14MTMA O/A/R Dowex 50 X 2 H-D exchange Resin granulation
in D,SO,4 and 40-60 mesh
pD =6 hydrolysis

*pD = —log[D"]; TMA = trimethylamine; O = organic phase (15 mL of 0.1 M TMAB in CCly);

A = aqueous phase (15 mL); R = resin phase (2.5 mEq of SO3 groups); — = none. Reprinted with
permission from Muraviev et al. (35). Copyright [1994] American Chemical Society.

in which the resin phase (Dowex 50 with 2% divinylbenzene (DVB) in S, and 8
9% DVB in S3), carrying 20 times less amounts (than in S;) of sulfonic acid groups,
was employed. The difference between S, and S; (besides cross-linkage) is also
in resin granulation (40—-60 mesh in S, versus 200—400 mesh in S3). In systems S,

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 1. Typical FTIR spectra of organic phase containing TMAB at increasing time in-
tervals for systems S; (A), S, (B), and S, (C) (see Table 1). Sampling time is indicated.
Reprinted with permission from Muraviev et al. (35). Copyright [1994] American Chemi-
cal Society.

and Ss (biphase analogs of S,), the aqueous phase is eliminated to use only the
SO;7D™ groups and D,O taken up by the swollen resin as a source of deuterons.
System S¢ aims to elucidate the effect of trimethylamine (TMA) on both hydrol-
ysis of TMAB and H-D exchange reaction.

Figure 1 shows typical FTIR spectra of organic phase containing TMAB
at increasing time intervals for systems Sy, S,, and S, (see Table 1). As seen, the
FTIR technique provides a convenient mode to follow up the isotope-exchange
reaction under study. For example, comparison of the spectra shown in Fig. 1
demonstrates that the deuterated product (TMAB-d3) is formed in higher con-
centration in systems 2 and 4 than in system 1 (see Table 1). The quantitative
expressions in terms of TMAB and TMAB-d; concentrations of the data pre-

Copyright © Marcel Dekker, Inc. All rights reserved.
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sented in Fig. 1 was achieved by aid of calibration curves for TMAB solutions
obtained by integrating either one band at a frequency of 2372 cm ™! or three
bands at frequencies of 2372, 2318, and 2273 cm ™! (35). From the concentra-
tions of TMAB and TMAB-d3, the TMAB conversion (deuteration) degree F. is
calculated as follows:

B [TMAB—ds], 5
c= T [TMABL, )

where [TMAB-d;]; is the concentration of TMAB-d; observed at a moment ¢,
and [TMAB], is the initial concentration of TMAB (0.1 mol/dm®). Note that
1=F.=0.

The kinetic curves of H-D exchange and hydrolysis of TMAB obtained in
systems S;—S¢ are shown in Figs. 2-7, respectively, where respective F. and/or
Fy versus time dependencies are presented. The main parameters of TMAB
deuteration process determined by studying systems S;—Sg are collected in Ta-
bles 2 and 3.

As seen from Fig. 2, the rate of deuteration observed in system 1 is fast, but
vigorous contact of TMAB with the acidic aqueous phase promotes hydrolysis
and substantially decreases the yield of TMAB-d;. As follows from Fig. 3, a and
b (see curves A), complete conversion of TMAB to TMAB-d; in system 2 is
slower than in the case of S| (cf. curve A in Fig. 2). As seen in Fig. 3b, the deuter-
ated TMAB is stable and is not readily hydrolyzed. The hydrolysis of TMAB-d;
in this system is characterized by a time lag (see curves C and D). This simplifies
operational conditions for the recovery of the product from the reaction mixture
with a reasonably high yield.

Unlike biphase liquid-liquid system 1, the features of kinetics of H-D ex-
change in triphase systems S, and S; are mainly determined by the presence of the

ing Agents
Type Maximum Conc. of Time of Degree of TMAB
No. of TMAB-d; Half-Conversion Hydrolysis
System of System Observed, (to5), Observed in #y 5,
(see Table 1) Phases (see Table 1) mol/dm? min %
Sy 2 O/A 0.070 23 15
S, 3 O/A/R 0.088 81 9
Si 3 O/A/R 0.081 63 7
S4 2 O/-/IR 0.100 45 <1
Ss 2 O/-/IR 0.075 28 13
Se 3 O/A/R 0.083 670 13

Reprinted with permission from Muraviev et al. (35). Copyright [1994] American Chemical Society.

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016
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Table 3. Effective Rates of H-D Exchange (Rg) and Hydrolysis of TMAB (Ry) in Applying Sul-
fonate Cation Exchangers in D-form as Deuterating Agents

Type Time
System of Interval “Rie X 104, "Ry X 104,
(see Tablel) Phases (min) st s7! Rie/Ry Remarks
S, O/A/R 0<tr<5 0.2 0.5 0.4 40-60 mesh
S5<t<15 0.7 0.4 1.8
15 <t<60 1.8 0.2 9.0
60 <t <350 0.2 0.02 10.0
S3 O/A/R 0<t<Ss 0.7 0.3 2.3 200-400 mesh
S5<t<15 1.35 0.2 6.8
15 <t<60 1.5 0.2 7.5
60 <t <140 0.7 0.08 8.8
S4 O/-/R 0<t<s 2.9 40-60 mesh; no
o<t<15 2.7 D,0 or D,SO,4
Se O/A/R o<t<15 0.64 0.56 1.1 40-60 mesh +
15 <t < 100 0.23 0.14 1.6 TMA
100 <t < 365 0.09 0.03 3.0

* Rig = dF./dt; ** Ry = dFy/dt. Reprinted with permission from Muraviev et al. (35). Copyright

[1994] American Chemical Society.

