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bstance degradation under
headspace GC conditions of residual solvent
analysis

Hua Zhao, *a Doug Phillipson,b Jiangwei Li a and Frank Wu a
Isobutyraldehyde (IBA) was detected in drug substance (DS) containing

an amino acid group using a headspace-gas chromatography (HS-GC)

method. High-performance liquid chromatography-mass-

spectrometry (HPLC-MS) data from an HS vial confirmed that IBA

was a degradant. The HS-GCmethodwasmodified tominimize IBA by

keeping the HS oven temperature lower than 80 °C.
According to ICH Q3C guidelines, residual solvents of drug
substances are analyzed as one of many tests run to ensure
patient safety. The HS-GC methodology is a preferred method-
ology for residual solvent analysis.1,2

During residual solvent analysis by HS-GC, where DS is dis-
solved in a high boiling solvent and heated for a period of time
before the gases above the liquid are equilibrated and injected
into the GC system, an unexpected peak was observed when the
HS oven temperature was set at 120 °C. The artifact peak was
identied as isobutyraldehyde (IBA) by GC-MS.

When the drug substance was subjected to the residual
solvent method conditions, IBA was routinely observed at a low
level of approximately 50 ppm. A much higher level of IBA (1092
ppm) was observed in an in process control (IPC) test sample. A
comprehensive study was conducted on the headspace method
using both HS-GC-ame ionization detector (FID)/MS and
HPLC-ultraviolet (UV)/MS. The drug substance (see Scheme 1
for structure), contains an L-valine ester and it was hypothesized
that the IBA observed was a result of a “Strecker Degradation”3,4

of the a-amino acid valine to yield the one carbon shorter
degradation product, IBA. The main purpose of this study is to
understand the mechanism and kinetics of IBA formation when
the drug substance that contains an amino acid group is under
the headspace oven temperature during residual solvent
testing.
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Four experiments were designed to explore the effect of
headspace parameters and nd out the critical parameters for
IBA formation. Both HS-GC-FID/MS and HPLC-UV/MS have
been utilized to study the mechanism by analyzing both gas and
liquid phases of the sample aer heating in a headspace oven.
The four experiments are summarized in Table 1.

The chemicals and reagents are listed below:
The drug substance is provided by Neurocrine Bioscience Inc.
L-Valine: MP Biomedicals LLC. Catalog#19476905 5 GM.
Isobutyraldehyde (IBA): Aldrich Product#240788, >99%.
The HS-GC method is listed in Tables 2 and 3.
HPLC method is listed in Tables 4 and 5.
GC-HS sample preparation: working standard solutions

(WSS) were prepared by dissolving appropriate amounts of IBA
in GC diluent to make 0.02 mg mL−1.
Scheme 1 Drug substance degradation pathways in HS-GC oven.
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Table 1 Summary of experiments

Exp. Design Objective

I 20 mg mL−1 drug substance at 80 °C headspace
oven temperature shaken for 15min with spiked
479 ppm and 974 ppm of IBA

To conrm that IBA is not present in the drug
substance at 80 °C

II 20 mg mL−1 drug substance at headspace oven
temperatures of 80, 100, 120, 130, 140 °C shaken
for 15 min

To study the impact of different parameters on
the residual solvent method (120 °C, 15 min)

III 20 mgmL−1 drug substance at a headspace oven
temperature of 120 °C shaken for 30 and 60 min

IV 0.02 mg mL−1
L-valine at headspace oven

temperatures of 80, 100, 120, 130, 140 °C shaken
for 15 min

To conrm that IBA is a degradant from L-valine

Table 2 GC conditions

System Agilent GC7890A with FID&MS 5977B detectors with a column splitter and a Headspace autosampler Agilent 7697A
Column HP5, length = 30 m, internal diameter = 0.32 mm, lm thickness = 1.8 mm or equivalent
Injector temperature 180 °C
Detector temperature 260 °C
Column temperature Isotherm at 40 °C for 4 min; from 40 °C to 50 °C at 4 °C min; from 50 °C to 240 °C at 50 °C min−1

