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A summary of this presentation:

* A project based example of using PAT during
process development and scale up:

— The process is a telescoped API reaction and
Mid-IR has been applied to all three sub-
stages.

— Mid-IR has been used throughout the
development lifecycle

— Consistent Mid-IR data has been obtained from
~50cm3 scale to >1000 Litres

— The spectral details include multiple useful
features
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Why investigate Mid-IR for this stage?

The reaction is telescoped and the overall reaction times is long
(up to 80 hours in the pilot plant).

— In-Situ monitoring would enable the cycle time to be reduced: an important benefit for
manufacturing.

Some of the reaction intermediates are unstable and difficult to
assay.

— We avoid lengthy development of an off-line technique: even when developed, the
method that could be difficult & expensive to deploy

No chromophores - difficult analytics but potentially PAT-
friendly

The specifications for the reaction end point are relatively wide
(several percent starting materials): the limited sensitivity of
vibrational spectroscopy unlikely to be an issue.

There are HSE concerns with some of the reactants (e.g. the acid
chloride) and concerns over the need to sample at reflux.
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Some more detailed objectives
* Increase the degree of process understanding

by developing the design space for this
reaction.

— Simple design using reagent stoichiometries as the
variable

— Min/max limits set by considering possible
operational tolerances at scale.

— Determine the sensitivity of Mid-IR to build a
quantitative model in a retrospective way

« Evaluate the effect of a “worst case scenario”
of ingress of water in the system to determine
response.
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The telescoped stage:

[T\ (0] (e}
NVN\ M /:\

o o NS N
3.3eq 1.1eq HN

w # ,NF\ \\‘ > O\ OO

AN AN~ / i
1
in CH,CN (4 Likg) 0”0\ :

P

——————————————————————————————————————————————————

! 30%aq. NH, w i
— NN

! Acetonitrile 60 °C

__________________________________________________

Clegg Reaction Monitoring Symposium March 2011 5




Pharmaceutical Sciences R @

Typical lab based measurement configuration

Reaction flask in an RC1
calorimeter ( IR spectrometers
at bottom left & bottom right)
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Typical Spectrometer layout in the pilot plant
General Layout: spectrometer to The location of the measurement
foreground probe in the vessel
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Other possible configurations at scale

Pump Around Circuits

Foot Valve
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PAT experiments / assessments started very
early on in the development....

Product

_ Intermediate from this
End of pivaloyl sub-step

chIorid\e dosing /
: E -0.60

40+

-0.50

-0.40

mr [ka]

mr -0.30

Wavenumber (cm -1}

Initial waterfall plot -0.20

obtained in a lab scale _ [
—ft+——————————+0.10
reactor (50 cm3) for all 00 200 40 0 80 100 120

three sub-stages :
Processed IR and RC1 data

Reaction ~85% complete at end of dosing, but
required ~6 hours to reach completion
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Spectrum overlays (Part A)
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Step A: excellent potential for PAT application

« All main species display distinctive IR features

« DoE-type approach used to develop a quantitative model
— Offline analysis allowed effective calibration of FTIR data

 FTIR data recorded for four pilot plant batches
— Excellent corroboration between scales (see below)
— Clear changes during reaction (next slide)
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Mid-IR data obtained from the whole reaction
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Relative time, min
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See Also - http://www.youtube.com/watch?v=EWec0O6WtUU
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The data on the reactive intermediate was key:

0.25

-
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Absorbance at 1810 wn

Here, overlays of reaction profile for the peak assigned
0.05 to the reactive intermediate (1820-1797 cm-1) in phase
A are shown for several repeat experiments at all scales
(full lines for small scale, dotted lines for intermediate
scale and dashed lines for the large scale).