Conversion degree, F,

0 100

400

500

TIME, MIN

Figure 2. Kinetics of H-D exchange on TMAB in the presence of 1.6 M D,SO, in
biphase system S;. Curve A corresponds to BD; conversion; curve B corresponds to BH;
conversion. Reprinted with permission from Muraviev et al. (35). Copyright [1994] Amer-

ican Chemical Society.

MaRcEL DEKKER, INC.
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Figure 3. Kinetics of H-D exchange (curves A and B) and of hydrolysis of TMAB-
TMAB-d; mixture (curve C) and of pure TMAB-d; (curve D) in the presence of Dowex 50
X 2 in D-form in triphase system (system 2). Kinetic curves are shown for time intervals:
350 min (a), 1550 min (b), corresponding to BD5 conversion (curve A) and to BH; con-
version (curve B). Reprinted with permission from Muraviev et al. (35). Copyright [1994]
American Chemical Society.

solid resin phase in the reaction mixture. As seen in Fig. 3a, curve A is character-
ized by three clearly distinguished kinetic steps corresponding to 0 < #; < 15-min,
15 < t, < 60-min, and 60 < 3 < 350-min time intervals. The first and the third
steps are slow, and the second is rather fast. Curve C is segmented into two parts,
corresponding to the fast and slow kinetic steps of the TMAB hydrolysis, respec-

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016
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tively, and besides, the inflection point on curve C coincides with that on curve A,
corresponding to t = 60 min. This indicates that both isotope-exchange and hy-
drolysis processes are coupled and influence each other, at least in the triphase
systems S, and S;3. This conclusion becomes clearer after a more detailed exami-
nation of the results obtained in system S, that makes it possible to note the fol-
lowing processes taking place.

(1) Hydrolysis: 0 < ¢ < S5min. Rather fast primary hydrolytic decompo-
sition of the initial TMAB proceeding according to Eq. (2) promotes the accumu-
lation of TMA ions in the aqueous phase. TMA ions are known to increase the hy-
drolysis of TMAB (see below and (37)) by acting as phase-transfer catalysts
(39,40). On the other hand, they can be sorbed by the resin phase with release of
deuterons:

R-SO3D™ + (CH3);N*D = R-SO3N*D (CH;); + D* (6)

(2) Isotope Exchange: 5 <t < 60 min. The ion-exchange reaction (6) re-
sults in simultaneous removal of TMA ions from the aqueous phase, and in the en-
richment of this phase with deuterons. The first process leads to the progressive
decrease in the rate of TMAB hydrolysis, and the second enhances the rate of iso-
tope-exchange reaction, now reaching the maximum value. It is important to em-
phasize that this particular kinetic stage reflects the main feature of H-D exchange
process proceeding in triphase systems involving solid deuterating agents (cation-
exchange resins in the D-form). This feature can be defined as dual functionality
of these agents acting both as catalysts of the target process and inhibitors to-
wards undesired side reaction.

(3) Inhibition: 60 < ¢ < 350 min. Finally, the gradual loading of the
cation exchanger with TMA begins inhibiting the ion-exchange process. This in-
hibition is explained by the surface activity of TMA ions, which resemble the
cationic surfactants, known to slow down the process of ion exchange (see below)
and even poison resins (38,41).

In the case of system 3 (see Fig. 4), the trends in changing the rates of iso-
tope-exchange and hydrolysis reactions follow the same “scenario” as for S,,
i.e., first the rate of H-D exchange increases and then slows down while a per-
manent decreasing rate of hydrolysis is observed (see Table 3). At the same
time, the rate of isotope-exchange reaction in Sj is far higher than in S,. This
conclusion evidently follows from respective # s (time of half-conversion) and
Ry values (Rig = F./df) shown in Tables 2 and 3, respectively. For example, the
ratio of effective rates of isotope-exchange reaction for both systems (see Table
3) at the final stage (r > 60 min), when the H-D exchange is considered to be a
steady-state process, is Rig(S3):Rie(S,) = 3.5. As triphase systems S, and S3 can

Copyright © Marcel Dekker, Inc. All rights reserved.
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F,, Fy

0 100 200 300 400
TIME, MIN

Figure 4. Kinetics of TMAB deuteration in triphase systems 2 (curves A and B) and 3
(curves C and D). Curves A and C correspond to BD5 conversion; curves B and D corre-
spond to BH; conversion. Reprinted with permission from Muraviev et al. (35). Copyright
[1994] American Chemical Society.

be classified as triphase catalytic systems (42,43), the difference in the reaction
rates observed can be evidently attributed to the difference in the resin sample
surface areas.

