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This project was started when an unknown peak was being detected in the organic volatile
impurity (OVI) analysis (using the head-space vapor sampling procedure) of bortezomib (BZB)
active pharmaceutical ingredient (API), in pharmaceutical companies. During the OVI analysis
of the API of BZB, a huge-area peak with an unknown source appeared in the chromatograms of
the gas chromatography with flame ionization detector (GC-FID). The data prepared by GC-
MAS revealed that the considered huge peak was 3-methylbutanal (3MBut). But, investigating
the synthesis procedures showed that during all the synthesis steps, 3MBut or any other solvent
containing this impurity was not being applied. Thus, we had concluded that there is a possibility
for emergence of this aldehyde from bortezomib itself. To find out which part of bortezomib
might turn into 3MBut, we began to investigate all its molecular structure, and hypothesized that
the a-amino-boronic acid part of the molecule turned into 3MBut. The experimental analysis and
theoretical quantum chemical calculations confirmed that the a-amino-boronic acid center of
bortezomib molecule undergoes a rare and unexpected aerobic oxidation by Oz molecule, even
in catalyst and solvent-free conditions. The result of this project not only might make clear the
passive source of the 3MBut peak of the OVI of bortezomib, but also, it would suggest to store
this API in an inert oxygen-free atmosphere to improve the long-term and accelerated (thermal)
stability of this very expensive anti-cancer drug.
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1. Introduction

Bortezomib (BZB), as a very expensive anti-cancer API, is one of the most important chemotherapy medications which
have been widely used for treatment of multiple myeloma and mantle cell lymphoma.! Due to the high cost of chiral
precourses, difficult synthesis schemes, and low total yield, the final product of BZB (and a number of boron derivative
anticancer drugs) are very expensive.”? Many researchers such as pharmacologists, chemists, and biologists, hardly try to
design® and synthesize*® vast number of molecules which are derived from previously confirmed bioactive molecules, in
order to introduce cheaper and more effective cures. It may contain theoretical drug design,’ synthesis new derivatives, or
optimizing the synthesis methods.3° Also, due to the fact that, the amount of each separated impurity is important in parallel
with the amount of total purity of the synthesized drugs,'®!! finding the exact mechanism, and detecting the intermediates
of the organic reactions, especially cycloadditions would help for yielding more pure products.'?>!* On the other hand, the
stability of API, as well as finish product, both in long-term, and in accelerated form, is a very important issue, which could
pass or reject an API for further pharmaceutical applications.'® Thus, it is crucial that APIs especially ones like BZB as very
expensive anticancers must be stable in long term storages. Or at least, suitable conditions (which would not have inverse
effects on the purity, and other quality control (QC) parameters of the API), must be found. Keeping APIs in such conditions,
that control the growth of each, or total impurities, and holding up the assay content of those precious matters, would lead
to save hundred million dollars annually. It would subsequently lead to decrease the price of finish products. On the other
hand, the OVI (which deals with the amounts of the trapped volatile solvents in the API analyzed by headspace-pressure
method of GC-FID) and the Related Impurity (RI) analysis (which deals with the exact amounts of each separated detectable
impurity as well as the total amount of impurities) are of the most important parameters in passing and releasing an API for
further use. Thus, the methods which are being used for those two analyses, must be valid, and trustable. '

This project has been started when a problem was detected during the OVI analysis of BZB, where unknown peak (out
of synthesis procedure predictions) was detected by GC-FID. Subsequently, the GC-MAS analysis showed the mentioned
peak was referred to 3MBut. But what surprised us, was that in all the synthesis processes, we had not used 3MBut or any
other solvent which have 3MBut as impurity (all the solvents were analyzed and no sign of 3MBut peak was detected
anywhere). Thus, we concluded, there is a possibility that the passive source of 3MBut peak is the BZB itself. To examine
this hypothesis, we have used both experimental (GC-FID, and GC-MAS analysis), and theoretical calculations (quantum
chemical predictions and also molecular dynamic simulations). The results of both fields showed that BZB (via a-amino
boronic acid) undergoes a rare and un-expected aerobic oxidation by molecular oxygen of air. This finding not only helped
us to modify the OVI method, but also, it gave us some precious data about the thermal stability of BZB in air and improved
the suitability of its packing and storage conditions.