0 0.5 1 1.5 2 25 3 35 4 4.5 5
Time from start in hours (N.B. Data has been manually synchronised)

Clegg Reaction Monitoring Symposium March 2011 13



Pharmaceutical Sc ‘@

DoE evaluation: An initial evaluation of design space
(for the first part only)

A design to evaluate the effect of two ; ;
factors: amount of pivaloyl chloride and Run Order Pivalyol Meldrum’s
meldrum’s acid. chloride acid

1 M M
To build the data set 7 samples were B H H
collected during DoE 1 at standard 3 L T
conditions after the addition of pivaloyl
chloride. 3 IPC samples were taken at the 4 L L
same intervals for each during the 5 H L
remaining runs of the DoE (6 reactions in 6 M M
total). 1-MIM was fixed at 3.3 eq.
The IPC samples taken during the DoE were Low Setting 0.9 eq 0.9 eq
analysed using GC to determine RSM. The Mid Setting 1.2 eq 1.1¢eq
calibration data set generated during Run 1 High Setting 1.5 eq 1.3 eq

was used to build a calibration model using
chemometrics (PLS, PCA).
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DoE: Synchronised profiles for product

AU

0.4

Synchronised data Profile at 1758 cm-1
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at the end point of the reaction
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[Hawwiw]
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DoE: Peak associated to pivaloyl anhydride (intermediate product)

Synchronised data Profile 1808 cm-1 DOE 2 and DOE 5 PiV
chloride was added in
— excess, more piv

\ | anhydride is produced
and tends to disappear
\

// - slowly

W - DoE 1 and DoE 6
S A T S S B

Pivaloyl Chloride was

M,M added at the standard

conditions for the
reaction .?

DoE 3 and DoE 4 - reduced
amount of Piv chloride was
added
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DoE: Tracking the product

Synchronised data Profile 1655 cm-1

0.7

>

Indicates that the
excess of SM
does not increase
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Relative time, h
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the conversion of
the SM to product

—DoE 1 \

Indicates that there is
a shortage of one of
the SM then the target
conversion to PF-
04579767 is not
achieved.
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Standalone experiment: Simulation of “worse case” scenario of
input of water in the reaction system

>

« Acetonitrile + water: reaction was run @ standard conditions: 1.5%
w/w of water was added to MeCN.

AU

.35

Comparisson between Rxn of DoE 1 and Rxn of standard conditions plus

excess of water added to MeCN
Profile peak 1755 cm-1

RSM concentration at the end point:

0.3

- MeCN +Water: 21.1% w/w

7| - Standard conditions: 1.934 % w/w

0.25

—DoE1

—NMNeCN+Water

50 100 150 200 250 300

Relative time

350
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Model Development overview

SM and products didn’t have distinctive peaks so a
univariate model was not possible.

Multivariate calibration model was the best approach in
this particular case as the spectral data was very
complex. In this case a PLS regression model was used
to build the quantitative calibration model.

Several model iterations were required in order to tune
(by removing outliers, changing the wavelength range
etc.) — the best model is shown here....
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Calibration model using PLS: Partial Least Squares
Training set for the calibration:

Spectral data from the DoE evaluation Off-line GC data

Time [h] DoE Concentration

DoE_calibration ARD_122657_013_PAT including_all_spec 1.2588 | DoEl | DOEL[RSM11.4%)

1.9149 | DoE1 DoE 1 (RSM 6.4%)

2.5888 | DoE1l DoE 1 (RSM 4.4%)

060t 3.2627 | DoE1 DoE 1 (RSM 3.4%)
3.9366 | DoE1l DoE 1 (RSM 2.7%)

050+ 45927 | DoE1 DoE 1 (RSM 2.3%)
5.2666 | DoEl DoE 1 (RSM 1.9%)

04071 25324 | DoE2 DoE 2 (RSM 2.05%)
2.7805 | DoE2 DoE 2 (RSM 1.8%)

0.30T 41978 | DoE2 DoE 2 {RSM 0.4%
5.2785 | DoE2 DoE 2 (RSM 0.2%)

0.207 2.5861 | DoE4 DOE 4 (RSM 30.4%)
3.9148 | DoE4 DoE 4 (RSM 28.2%)

0.10 5.9168 | DoE4 DoE 4 {RSM 28%)
1.3787 | DoE6 DoE 6 (RSM 12.4%)

0.00 2.7046 | DoE6 DoE 6 (RSM 7.3%)
- i o e o o " o o e s e o o " 47028 | DoEs DoE 6 (RSM 4.2%)

pa 2 @ @ e 3 @ 8 B 2 ® N QS 3 2 1.8703 | DoE3 DoE 3 (RSM 21.1%)

§ 3 o N S 3 3 3 d < S E % > § 3.2015 | DoE3 DoE 3 (RSM 15.2].