The ratio of the resin surface areas in S, and S5 can be estimated as follows:
the number of resin beads (N,) in each sample is equal to

3m

N,=——"—=
b 4frrpr§

(7
where m is the mass of the resin sample (g), r, is the average radius of the dry
beads (cm), and p is the density of the dry ion exchanger (g/cm?). The values of m
and p are approximately the same for both resin samples. Hence, N, values differ
from each other because of the difference in r, values. The surface area (S) of a
given resin sample in the swollen state is equal to

S = 4wNyr2, (8)

Here ry,, is the average radius of swollen beads (cm), since ry,, = ry X Kj,, where
K, is the linear swelling coefficient, known to depend on the resin cross-linkage.
Finally one obtains

_ 3mK2,

Tap

€))
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Figure5. Kinetics of H-D exchange on TMAB in biphase system including Dowex 50 X
2 in D-form (system 4) corresponding to BD; conversion (curve A) and to BH; conversion
(curve B). Reprinted with permission from Muraviev et al. (35). Copyright [1994] Ameri-
can Chemical Society.

and the ratio of the surface areas in S, and S; is equal to

Kuaraz

S8(53):5(S2) ot (10)
where the numbers in subscript refer to the number of the system under consider-
ation. Taking into account the ratio of swelling coefficients for resins with 2 and
8% of cross-linking (known to be ~1.3 (44) and the ratio of the average radii of
resin beads used (r:r45 = 6), finally one obtains S(S3):S(S,) = 3.5.

The above feature of H-D exchange reaction with the use of solid (poly-
meric) deuterating agents becomes far clearer when considering the kinetic con-
version curves obtained in the biphase system 4 (see Table 1) shown in Fig. 5. As
seen, in this system the concentration of TMAB-d; after complete conversion of
BH; to BDj3 groups is equal to the initial concentration of TMAB (see Table 2).
This indicates complete suppression of the hydrolytic decomposition of both
TMAB and TMAB-d;. The last conclusion is also confirmed by complete absence
of gas evolution during the series of experiments carried out with S4. The ''B
NMR analysis of the final product obtained in S, demonstrated the formation of
spectroscopically pure (CH3);NBDs.

As seen from the data shown in Table 3, the effective rate of isotope-ex-
change reaction in system 4 is higher than in S;, despite lower resin surface area
(i.e., larger resin bead size). The shape of the kinetic curve of isotope exchange
(curve A in Fig. 5) in S, differs from that obtained in S, and S; (cf. curves A and

Copyright © Marcel Dekker, Inc. All rights reserved.
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C in Fig. 4). This signifies that the mechanism of H-D exchange in system 4 does
not involve the kinetic steps described above. As the isotope-exchange reaction on
TMAB in S, can proceed in the resin phase only, it must be preceded by sorption
of TMAB by the ion exchanger. The most probable mechanism in this case may
be dealt with the fixation of TMAB molecules on functional groups of the ion ex-
changer, simplifying their transfer (in sorbed state) into the transition complex and
finally into TMAB-ds. The overall exchange reaction can be described by the fol-
lowing scheme:

(CH3);NBH; + R — SO3 "D30 — (CH3);NBD3 + R — SO3 "H;0  (11)

where R denotes the resin phase and the bar over TMAB indicates its presence in
the resin phase. Since the resin phase is a low-cross-linked ion exchanger pre-
swollen in D,0 it contains a considerable amount of deuterium oxide (see below).
This creates the conditions for “self-regeneration” of the exhausted part of the ion
exchanger by the following reaction:

R(SO3 "H30 + 1.5D,0 — R — SO3"D;0 + 1.5H,0 (12)

The confirmation of the self-regeneration mechanism was obtained in the
series of experiments on sequential treatment of four portions of a 0.1 M TMAB
solution with the same portion of Dowex 50 X 2 in the D-form (5.2 mEq) in S4-
like systems (45). The results obtained in this series of experiments are shown in
Fig. 6 and in Table 4. The effective rates of H-D exchange reaction (Rjg = dF./dt)

1.0
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S
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Figure 6. Kinetic curves of TMAB-d; formation in sequential treatment of four portions
of 0.1 M TMAB solution: 1st (A), 2nd (B), 3rd (C), and 4th (D) with sample of Dowex 50
X 2 in D-form. Reprinted from Muraviev and Warshawsky (45), reprinted with permission
from Elsevier Science.
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Table 4. Effective Rates of H-D Exchange (Rjg) in Sequential Deuteration of Four Por-
tions of 0.1 M TMAB Solution in Applying the Same Sample of Sulfonate Cation Ex-
changers in D-Form as Deuterating Agent

Volume of TMAB-d;
Sample TMAB Solution Obtained D,0O Reacted R X 10*
No. (cm?) F. (mmol) (mmol) s™h
1 20.0 0.86 1.72 2.58 1.17
2 30.0 0.83 2.49 3.74 0.91
3 20.0 0.87 1.74 2.61 0.61
4 20.0 0.82 1.64 2.46 0.37

