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Forced degradation in solution Tablet coat
Binder
: ; Link ?? API
Relatlonshlp PP Disinteatont
Diluent

* Oxygen, moisture
» Excipient impurities
(HCHO, HCOOH, peroxide..)

‘ ‘ ‘ .““\.l ‘ -““\.I
Drug-degradation/ excipient interaction
in powders (T, %RH)

Final product (formulation, packaging)
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Can we predict drug degradation chemistry?

Latest News
‘Web Date: March 4, 2015

« Knowledge based expert systems: Computational Models Of — > b AL
Multistep Reaction Are Called So CHEMICAL & ENGINEERING NEWS

z Zeneth , Delphi, CAMEO, Reactionpredictor &mfg,“ey Are ‘Not Lven

Reaction Chemistry: Study reveals mechanism theoretical work didn’t predict
By Stuart A. Borman

« Databases (algorithms, statistics)
ACD Labs, Marvin (ChemAxon)..

[+]Enlarge:
Energy, keal/mol
55

Chemists often use computational methods to

predict reaction pathways and energies, but
59 some researchers gquestion their usefulness
nv 45 -— because the models sometimes produce
0 highly variable, head-scratching results. Now,
“ﬂ‘ \ N . . - - a detailed case study of a multistep organic
. reaction attacks the utility of computer

- RBANTA S A S E " -
A " modeling of that reaction in an unusually
blunt way.

) Ab |n|t|0 (quantum ChemIStry) ec [-\ - l:\ . | The authors conclude that the reaction
Fukui functions, BDE, Charges (HSAB), NMR shifts... PR ] L A mechanism is a simple one that

I - \J\/ = . undergraduates could guess and that a
i N - - complex mechanism predicted by years of
fe======"" TR = " computational studies is “not even wrong”—so
8 - flawed and off-base that calling it incorrect is
e er— = too kind.
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Solid-state degradation: somewhere within microstructural hierarchy

* Permeation, sorption
* Morphology (crystallinity,
* Microscopic transport turtuosity)
(Fickian diffusion) * Chain orientation
* Pores and fee volumes

* Nano-/mesoscopic transport W

> (Knudsen diffusion)
= .
< * Crystal voids
Q * Defects/ surface disorders
Q. '
e & Drug produ

a,B, 6.. . - .
o Micromeritics, surface 112\0
O | molecular - xe\t

. Particle, granule A
motions \ C “an
ma‘eﬂa T C
ge\V

Solid-state transitions
Crystal

Molecule

Time-/ Length-scales
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Solid-state degradation: competing with physical transitions

Phase transformations
(Amorphization, crystallization,

Solid §t‘ate

Macroscopic changes Chemical reactions

(Segregation, agglomeration, — (drug-drug, drug-excipient, drug-
cracking, diffusion) moisture/O,, disproportionation...)

Induction & growth (challenging theoretically / experimentally)
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SbD approach: From Trial and Error to QbD

Use theoretical models/ simulation & experimentals to understand relevant factors

$

For a given API, can we flag/identify from first principles (in-silico)

likely chemical instability in given solid formulations?
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Structure of the Project

Mobility of API and
diffusion/solubility of reactants
in API crystal

Conformation/configuration

Diffusion and solubility of APl exposed on crystal surfaces

of reactants in matrix

= API crystal, reactions with excipients (solid-solid)

= API crystal, reactions with impurities/H,O (solid-gas/ vapour)

= [mpact of disorder/ amorphous content in API crystals

Interactions between
API on crystal surface and
excipients/contaminants

xcipient crystalline\ o

|:| excipient amorphous/pores
[ API crystalline

Effect of grain boundaries
and defects in API crystal
RS A iy T

= Reactants diffusion through excipient and API crystals (pores)
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API crystal, reactions with excipients
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API crystal, reactions with excipients (solid-solid)

Reaction takes place on crystal
—— | surface (via surface detachment) | — Crystal surface structure
Molecular loosening
at reaction site

 Particulate properties @
(size, shape, surface areas)