Injector Split ratio 20 : 1
Carrier gas Helium, constant ow 2.5 mL min−1

Makeup gas Nitrogen ow 30 mL min−1

Detector FID (air 400 mL min−1, hydrogen 40 mL min−1)
Detector Agilent 5977B: MS (50–200 m/z)
Run time 10.3 min
GC diluent N,N-Dimethylacetamide (DMA) with 40 mg mL−1 of butanol as internal standard

Analytical Methods Communication

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 4
/8

/2
02

6 
5:

33
:5

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Sample solutions were prepared by appropriately dissolving
100mg of the drug substance sample or L-valine into 5mL of GC
diluent.

Spiked sample solutions were prepared by spiking 200 mL
and 400 mL of 0.25 mg mL−1 IBA in GC diluent standard solu-
tions into sample solutions, respectively. The spiked IBA
concentrations were approximately 500 and 1000 ppm,
respectively.
IBA ðppmÞ ¼ IBA peak areaðsampleÞ � 0:1 mg*� 106

IBA peak areaðWSSÞ � drug substance weightðmgÞ
*0:1 mg of IBA in WSS ¼ 0:02 mg mL�1 � 5 mL
HPLC sample preparation: aer the headspace experiment
was completed, 1 mL of the headspace sample solution was
diluted to 19 mL of HPLC diluent to make an HPLC sample
solution.

IBA is quantied using the WSS solution and run at the same
temperature.

Experiment I provided assurance that IBA could be quanti-
ed in the headspace solution if it were present as an impurity
in the DS. There was no IBA detected when the drug substance
was analyzed with the headspace oven temperature set to 80 °C.
902 | Anal. Methods, 2023, 15, 901–905
When the drug substance was spiked with 479 and 974 ppm of
IBA at 80 °C for 15min, the IBA recoveries were 102% and 100%,
respectively. The spiking experiment demonstrated that IBA was
not present as an impurity in the drug substance (shown in
Fig. 1).

Experiment II examined the IBA content of head space vials
subjected to increasing equilibration temperatures. The IBA
content of the DS sample increased exponentially from 14 ppm
to 898 ppm when the headspace oven temperature was
increased from 100 °C to 140 °C. A graph of IBA content as
a function of temperature is shown in Fig. 2. The valine portion
of the drug substance degraded to IBA when the oven temper-
ature was >100 °C.

In Experiment III, the IBA content of the headspace vial was
studied as a function of equilibration time at 120 °C. IBA was
shown to increase linearly from 164, 429, and 929 ppm with
headspace equilibration times at 15, 30, and 60 min. The IBA
degradation with equilibration time is a zero-order reaction
(shown in the red line in Fig. 3). When the drug substance was
shaken in the HS oven at 120 °C for 60min, the liquid content of
This journal is © The Royal Society of Chemistry 2023
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Table 4 HPLC method conditions

System Agilent 1260 LCMS system
Column Phenomenex kinetex C18, 3 × 100 mm, 1.7 mm
Temperature 50 °C
Mobile phase A 50 mM ammonium formate in water
Mobile phase B Acetonitrile
Flow rate 0.48 mL min−1

Injection volume 4 mL
Wavelength 280 nm, bandwidth: 4 nm
MS Agilent 6120: ESI, positive scan mode (100–1000 m/z)
HPLC diluent 0.1% formic acid in water: acetonitrile 90 : 10

Table 3 Headspace conditions

Oven temperature 120 °C
Loop temperature 130 °C
Transfer line temperature 140 °C
Vial equilibration time 15 min
Pressurization time 1.0 min
Vial pressurization 15 psi
Loop lling time 0.10 min
Loop equilibration time 0.05 min
Injection time 1.00 min
Loop volume 1.0 mL
Shaking speed High
Vial 20 mL headspace vial lled with 5 mL of solution

Table 5 Gradient profile

Time %A %B

0.0 95 5
4.0 84 16
12.0 75 25
15.0 5 95
15.1 95 5
18.0 95 5

Fig. 1 GC chromatogram overlays of blank (blue), drug substance
(green), 1000 ppm IBA std (red), drug substance spiked with 479 ppm
IBA (purple), and drug substance spiked with 974 ppm of IBA (yellow).