Reprinted from Muraviev and Warshawsky (45) with permission from Elsevier Science.

collected in Table 4 (see last column) were calculated from the initial slopes of the
kinetic curves shown in Fig. 6. The initial resin phase content of D,O (Q,, s>
mmol), representing the amount of D,0 taken up by the swollen polymer, can be
calculated as follows:

V(- oW
Qu,sw - T (13)

where V is the volume of the resin sample in cm? (3.8 cm® measured as a compact
bed); Wis the fraction of the water content in the swollen resin (~80% for Dowex
50 X 2 (44); M = 20 g/mol (the molecular mass of D,0), and p = 1.105 g/cm?
(the density of D,0). Estimation of O, ,,, value by using Eq. (13) gives a value of
~90 mmol, which is considerably higher than the full ion-exchange capacity of
the resin sample (5.2 mEq). The amounts of D,O reacted in every run of the ki-
netic experiment (see Table 4) were calculated according to the stoichiometry of
the following equation obtained by summarizing Eqs. 11 and 12:

(CH,)-NBH; + 1.5D,02 5% P  {EH ) NBD; + 1.5 H,O (14)

These values allow the estimation of unreacted amounts of D,O in the resin phase
(Qsw(D0)) as the remainder after consequentially subtracting the figures given in
the fifth column of Table 4 from Q, ;,, = 90 mmol. The plot of effective rates of
the H-D exchange (see Rg values in Table 4) versus Q,,(D,0) is shown in Fig. 7.
As seen, the Rig versus Q,,(D,0O) dependence is satisfactorily approximated by a
straight line. This indicates that reaction 14 is of the pseudo-first order in D,O and
confirms the self-regeneration mechanism proposed.

The overall amount of TMAB-d; obtained in this series of experiments is
equal to ~7.6 mmol (see Table 4), which substantially exceeds the full ion-ex-
change capacity of the resin sample used (5.2 mEq). This confirms the above con-
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clusion that deuteriosulfonic acid groups of the ion exchanger act as a catalyst (or
transfer agent) in the isotope-exchange reaction.

The self-regeneration of the resin (see above) appears to play a key role in
the proposed mechanism. The equilibrium in reaction 12 can be expected to be
shifted to the right because of the difference in the value of dissociation constants
of proto (pKy) and deutero acids (pKp) (46-48). For example, the difference in the
second dissociation constants for HSO4 and D,SOy is ApK = pKp — pKy = 0.30
(46,47). Similar or even higher ApK values can be expected for the sulfonic acid
groups of an ion exchanger.

The preparation of the resin in the D-form involves the use of sufficiently
concentrated solution of D,SO,, which can be sorbed by the resin phase by the
Donnan invasion mechanism (44,49). The influence of sorbed D,SO, on the ki-
netics of both isotope exchange and hydrolysis reactions carried out with system
5 (see Table 1) is shown in Fig. 8. The comparison of the data presented in Fig. 5
with that shown in Fig. 8 allows the conclusion that presence of D,SOy in the resin
phase significantly intensifies the hydrolytic decomposition of both TMAB and
TMAB-d; and decreases the yield of the final product (see Table 2). This confirms
the importance of the removal of sorbed acid from the resin prior to its use in the
isotope-exchange reaction.

The confirmation of the kinetic mechanism proposed above is seen in Fig.
9 where the kinetics of H-D exchange and hydrolysis of TMAB in system 6 (see
Table 1) is shown. Indeed, as follows from the comparison of the data given in

1.5

1.0

Rigx10 57!

o+
80.00 85.00 90.00 95.00

Osw( DZO ), mmol

Figure 7. Effective rate of H-D exchange on TMAB (Rjg) plotted versus amount of un-
reacted D,0O in resin phase (see Table 4). Reprinted from Muraviev and Warshawsky (45),
with permission from Elsevier Science.
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Figure 8. Kinetics of H-D exchange (curves A and B) and of hydrolysis of TMAB-
TMAB-d; mixture (curve C) in biphase system including Dowex 50 X 2 in D-form with
sorbed D,SO, (system 5). Curve A corresponds to BD3 conversion; curve B corresponds to
BH; conversion. Reprinted with permission from Muraviev et al. (35). Copyright [1994]
American Chemical Society.

Fig. 9 with that shown in Fig. 3 the presence of TMA in the aqueous phase sub-
sequently slows down the isotope-exchange reaction due to the gradual loading
of the resin phase with TMA ions. On the other hand, sorption of TMA de-
creases its concentration in the aqueous phase and also slows down the hydrol-
ysis of TMAB.

The results obtained by a more detailed study of the hydrolysis of TMAB
have led to the following important practical conclusions on the active role of
TMA in the process under consideration (37):

1. TMA may be used as a “rate regulator” for both hydrolytic and isotope-
exchange reactions of TMAB in systems involving liquid (mineral) or
solid (polymeric) acids.

2. The nitrogen-bound hydrogen ions (deuterons or protons) of TMA salts
do not exchange with hydride hydrogens of TMAB or any other boro-
hydrides. This has been confirmed by Kampel and Warshawsky, who
successfully synthesized monoisotopic amine trideuterioborane
adducts using commercial trialkylamine hydrochloride without any
special pre-treatment (34).