Var ID (Primery) 5.2066 | DoE3 DoE 3 (RSM 15.3%)

SIMCA-P+ 12 - 2009-05-22 15:15:53 (UTC+0) 1.2325 DoES DoE S (RSM 10.?%]

24819 | DoEs DoE 5 (RSM 9.4%)

4491 | DoES DoE 5 (RSM 8.7%)

DoE 6 (which was a repeat of DoE1) was left as the test set
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PLS calibration model 2

YVar(Concentration of RSM)

0.117
0.107

0.087
0.07:
0.06:
0.057
0.047
0.03:

ARD_122657_013_PAT Test 1b_SNV_2nddxdy 27 v2.M12 (PLS)

YPred[Last comp.](Concentration of RSM)/YVar(Concentration of RSM) ( DoE 1)

0.097

0.027

YPred[2](Concentration of RSM)

RMSEE = 0.00136771 SIMCA-P+ 12 - 2009-04-21 09:47:51 (UTC+0)

Hy=1"x+2.094e-009 25
R2=0.9989
9149
5888
13.2627
13.9366
.5927
2666
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11

»8

- Training set: DoE 1 standard conditions

- Wavenumber region: 1776.7 cm-1 — 1650 cm-1
- 2 factors

- R2Y(cum)=0.999 Q2(cum) = 0.996
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21



YVarPS(Concentration of RSM)
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Model 2 potential for prediction

ARD_122657_013_PAT_Test_1b_SNV_2nddxdy_27_v2.M12 (PLS), PS-ARD_122657_013_PAT_Test_1b_SNV_2nddxdy_27
YPredPS[Last comp.](Concentration of RSM)/YVarPS(Concentration of RSM)

0.147]
01371
0.121
0111
0.10T
0.091
0.081
0.071
0.06 1
0.051

0.041

——RSM Concentration Predicted by
PLS model usingDoE 6as a
predictionset

m RSM Conc by GC method DoE 6

3
Relative time [h]

y=0.8161*x+0.01278
R2=0.9797
A1.3784
0.2
0.18 -
0.16 -
A 27046 c
S 0.4 |
Q
g
£ 012 - .
c
el
T 0.1
447028 E
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ P ‘ | 2 0.08 -
0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.1 8
Y PredPS[2](Concentration of RSM) E 0.06 -
4
RMSEP = 0.00924157 SIMCA-P+ 12 - 2009-04-21 09:48:36 (UTC+0 0.04 |
0.02 -
RelativeTime | RSM Conc by | Conc Predicted by PLS| Absolute 0 '
0 1
[h] GC [%] [%&] Error [%]
1.3787 12.4 13.2 0.79
2.7046 i3 0.0 0.72
4.7028 4.6 4.2 0.42
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Conclusions and closing remarks pt #1

« Complementary

— The two approaches disclosed have complementary strengths
and different limitations.

Standardisation
— All the equipment described here is standard and “off the shelf”.

Scaling

— The data is consistent across multiple scales from <1cm3 to ca.
1000L and between different instruments and methods.

Collaboration.

— Development of a PAT approach requires close collaboration
between chemists and analysts in the development teams.

 Timing
— The start of development of PAT methods should be early
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Conclusions and closing remarks pt #2
- DoE

— An early provided critical information about the design space /
robustness of the chemistry and the calibration of the Mid-IR

« Cycle Time Reduction

— The potential for using Mid-IR to reduce cycle time by ca. 25%
is a powerful driver for implementation.

« Control

— The use of PAT may also allow us to use different
manufacturing control methods

Clegg Reaction Monitoring Symposium March 2011 25



Pharmaceutical Science W@

Reference Materials

« Some data has been uploaded to Youtube:

— Mid-IR data (Feb 2010):
http://www.youtube.com/watch?v=EWec00O6WtUU

— NMR data (June 2010):
http://www.youtube.com/watch?v=bpwbU2UntB4

 See also papers that appeared in the Journal

“The Chemical engineer”, June and September,
2010

Clegg Reaction Monitoring Symposium March 2011
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Thanks for you kind attention

Questions ?

Clegg Reaction Monitoring Symposium March 2011

27




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF0056004d0052004400200072006500670075006c00610074006f0072007900200031002e00340020005000440046002000640069007300740069006c006c00650072002000730065007400740069006e00670073002e000d>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