This journal is © The Royal Society of Chemistry 2023
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the HS vial was analyzed by HPLC-UV-MS, and the data showed
the formation of three related degradation products, one of
which no longer contained the valine amino acid of the DS (see
yellow degradant structure in Scheme 1), conrming that IBA
was a degradant, formed during the HS-GC analysis. A total of
0.4% area of twoN-oxides of the drug substance was observed by
HPLC and conrmed by mass spectrometry. This oxidation
reaction (see Scheme 1) observed in the HS oven was in align-
ment with the oxidation of the drug substance with an oxidant
such as hydrogen peroxide (H2O2). During the forced degrada-
tion study of the drug substance with 3% H2O2 at 25 °C for 24 h,
a total of 1.9% area of two N-oxides was observed.
Fig. 2 IBA level in drug substance vs. HS oven temperature (80–140 °
C).
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Fig. 3 The drug substance degradation to IBA on HS equilibration time
is a zero-order reaction.

Fig. 5 IBA level in L-valine vs. HS oven temperature (80–140 °C).
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If the IBA behaved like a residual solvent pre-existing in the
drug substance sample, such as acetonitrile, a small linear
increase in concentration with temperature and no increase in
concentration over equilibration time would be expected. Both
experiments II and III demonstrate that IBA is a degradant of
the drug substance and not a pre-existing residual solvent in the
drug substance.

In addition, aer the headspace experiment II was completed,
the liquid contents of the headspace vials were evaluated using
HPLC-UV and MS, and one major HPLC-UV peak in the chro-
matogram was the same yellow degradation product found in
experiment III. This degradation product was previously identi-
ed as a known drug substance impurity, with the valine func-
tional group acting as a leaving group during aromatization (see
Scheme 1). The major yellow degradant increased from 0.9 to
4.6 wt% proportionally to oven temperature, as shown in Fig. 4.
The pictures of a colorless initial sample to a yellow sample at
140 °C are an indication of yellow degradant formation.

The IBA degradation product of L-valine under the HS-GC
conditions was also conrmed in experiment IV, and the
Fig. 4 The yellow degradant in the HS sample solution increased
proportionally with the HS oven temperature.

904 | Anal. Methods, 2023, 15, 901–905
amount of IBA increased exponentially as a function of head-
space oven temperature from 100–140 °C. The HS-GC trend of L-
valine to IBA is similar to that seen with the drug substance
degrading to IBA when the headspace oven temperature
increased over the same interval. This result was taken as
further conrmation that the presence of IBA under our
residual solvent headspace conditions was due to the degrada-
tion of the L-valine portion, as shown in Fig. 5.

All the evidence indicates that the observed IBA resulted
from a “Strecker Degradation”3,4 of the a-amino acid valine to
yield the one carbon shorter IBA. The degradation pathways and
some of the degradants observed using HS-GC and LC-MS are
shown in Scheme 1.

The IBA is not present in the drug substance as a process
solvent or impurity because it is not detected at a headspace
oven temperature of 80 °C. Both the drug substance and L-
valine, under the headspace conditions (120 °C), show an arti-
fact peak corresponding to IBA. The Strecker degradation of
amino acids to their corresponding aldehydic decomposition
products under GC-HS conditions is a possibility where an
amino acid is a functional unit of a compound on test for
residual solvents.

The critical HS-GC system parameter controlling IBA forma-
tion is the headspace oven temperature. The results above suggest
that to avoid a drug substance containing an amino acid that
might degrade in theHS oven, theHS oven temperature should be
set at 80 °C or lower tominimize the formation of the degradation
product of IBA. The result described above may be applicable to
related chemicals with amino acid esters when subjected to HS-
GC or other high-temperature thermal degradation.
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