The comparison of effective rates of isotope exchange (Rjg) and of hydrol-
ysis (Ry) in the most interesting systems (S, S3, S4, and Sg, see Table 1) is sum-
marized in Table 3 where Rjg and Ry values at different reaction time zones are
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presented. The ratio R to Ry shows the selectivity of the reaction steps. At the
initial time interval (0 < ¢ < 5 min) the hydrolysis reaction is favored, but this
changes with time. Higher selectivities for the isotope-exchange reaction are ob-
served after a longer time (¢ > 5 min) for all systems. Reduction of the triphase
systems (S, or S3) to a corresponding biphase one (S4) by exclusion of the liquid
aqueous phase (D,0) ensures almost indefinitely high selectivity for the isotope-
exchange reaction.

This is a manifestation of a state where the water is actually immobilized in
the swollen polymer, in contrast to an organic solution of the reactant. From this
viewpoint, the systems of S, type, known in the literature as aqua impregnated
resins (AIR) (44,49-51) can be compared with extraction chromatographic mate-
rial (ECM) or solvent impregnated resin (SIR) models (53-61). Such a compari-
son is shown schematically in Fig. 10 (61). As seen, immobilization of the aque-
ous component of an extraction system in a polymeric phase (e.g., in ion-exchange
resin) to form an AIR may be considered as a “symmetrical reflection” of the
ECM-SIR concept. Note that the “symmetry” of corresponding AIR and SIR sys-
tems is observed when immobilization of a liquid component of a liquid-liquid ex-
traction system is not accompanied by any chemical interactions between immo-
bilized component and solid support (50). Besides a number of advantages
resulting from conversion of a liquid-liquid into a solid-liquid extraction system,
in the present case such a conversion allows (1) complete suppression of TMAB
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Figure 9. Kinetics of H-D exchange (curves A and B) and of hydrolysis of TMAB-
TMAB-d; mixture (curve C) in triphase system including Dowex 50 X 2 in D-form and
0.14 M solution of trimethylamine deuterosulfate in D,O (system 6). Curve A corresponds
to BD3 conversion; curve B corresponds to BH3 conversion. Reprinted with permission
from Muraviev et al. (35). Copyright [1994] American Chemical Society.
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Figure 10. Comparison of ECM-SIR and AIR concepts.

hydrolysis, and (2) permits the use of convenient dynamic mode of operation in
an ion-exchange column.

CONVERSION OF TMAB TO TMAB-D; IN ION-EXCHANGE
COLUMN

The H-D exchange process was carried out under dynamic conditions by us-
ing an ion-exchange column loaded with Dowex 50 X 2 resin (resin bed height of
ca. 5 cm, inner diameter of the column = 0.46 cm) by following the procedure de-
scribed elsewhere (45). After converting the resin into the D-form and washing
out the sorbed D,SO,4 with D,O the resin bed was equilibrated with CCl, by pass-
ing several bed volumes of pure CCl, through the column. Then the 0.1 M TMAB
solution in CCl, was passed through the resin bed at a constant flow-rate of 0.1
cm>/min and collected in portions. The concentration of both TMAB and TMAB-
d; were determined in all samples by FTIR analysis following the disappearance
of the strong B-H absorption band at 2360 cm ™! and appearance of the broad
B-D band at 1783 cm ™.

A typical volume-concentration history obtained in this version of the
TMAB deuteration process after the first run of initial TMAB solution is shown
in Fig. 11. The numbered dots in Fig. 11 denote the eluate portions for which FTIR
spectra are shown in Fig. 12. As it is clearly seen in Fig. 12, a gradual decrease of
the BH; peak (2360 cm ™ ') accompanied by substantial increase of the BD; peak
(1783 cm ™ ') are observed as the H-D exchange proceeds. The enrichment coeffi-
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Figure 11. Effluent-concentration history of H-D exchange on TMAB in column con-
taining Dowex 50 X 2 in D-form (1st elution of 0.1 M TMAB in CCly). Curves A and B
correspond to TMAB-d; and TMAB, respectively. Numbered dots indicate solution sam-
ples for which FTIR spectra are shown in Fig. 12 (V is volume). Reprinted from Muraviev
and Warshawsky (45), with permission from Elsevier Science.
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Figure 12. FTIR spectra of samples taken at points 1-4 of curve B in Fig. 11. Reprinted
from Muraviev and Warshawsky (45), with permission from Elsevier Science.
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cients (Cg) can be calculated from the concentrations of TMAB and TMAB-d; in
the respective eluate samples as follows:

_ [TMAB — ds];

CE
[TMAB],

5)
The elution curve shown in Fig. 11 is reproduced in Fig. 13 in terms of Cg values.
Comparison of the breakthrough curves presented in Figs. 11 and 13 shows that,
despite the non-monotonous character of the initial part of the TMAB elution
curve (see curve B in Fig. 11), a smooth increase of Cg values is observed (see Fig.
13), followed by a plateau range characterized by practically constant Cg values.
Then a decrease of Cg values is observed that is attributed to the gradual exhaus-
tion of the resin bed, which causes slowing down of the H-D exchange reaction.
Samples of eluate in the plateau range from several different runs were collected
separately and then rerun through a column containing a fresh portion of Dowex
50 X 2 in the D-form.