2. Results and discussion

2.1.  Experimental section

Previous reports revealed about the destruction of boronic acids in solvents like water leading to oxidation of boron to
give a hydrogenated alkyl (R-H), and boric acid (scheme 1-a).!” While the GC-MAS, and GC-FID chromatogram data
showed us that this mechanism could not be true in the case of BZB; because, the carbon center of this (a-amino) boronic
acid undergoes an oxidation process to give an aldehyde (3MBut; m/z: 29,44,58,71,86; similarity index based on Wiley
Library=95%). Also, some of the last recent reports revealed about the successful intervention of molecular oxygen in
aerobic oxidation of some boronic acids in presence of metal catalysts like 20% molar of Cu in acetonitrile (as solvent),
alcohol, and pyridine (as base) leading to production of ketones (Scheme 1-b).!®

Unlike usual boronic acids, BZB could be reacted with molecular oxygen even in a solvent-free condition. However,

this process is amplified in solvents like water, or hydrogen peroxide (H»O,) in water. The main difference between the
boronic acid of BZB and other usual boronic acid, is the amino group which is placed in the alpha position carbon. We had
estimated that this amino group may intervene in aerobic oxidation of boron and the alpha carbon.
For a better understanding of this issue, we used another compound containing a-amino boronic acid. In this examination,
0.03 gr of Boroleu was placed in the same condition (40 min, 80°C) in Sml of deionized water, acetonitrile, (1ml HxO23%
and 5ml deionized water), aerobic, and inert system (Figure 1; Scheme 1-d). The results showed that Boroleu is oxidized in
water, hydrogen peroxide, and solvent-free (acrobic atmosphere) like BZB to give 3MBut as the same aldehyde even in
solvent-free condition (Scheme 1-c). Also, in degassed acetonitrile, and in inert system, any peak related to 3MBut was not
observed (like BZB).
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Scheme 1. Oxidation of BZB by molecular oxygen, compared to usual boronic acids
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Fig. 1. the effect of environment changes on the growth of 3MBut peak area, in constant temperature (blue, red, green, and
yellow lines for acetonitrile, H>O, H,O,, and inert surrounding, respectively).
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In these experiments (previous reports about simple boronic acids, and present results from BZB, and Boroleu, aerobic
oxidation), what was in common, was the existence of an amino functional group on the a-position carbon of boronic acid
(or boronic ester). Also, production of 3MBut by a-boronic acid (or ester) as precursors, in presence of molecular oxygen
in one hand, and stopping the production of this aldehyde in inert atmosphere or in degassed acetonitrile, led us to the idea
that the a-boronic acid (or ester) undergoes an unexpected aerobic oxidation by O, molecule. Table 2 shows the results of
the GC-FID experiment.

Table 2. the effect of solvent changes on the growth of 3MBut (m/z: 29,44,58,71,86; Similarity index by Wiley
Library=95%) peak area

Sample Weight  Temperature Solvent(s) (ml) Peak area of 3MBut (mV.S™)
(mgr) O

Boroleu 50 80 (inert system) -
Boroleu 50 80 Acetonitrile (5 ml) -
Boroleu 50 80 Water (5 ml) 13753
Boroleu 50 80 Water (5ml) +H20,3% (1ml) 2757105

BZB 50 80 (inert system) -

BZB 50 80 Acetonitrile (5 ml) -

BZB 50 80 Water (5 ml) 49822

As shown in Table 2, both Boroleu, and BZB would not be oxidized (do not produce 3MBut) in an inert atmosphere or
degassed and oxygen free solvents like acetonitrile. While both of them could release that aldehyde in atmosphere or in
solvent like water (13753mV.S™!, and 49822mV.S"!, for Boroleu, and BZB, respectively). Also, H,O, which produces
molecular oxygen in water, significantly increases the 3MBut in headspace pressure up to 2757105 mV.S™!(about 200 times
more than the same condition in pure water). These results would experimentally confirm the possibility of oxidation of
BZB, and Boroleu (which contain a-amino boronic acid) by the molecular oxygen of air.