£t

a

Bond breakage/formation

")
P S OR 2L ATt 5
| 5,;,;#-5‘;};"}2

» Moisture/ humidity _II ) | nCE: The number of close encounters
: - ~ — rEeF;(?t'iA\\/:e-gl]fr! fzﬁgﬁzg between API & CA reactive parts
« Temperature Amorphous and/or
crystalline solid solution of
L reactant & product y

S

Spinodal (product) phase
| separation (nucleation, growth)

~——— amplitude of surface molecules ~ Surface molecules
Paul & Curtin, Acc Chem Res 1973
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API crystal, reactions with excipients (solid-solid)

Solid-state esterification of APIs with citric acid (CA)

Carvedilol (CAR)

O 0/\( 5\”/\/0:© m 8 O/CAR
° T e CAR—OJ\I/N\OH HO’H\/T\’L
H H,O
Two forms: 2 Ester 2 &3 Ester 1
Two anhyd. forms: Anhydrous (CA-A),
form 11, form 11l (stable form) Monohydrate (CA-M) _
Larsen et al. J Pharm Biomed Anal (2009)
Codeine phosphate (COP)
- .H,;PO,.nH,0
o OOHy o/COP
- H,0 COP—O OH HO
Ester 2 & 3 Ester 1
Two hydrates: _ _
Hemi-hydrate (HH, n=0.5) and sesqui-hydrate (SH, n=1.5) Silver and Sundholm. J Pharm Sci (1987)
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Different surface
structures:

* 2 APIs

* 2 polymorphs/API

! 2 different CSD5/

O

nfluence of
moisture:

» 50°C/4%RH
» 40°C/50%RH
» 70°C/100%RH

\- In solution
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Carvedilol (CAR)

-220 . .

2240 ||™ Form I °

B Form Il
260 |
®

g 280 | .
5 800 | _ f il
w -320 | . ® ,

| Form I

-360 | . 1 ERSA (%/habit) 1.3 5.0

-380 . . . .

004 006 008 01 o012 o014 NCE 0.0728 0.1642
RMSF [A]

= Surface stability (RMSF, Ebind) says form Il is more reactive

= Surface structure (ERSA, nCE) says form Ill is more reactive
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Codeine phosphate (COP)

Sesqui-hydrate (SH) 0

2.35
-790 {002}

ERSA (%/habit) 4.95
Ebind (kJ/MOI) '690 {0'20}

= Descriptors on both mobility and structure of crystal surface imply HH to be more reactive than SH
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Citric acid deliguescence causes fast reaction

Same effect with anhydrous CA plus explicitly
added water and water from CA.H,O

Crystal form and size of the CAR have no impact
on solid-state esterification

10/05/17
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% degradation

% degradation
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We make tomorrow’s drugs possible.

l 70°C sealed pans (estimated %RH = 100) I

water from CA-H,O, CAR form I

—
oOMN kOO

céarse '
fine

1 g
1 \{

5 10 15 20
Time [d]

water added, CAR form Il

25

coarse
fine

10 15 20
Time [d]

25

% degradation

% degradation

water from CA-H,O, CAR form IlI

céa_rse :
fine

0 5 10 15 20

Time [d]

water added, CAR form |l

25

coarse —
fine

0 5 10 15 20

Time [d]
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50°C/4%RH, CAR:CA=1:10 40°C/50%RH, CAR:CA=1:10 Aq. Sol. (15.7 g.mL1), CAR:CA=1:10
el e/ Ty — - 0~ R —— | 10 S
s 8 CARIE-——— g| CARIl g |
g .
g _ 6| 61 No product
g 4 l No reaction l 4t 41 (reverse reaction)
S 2 r o | o |
0 e 0 — o
0O 20 40 60 80 100 120 0 20 40 60 80 100 120 0O 20 40 60 80 100 120
Time [d] Time [d] Time [d]

= Humidity has a profound impact on CAR degradation

= Crystal form of the CAR has no impact on solid-state esterification

10/05/17 Slide 15 SOS 2017 Ty, [ & )



We make tomorrow’s drugs possible.