A typical concentration-volume history obtained in a second elution of the
TMAB-d;z-enriched TMAB-TMAB-d; mixture (obtained after the first run)
through a fresh resin bed is shown in Fig. 14. Numbered dots in Fig. 14 indicate
solution samples for which FTIR spectra are shown in Fig. 15. As seen from Figs.
14 and 15, the second treatment of TMAB solution in the column with a fresh por-
tion of the resin in the D-form results in the formation of a zone with spectro-
scopically pure TMAB-d; (see spectrum 1 in Fig. 15). This conclusion is also con-
firmed by the results of ''B NMR and ?D NMR analysis shown in Figs. 16 and 17,
respectively (see Appendix), of the initial TMAB and of TMAB-d; obtained from
eluate samples characterized by zero absorption at a frequency of 2360 cm ™! (see

c 80
e ]
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Figure 13. Reproduction of elution curve shown in Fig. 11 in terms of enrichment coef-
ficients (Cg) values calculated from Eq. (15) (V is volume). Reprinted from Muraviev and
Warshawsky (45), with permission from Elsevier Science.
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Figure 14. Effluent-concentration history of second run of TMAB (open cycles)-TMAB-
d; (closed cycles) through Dowex 50 X 2 in D-form bed. Dotted lines denote initial con-
tent of TMAB-d; and TMAB species in solution under treatment. Numbered dots indicate
solution samples for which FTIR spectra are shown in Fig. 13 (V is volume). Reprinted
from Muraviev and Warshawsky (45), with permission from Elsevier Science.

spectrum 1 in Fig.15). As seen in Fig. 16a, ''B NMR spectrum of the initial
TMAB shows a quartet at —8.2 ppm, and that of the pure TMAB-d; (see Fig.16b)
is characterized by a broad singlet at around — 8.4 ppm. Note that similar spectrum
was observed by the ''B NMR analysis of TMAB-d; obtained in experiments with
system 4 (see above Table 1 and Fig. 5). The 2D NMR spectrum for the same
TMAB-d; sample (see Fig.17) shows a broad doublet centered at 1.8 ppm.

As it clearly follows from Fig. 14, the pure deuterated product can be easily
recovered from separately collected portions of eluate corresponding to the head
part of breakthrough curve. The rest of the eluate samples (additionally enriched
by TMAB-d3) can be repeatedly treated in a column with a fresh portion of the
resin in the D-form to produce the second portion of completely deuterated prod-
uct, etc. Due to the absence of hydrolytic decomposition of TMAB and TMAB-d;
in the AIR deuteration system under consideration the total yield of the final prod-
uct can be as high as 100%.

To conclude this section it seems important to emphasize that the proposed
column technique gives a unique opportunity to obtain 100% pure deuterated
product within several hours of work versus 240 h in the case of the procedure de-
scribed by Atkinson et al. (7,8). Furthermore, if in the case of liquid-liquid ex-
traction the exhausted solution of the deuterating agent cannot be regenerated and
must be replaced with a fresh one, the polymeric deuterosulfuric acid (Dowex 50
X 2 in the D-form) can be easily reused after exhaustion. The resin regeneration
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Figure 15. FTIR spectra of samples taken at points 1-3 of TMAB elution curve in Fig.
14.
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Figure 16. ''B NMR spectra of TMAB (a) and TMAB-d; (b) obtained from eluate sam-
ples with zero absorption at 2360 cm ™! (see Figs. 14 and 15).
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Figure 17. >D NMR spectrum of TMAB-d; obtained from eluate samples with zero ab-
sorption at 2360 cm ™! (see Figs. 14 and 15).
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stage may include either rinsing the resin in a column with D,O or subsequently
drying the ion exchanger and placing it in D,O to swell. In both cases the H,O ad-
mixture (appearing in the polymer according to Eq. 12) will be removed. All these
operations can be achieved in the same ion-exchange column starting from the
preparation of the ion exchanger in the deutero form and up to production of pure
deuterated product.

MEMBRANE-ASSISTED TMAB DEUTERATION PROCESS

Another AIR-like system that can be used to carry out the H-D exchange re-
action on TMAB is a membrane reactor (MR) supplied with a cation-exchange
membrane in the D-form. A two-compartment ion-exchange MR shown schemat-
ically in Fig. 18b can be considered to be something in between a tri-phase system
of S,-type and a S,-like biphase system (see Table 1), also shown schematically in
Fig. 18, aand c, respectively. Indeed, as seen in Fig. 18, aand b, in both S,-like sys-
tem and MR (which is also composed of three phases), the ion exchanger phase
(granulated resin in S, and plane membrane in MR) is in contact with both liquid
phases (aqueous and organic). On the other hand, in both MR and S,-like systems
the organic phase is contacting with the ion exchanger phase only. The functional-
ity of the ion-exchange resin in S, and S, is similar to that of the ion-exchange mem-
brane used in MR experiments. This suggests a similarity of mechanisms of both
H-D exchange and TMAB hydrolysis reactions (see above) proceeding in systems
under comparison. Hence, the TMAB deuteration process when carried out in an
MR can also be expected to proceed by some “intermediate” rout. In other words,
the features of H-D exchange reaction in an MR must be similar to those of TMAB
deuteration in both S, and S, depending on the experimental conditions.