Table 3. the effect of temperature changes on the growth of 3MBut peak area, in atmospheric systems. mg represents the
milligram unit

Sample Weight (mg) Temperature (°C) System Peak area of 3MBut (mV.S™)
Boroleu 50 60 Atmosphere 561
BZB 50 80 Atmosphere 13476
Boroleu 50 80 Atmosphere 4351
Boroleu 50 100 Atmosphere 12927
Boroleu 50 120 Atmosphere 60938

On the other hand, the results of Table 3 (Fig. 2) showed that increasing the temperature (60°C, 80°C, 100°C, and 120°C)
significantly increase the rate of this oxidation reaction; somehow, the peak area related to 3MBut grows from 561, 4351,
12927, and 60938mV.S"!, for atmospheric oxidation of Boroleu at 60, 80,100, and 120°C, respectively.
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Fig. 2. the effect of temperature changes on the growth of 3MBut peak area, in atmospheric systems (blue, red, green, and
yellow lines for 60°C, 80°C, 100°C, and 120°C, respectively)
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2.2. Theoretical section

To answer the question “what causes the a-amino boronic acid (or ester) to react with molecular oxygen and produce
aldehyde, instead of R-H (like usual boronic acids)?” We aided the theoretical quantum chemical calculations. To do this,
at the first step, we chose the active center of a-amino boronic acid and reacted with both usual boronic acid, and a-amino
substitute of that, with molecular oxygen. In order to reach more trustable data for the probable structures which may emerge
during the chemical absorption process of the molecular oxygen of air, by boronic acid (BA), and a-amino boronic acid
(ABA), we have used the Born-Oppenheimer molecular dynamics (BOMD) simulation (see Fig. 3), in parallel with mental
prediction for designing the input structures. Then, all candidate stable and meta-stable structures have been taken under
quantum chemical calculations preceded by Gaussian 2003 quantum chemical packages which was mentioned above.

Fig. 3. The trajectory diagram referred to BOMD simulation of ABA-O, (blue line), and BA- O,(red line).

Also, several hypothetical structures with different orientations were designed and drawn by gauss view software and
putted under quantum chemical calculation, to find any probable species which may emerge during the first step of primary
adsorption or even the first step of chemical reaction between the molecular oxygen and the reactants (Fig. 4). Then, a
diagram containing the reaction pathways of adsorption (or reaction) of molecular oxygen and the BA, and ABA, based on
the potential energy surface (PES), was designed (Fig. 5).
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Fig. 4. The chemical structures which could emerge during the aerobic oxidation of BA, and ABA, by molecular oxygen,
calculated at B3LYP/6-311++G(d,p) level of theory
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The results of the calculations showed that in the case of ABA, at least two reactants complex (RC)s, and a free-reactant
(FR) with different orientations could exist before the absorption proceeds. Somehow, at the first step, the O1 atom of O,
molecule closes to ABA and is stabilized by hydrogens of boronic acids in about 2.1 A (see FR-ABA in Fig. 1) 0.0 kcal.mol
I, Then, it closes to the C1 of ABA more and more (as well as losing energy) to form RCI-ABA (-9.2 kcal.mol!), and RCII-
ABA (-10.2 kcal.mol"), respectively. In the RCII-ABA system, O1 of O, molecule receives energy (+15.8 kcal.mol™!") and
attacks to the boron atom of ABA to form TS (A-1)-ABA (+5.6 kcal.mol’!; the negative imaginary freq=-192.32 cm™'). On
the other hand, if the FR-ABA species path through a direct energy tunnel (instead of other meta-stable energy stations like
RCI, or RCII) to reach the energy peak of TS (A-1)-ABA (a B-~Ol distance of 2.07 A), the total energy barrier for
adsorption of chemical absorption of O decreases to only +5.6 kcal.mol™!. Also, in the case of the absorption of O, by BA,
the RC-BA (a dihedral angle of 78.1° an O1-H distance of 2.18 A) receives energy and transforms into the energy peak of
TS (A-1)-BA with an energy barrier of +15.2 kcal.mol! (the negative imaginary freq= -334.09 cm™), (Fig. 5).
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Reaction Progress

Fig. 5. The reaction pathways of adsorption of O, by BA, and ABA, based on the potential energy surface, calculated at
B3LYP/6-311++G(d,p) level of theory.

Thus, the main potential energy barrier for absorption of the molecular oxygen by ABA is about +5.6 kcal.mol! which
shows a very fast and favorable reaction compared to absorption of O, by a usual boronic acid (15.2 kcal.mol!). This could
be the key reason for the unexpected oxidation reaction of BZB compound by molecular oxygen of the air which makes it
unstable in long-term stability analysis as well as emergence of 3MBut peak in OVI analysis.