20 7 API + CA anhydrous =COP-HH
(40°C/50%RH) '
— =3=COP-SH
> 15 -
.E. =»=CAR Form I
o =>=CAR Form III
< 10 -
©
©
(@)
8 °7
0 T T ! ! ' '
0 20 40 80 100 120

_ 60
Time [d]

= COP reacts with CA faster than CAR
= For solid CA and solid CAR/COP, the degradation kinetics are independent of the API's crystal forms

whry | L
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Mechano-activated esterification of
CAR + CA anhydrous (1:10)

a Ball milling I

= 25 Hz (Powder temp. up to 60°C) 16 XForm 2 + CA i

= Ambient RH (~50%) 12 XForm 3 +CA

X Amorphous + CA %
=  Water content at end of milling (0.9%)

= No particle size reduction after milling for 0.5h+

Total esters %
(0]

XX

= Different starting solid form of CAR:

0
\ Form 2, form 3 & amorphous } 0 5 4 5

Milling time [h]
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100

¢ Form 2

Amorphous CAR
+CA (1:10)
50°C, dry

® Form 3

1286 cmt
B

CAR Form 2

e
=

— Reference CAR 2
'— Reference CAR 3
‘— Reference CAR amorphous

CAR torms (%)
b

10 4

—Citric acid - milled for 6 hours

—CAR 2 + CA - milled for 6 hours a
—CAR 3 + CA - milled for 6 hours 1
—CAR 2 + CA - milled for 0.5 hours Time /days

—CAR 3 + CA - milled for 0.5 hours o _ .
= Form 3, a stable monotrope of form 2, gets amorphicized during milling
and transiently crystallizes to form 2 (Tg: 40°C)

NANS N\ = Possible mechano-activated competition between transient de-
W e e e amorphization and chemical reaction, irrespective of starting solid forms

T T T T T T T T
1360 1340 1320 1300 1280 1260 1240 1220 1200

Raman Shift [1/em]

Ty '{ D)
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What did we learn so far on solid-state esterification?

@ carvedilol
« The reaction seems to rather happen in solution (water ¥ cetect
layers/ droplets adsorbed on surfaces) chric ackd
water °

- The role of water as a plasticizer is instrumental, while the o cARmolecue

= citric acid molecule | | | ;
[ [ I

(microscopic) crystal surface structure seems 1SS imp . powcrester  fromonmromrrrs

T T T T T T T T

1 L T T T T T T T [ T T T T T T T T T
I

LI I I I I I T 1T T T T T T T T T T T T T T T T T T T
IIIIIIIIIIIIIIIIIIII L T 1 T T T [ T T T T T T T T [ T T T 1
T T T T T T T T T T T T T T T T T T T 1 1 1 1 [ T T T [ T T T [T T T T 1

e L L L L L L L ] L L L L L L L L

- The formed esters precipitate in the localized water on defect
surface and gradually conceal the site (plateau)

{ =& Ester 1
| = Ester2&3
- CAR

w
w

w
o

N
w

=
w

=
(=]

= Mechano-activated (milling-induced) crystal disordering
accompanies faster esterification

Predicted aq. solubility (mg.mL"")
N
o

w

(=]

pH
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API crystal, reactions with reactive impurities /H,O
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API crystal reactions with reactive impurities of excipients

l Drug crystal + HCHO reaction I

H
Cl N
Time (d) | % Degradation Ij N
RT 1 54 3 @s ¢
0

Famotidine S NH
O

7\ 7N\

@) )

Hydrochlorothiazide Qa4 24

1 3

Compound 1 (C1) RT 1 24 3 Hydrochlorothiazide

Compound 2 (C2) 50°C 1 18 2

Compound 3 (C3) 50°C 1 5 1
1 1

Compound 4 (C4) 50°C 0.3

/N'L-Iz /i_y\/
X S N . _NH
| Data from Greg Sluggett (Pfizer) HoN™ “N™ °N ~ g S 2

/7 \\

HCHO + H,O vapor

_ Famotidine
_, HCHO ag.
solution

API crystal
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API crystal reactions with reactive impurities of excipients