The MR-version of TMAB deuteration process was studied by using the
sealed membrane cell as described in detail elsewhere (62,63). The feed compart-

Figure 18. Comparison of membrane reactor (b) with triphase systems of S, or S3 type
(a) and biphase system S, (c). See Table 1.
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Figure 19. Degree of conversion of TMAB (curve 1) and of TMAB-d; (curve 2) in MR
as function of time. Curve 3 shows kinetics of gas evolution from feed aqueous phase. Ini-

tial conditions: [TMAB], = 0.2 M; [D,SO4], = 72 mM. Reprinted with permission from
Bromberg et al. (62). Copyright [1993] American Chemical Society.

ment of the cell was filled with a solution of D,SO, in deuterium oxide and the re-
ceiver section with a solution of TMAB in carbon tetrachloride. The volumes of
both reactor compartments were equal to 15 cm?. The cation-exchange membrane
composed of highly sulfonated polyethylene (purchased from Soreq Nuclear Re-
search Center, Israel), with an operating area of 3.14 cm? was preliminary equili-
brated with the feed solution of a given composition before use in MR. The
progress of the H-D exchange reaction was followed by volumetric, FTIR, and 'H
and "B NMR analyses (see above and Appendix).

The typical results obtained in the MR kinetic experiments are shown in
Fig. 19. As seen, at a relatively high TMAB concentration (0.2 mol/dm?) the be-
havior of the system resembles that of S, and S; (see above and Figs. 3 and 4).
Indeed, the concentration of TMAB gradually decreases (see curve 1) and the
TMAB-d; concentration increases after a certain time lag Af, reaches a maxi-
mum, and then decreases. The value of At is obviously determined by the rate
of D,SO, diffusion through the membrane. Volumetric data demonstrated no
gas evolution from the organic receiver phase and a marked evolution of the gas
from the “aqueous” feed section (see curve 3). This means that the hydrolysis of
both TMAB and TMAB-d; occurs in the feed compartment of MR or, more ex-
actly, at the membrane-aqueous solution interface (see Fig. 18b) while the con-
version of TMAB to TMAB-d; occurs at the organic solution-membrane inter-
face. Hence, unlike S, and Sj3 systems in MR the target and the undesired side
reactions appear to be separated in space that is of particular importance for op-
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timization of the deuteration process. The hydrolysis of TMAB in the feed phase
is also confirmed by the results of '"H NMR analysis of the aqueous feed solu-
tion shown in Figs. 20 and 21. The spectrum of the feed phase (see Fig. 20) re-
vealed water as a major component at 8 = 4.8 ppm and TMA sulfate as a mi-
nor component at 8 = 3.1 ppm. The appearance of water (see Fig. 21) is of
particular importance in understanding the above-discussed mechanism of the
isotope-exchange reaction.

It is interesting to note that the gas evolution (see curve 3 in Fig. 19) is also
observed after a time lag (At,), whose value is higher than Az;. Quite evidently for
the hydrolysis reaction to occur both TMAB and TMAB-d; species must diffuse
through the membrane from the receiver to the feed phase. On the other hand, the
H-D reaction at the membrane-organic solution interface requires the transport of
D,SO, across the membrane in the opposite direction (from the feed to the re-
ceiver phase). Hence, the observed difference in At; and At, is evidently attributed
to different rates of diffusion of TMAB (or TMAB-d;) and D,SOy species in the
membrane. The diffusion rate of each component must, in turn, be proportional to
the gradient of component concentration, AC;, across the membrane, which can be
defined (for the initial part of MR experiment) as follows:

C:
AC,‘ = = 16
5 (16)
H20
CHCl3
(C}g)sN HSO 4
N

| l |

1 | | |

7 S 3 1

ppm

Figure 20. 'H NMR spectrum of receiver phase 168 h after start of kinetic experiment
shown in Fig. 19. Reprinted with permission from Bromberg et al. (62). Copyright [1993]
American Chemical Society.
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Figure 21. Kinetics of H,O appearance in feed phase in experiment shown in Fig. 19.
Reprinted with permission from Bromberg et al. (62). Copyright [1993] American Chemi-
cal Society.

where Cj, is the initial concentration of component “i”, and 9 is the thickness of
the membrane.
The above discussion leads to the following important conclusions:

1. Variation of the initial concentration of components in the receiver and
feed phases must substantially influence the rates of reactions occurring
at the corresponding membrane interfaces.

2. The decrease of the initial TMAB concentration must cause an increase
of At, value resulting in a temporal deactivation of the aqueous solu-
tion-membrane interface, which is responsible for the undesired hy-
drolysis reaction. As the result, the TMAB-TMAB-d; hydrolysis must
be temporally suppressed whereas the H-D reaction will not be
affected.