3. Conclusions

The most important result of this work is; the carbon center of the a-amino boronic acid (ester) of bortezomib undergoes
an unpleasant aerobic oxidation by O, molecule, leading to thermal decomposition of this very expensive anti-cancer drug.
The experimental data showed that the Boroleu, and BZB could not be oxidized (do not produce 3MBut) in an inert
atmosphere or degassed and oxygen free solvents like ACN. While both those compounds could release that aldehyde in
solvent-free atmospheric system as well as in solvents like water (13753 mV.S™!, and 49822 mV.S"!, for Boroleu, and BZB,
respectively; all sampling procedures were head-space vapor collection). Also, HO» which produces molecular oxygen in
water, significantly increases the 3MBut in headspace pressure up to 2757105 mV.S! (about 200 times more than the same
condition in pure water). These results would experimentally confirm the possibility of oxidation of BZB, and Boroleu
(which contain a-amino boronic acid) by the molecular oxygen (of air).

On the other hand, the theoretical results indicate that the potential energy barrier for absorption reaction of the
molecular oxygen by ABA is about +5.6 kcal.mol™! which is significantly favorable compared to the absorption process of
O by a usual boronic acid (15.2 kcal.mol™"). This could be the key reason for the unexpected oxidation reaction of BZB
compound by molecular oxygen of the air which makes it unstable in long-term stability analysis as well as emergence of
3MBut peak in OVI analysis. We suggest that in the future research, both the accelerated and long-term stability of this
precious anticancer will be examined under an inert atmosphere.
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4. Materials and methods
4.1. Experimental section

4.1.1. Reagents

Chemicals containing, (R)-BoroLeu-(+)-Pinanedioltrifluoroacetate (Boroleu), acetonitrile, H,O,, methanol were
prepared from Merck chemical company (Germany). Also, the BZB API was provided from the Chemical Synthesis
Department of Tofigh Daru Research and Engineering Company (Tehran, Iran).

4.1.2. Instrumentation

The OVI analyses were performed using a GC-FID system (CP-3800, GC Varian, equipped with CTC Combi-Pal
headspace autosampler injection containing an incubator. A capillary column (the Agilent J&W CP-Select 624 CB, length
30m, internal diameter 0.53 mm, and film thickness 3.0 um GC column, with an optimized G43 stationary phase) was used
for separation of the gaseous specious. The carrier gas was nitrogen, and the flow rate of the system was about 6 ml min'.
The GC-MS  analysis was  performed using a GC-MS  system (GCMS-QP 2010  SE:
mass selective detector MSD, operated in the EI mode (electron energy = 70 eV), scan
range = 45-400 amu, and scan rate = 3.99 scans/sec (Shimadzu Corporation). A capillary column (the Agilent J&W CP-
Sil8 CB, length 50m, internal diameter 0.53 mm, and film thickness 1.0 um GC column) was used for separation of the
gaseous specious. The carrier gas was helium, and the flow rate of the system was about 2 ml min".

A 0.05 g amount of BZB, (or Boroleu) samples were dissolved in Sml of water and were incubated for about 40 min.
then, 1000 pl of headspace vapor of the vial was injected to the column. After separation in the GC-column with a special
temperature programming with some modifications compared to the other methods,'? the sample was ionized and detected
applying the helium plasma in the BID at 270°C. The detailed operating method of the analysis was described in Table 1.

Table 1. The gas chromatography conditions set for analyzing the OVI contents of the synthesized BZB
order Parameter Value
(A) Injector setting

1

Injector temp. 155°C
2 Carrier gas Nitrogen
3 Split ratio 2
(B) Oven setting
4 Initial oven temp. 50°C
5 Hold time 18 min
6 secondary oven temp. 250°C
7 secondary Hold time 15 min
8 Rate 10 ° C/min
9 Column flow 6 ml/min
10 Purge flow 2 ml/min
(C) column
11 Column type G-43
12 Column length 60 m
13 Inner Diameter 0.53 mm
14 Film thickness 3 um
(D) Detector
15 Detector temp. 270°C
16 Discharge gas -

4.2. Theoretical section

Several hypothetical structures with different orientations were developed as input files for each predicted energy state
and optimized to give any possible stable or meta-stable system. As a result, a number of stable and metastable energy
stations were found for the reactants, and the transition states (TS)s. The Gaussian 03 chemical quantum package®® was
used to perform all of the calculations, and the density functional theory (DFT) procedure in B3LYP/6-311++G(d,p)
theoretical level was applied for optimizing the possible structures.!?> The TS structures were found by using the
synchronous transit-guided quasi-Newton (STQN) approach,*?* and the frequencies of each optimized structure were
extracted for calculating the thermodynamic energies for each possible state. All the simulations were performed by using
the BOMD method which is widely used for the same calculations.?
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