[ Drug crystal + HCHO reaction }

3.5 v T 3.5 - : T
C1 FOD FOD/Cl
Famotidine : FOD 3t ® 0 0 3| D @
Hydrochlorothiazide :HCT HCT HCT
Compound 1 :C1 = &9 : s 25 | .
Compound 2 : C2 ; ;
Compound 3 :C3 'g 2r @ g 2r @ -
Compound 4 : C4 3 C2 @ C2
T 15 ¢ . 1.5
1 @ o tr = ®
C3 C4 C3 C4
0.5 . : : : 0.5 ; ' : ; :
35 30 25 20 -15 -10 05 0 05 1 15 2 25
<Eping> [kJ/molinm?] <ersa> (|

= Chemistry is not well established, and modelling based on static structures

10/05/17 Slide 22 SOS 2017 Ty [

o %??Eﬁﬁ%ﬂ))))))j




ical BRUKER
(>

API crystal reactions with reactive impurities of excipients

| Drug crystal + HCHO reaction I

For the HCHO test set are relative reactivities due to

« variations in exposed reactive groups (ERSA)? |—|

« Variations in surfaces stabilities (E.4)? controlled humidity and T
 Different intrinsic reactivities?

« Salt vs free base? | |
powder sample filter paper
./ petri dish
M . - O S . - /
Controlled experiments: ,

« Solid and solution (gquantitative)
« Milder and identical conditions (RT) | : |
« Controlled water content
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To what extent can an API crystal anisotropy and surface roughness contribute solid-state reactivity?

Supersaturation tuning via
thermal gradient

constant temperature

GL L oL

0 OH

o (0] OH
aspirin temperature cycling

e
| B oy pr
. .
i S, 5
;
. &
e

Aspirin hydrolysis Controlled size & habit (surface roughness?)
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lons with H,0:

API crystal react

{002}

VA..O

8. B
A
,‘0\ L

e
L. & &

MaIA do)

~

~

Varying crystal habits = different
rate/extent of hydrolysis i.e. f(ERSA)

Plates: Most prominent face: {100}
Needles: Smallest face: {020}

“.

o /)
Fr <. &
5.3
,\,\‘ - >

%

2
A
.

sﬁ.a

™ A
g R AR
o N
T )
e\, R 4T
>,
o A ST
' - '

»
Q

M3IA 9pIS

03/%

O4/% C7/%

Face

0.10
3.47
4.83

5.66
1.34
0.02

29.39
10.82
3.03

100
020
002

= But, hydrolysis can happen in solution rather.........
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Conclusion and outlook
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Physical-chemical ASAP !

Specific a, range < Reliable analytical methods to quantify
Crystallization Crvstallizati spatio-temporally solid-states and

P , * CLrystallizauon transitions (eg. non-amorphous disorder

2l oy (Avrami, Kissinger...) (eg P )

+ Structural Relaxation
(AG, VFT, KWW...)

* Moisture diffusion & microstructures,

Relative rates —

* Mol. mobilii . i
* Dissolution ] ( Ar[r):gr:iizat:\)/rrlami Prout-Tompkin..) high resolution porosimetries
AL | ! ! ) - Speciation of free, bound, active states
1 of water molecules
u'*.(f: r:tici: ?i‘”.l (Tg plasticization, hydrate van't Descriptors from first principles
ater Activity (a.) Hoff points, Nagi’s coupling) - Mobility, 0 G, mechanical properties

* Amorphization tendency and the life of
amorphous states
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* Permeation, sorption
* Morphology (crystallinity,
turtuosity)

* Microscopic transport
* Chain orientation

(Fickian diffusion)
* Pores and free olumes

* Nano-/mesoscopic transport §
(Knudsen diffusion) &

* Crystal voids

Defects/ surface disorders

Micromeritics, surface

Complexity

a,pB, 6..
molecular !
motions Particle, granule -\ " .
\ (o)
ma“:e\\l yiaa®
«\0

Crystal

Molecule

Time-/ Length-scales

The rational combination of experimental & theoretical approaches requires a sound knowledge of the
strengths and limitations of the used methods and algorithms
Ty o %??EE&%M))))))f
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= Dattatray Modhave

= Heidrun Gruber-Woelfler

= Lab team
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