The confirmation of the first conclusion is seen in Fig. 22, where the de-
pendence of the isotope exchange rate constant Rg on the initial concentration of
D,SOy, in the receiver phase is shown. The substantiation of the second conclusion
is clearly seen in Fig. 23. The only difference in conditions of experiments shown
in Figs. 19 and 23 is a ten-time less initial concentration of TMAB in the last case.
For the experiment described in Fig. 23, during 200 h, monitoring of both feed and
receiver phases showed the absence of gas evolution in either of them, i.e., no hy-
drolysis was observed. Thus, under the conditions of this experiment the yield of
TMAB-d; reached 100 %. After 220 h the deuterated product started to hydrolyze
(see curve 3 in Fig. 23.
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Figure 22. Dependence of Ry on initial concentration of D,SO, in receiver phase. Initial
conditions: [TMAB], = 0.2 M. Reprinted with permission from Bromberg et al. (62).
Copyright [1993] American Chemical Society.

A comparison of the results shown in Figs. 19 and 23 with those obtained
by studying systems S, and S, (see Figs. 3 and 5) permits the following conclu-
sion: at a relatively high initial concentration of TMAB, the deuteration process in
the MR system follows the “scenario” of that in S,. A decrease of TMAB con-
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Figure 23. Degree of conversion of TMAB (curve 1) and of TMAB-d; (curve 2) in MR
as function of time. Curve 3 shows kinetics of gas evolution from feed aqueous phase. Ini-
tial conditions: [TMAB], = 20 mM; [D,SO4], = 72 mM. Reprinted with permission from
Bromberg et al. (62). Copyright [1993] American Chemical Society.
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centration essentially allows for reduction of the MR system to system 4 through
deactivation of the aqueous solution-membrane interface and suppression of the
undesired hydrolytic decomposition of both initial substrate (TMAB) and the fi-
nal product (TMAB-d3). A substantiation of this conclusion is also provided by
the comparison of the R values determined in S, and the corresponding MR sys-
tem. In system 4, the effective rate for H-D exchange is 2.9 X 10~*s~! (see Table
3), whereas the surface area of the resin phase is ~3 X 10% cm? (see above). The
value of the effective rates of H-D exchange in the MR systems ranged from
1.5-7.5 X 107571 (62), whereas the membrane surface area (operating area) was
3.14 cm?. Hence, both types of AIR systems under consideration demonstrate sim-
ilar intrinsic rates of isotope-exchange reaction.

CONCLUSIONS

The following main conclusions can be derived from the results presented
above:

1. Solid (polymeric) cation-exchange resins in the D-form can be suc-
cessfully used as novel deuterating agents with dual function permit-
ting, on one hand, to carry out the target H-D exchange reaction at suf-
ficiently high rate, and, on the other hand, to completely suppress the
undesired side-reaction. The ion exchanger acts as a catalyst in the first
reaction and as an inhibitor in the second.

2. Immobilization of the aqueous component of a liquid-liquid extraction
system in a swollen polymer transforms it into an AIR (a solid-liquid
system). Such immobilization allows complete suppression of TMAB
hydrolysis and leads to 100% pure deuterated products in two stages by
a column technique. The polymeric deuterosulfuric acid can be easily
reused after exhaustion. The regeneration stage may include, e.g., either
rinsing the resin with D,O or subsequently drying the ion exchanger
and placing it in D,O to swell. This allows for convenience of prepara-
tion procedure and low cost of the final product.

3. The use of the membrane version of AIR deuteration system, repre-
senting an MR supplied with a cation-exchange membrane in the D-
form adds one more advantage: it allows complete separation of the tar-
get product and side products, so that the desired deuterated product is
obtained from the organic phase in the pure state. It also allows control
of undesired hydrolysis by varying the concentration of TMAB so that
100% yield of TMAB-d; can be achieved.
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APPENDIX

The 'H NMR, D NMR, and "B NMR spectra were recorded on a Bruker
AMX400 spectrometer with a broad-band probe in a 5-mm NMR tube ('H reso-
nance at 400.13 MHz, 2D resonance at 61.4 MHz, ''B resonance at 128.4 MHz)
by using a tip angle of 90° (6 ws) and a pulse repetition time of 1 s. D,O and CDCl;
was used as a frequency lock. External reference of ''B spectra was made by tak-
ing the signal for boron trifluoride etherate in CDCl; at 8 = 0.0 ppm. Tetram-
ethylsilane was used as a reference for the D spectra. The series of the kinetic 'H
experiments with the feed phase of MR were carried out as follows: a weighted
amount of the feed solution was withdrawn at a given time from the cell by using
a quartz capillary (Bruker), which was placed into the NMR tube containing a pre-
weighted amount of CDCI; to which the NMR spectrometer was locked-on. Use
of known weights of CDCl; and the feed phase and calibration of the ratio of the
peaks corresponding to CDCI; and H,O provided a method of measuring the rel-
ative amount of water in the feed phase (see Fig. 21).
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