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Einleitung

1 Einleitung

In dieser kumulativen Dissertation geht es um organische Festkorper. Da die Kristall-
struktur viele Eigenschaften des Materials bestimmt, ist eine genaue Kenntnis iiber die
Festkorperform in vielen Fallen unerlasslich. In dieser Arbeit sollen organische Ver-
bindungen durch Kristallisation als Einkristalle oder mikrokristalline Pulver erhalten
werden. Thre Kristallstrukturen sollen bestimmt werden. Die Bedingungen, unter
denen sich eine bestimmte kristalline Form bildet, sollten moglichst bekannt sein. Im
Rahmen von Polymorphiescreenings soll daher nach weiteren moglichen Festkorper-
formen gesucht werden. Diese neuen Phasen sollen ebenfalls analysiert werden.

Kristallstrukturen werden {iiblicherweise aus Einkristallrontgenbeugungsdaten be-
stimmt, wann immer die Herstellung von Einkristallen moglich ist. Da dies bei weitem
nicht immer gegeben ist, wird haufig auf die Pulverdiffraktometrie zuriickgegriffen.
Die Methoden zur Kiristallstrukturbestimmung aus Pulverdiffraktogrammen haben
vor allem in den letzten zwei Jahrzehnten bedeutende Fortschritte gemacht.['#!

Im Rahmen dieser Arbeit sollen diese Methoden um die Bestimmung der absoluten
Konfiguration aus Pulverdaten erweitert werden. Ebenfalls sollen die Moglichkeiten
der Kristallstrukturanalyse an Grenzfillen der Tauglichkeit der jeweiligen Methode
demonstriert werden. Dabei sollen vor allem Verbindungen untersucht werden, die
seit langem verwendet werden und von denen trotzdem bisher keine Kristallstruktur
und teilweise noch nicht einmal die chemische Zusammensetzung bekannt ist. Hierbei
sollen die Kristallstrukturen aufgeklart, nach neuen Polymorphen und Solvaten ge-
sucht und Struktur-Eigenschaftsbeziehungen erforscht werden. Bei den untersuchten
Verbindungen handelt es sich um pharmazeutisch interessante Substanzen, Zwischen-
produkte der Synthese in Industrie und Forschung sowie industrielle organische Pig-
mente.

Bei der Synthese einer neuen Verbindung ist die Stereochemie hdufig unbekannt oder
zumindest unsicher. Fiir die biologische Wirkung und die Zulassung als Medikament
ist diese Information jedoch unerlasslich.” Bei pharmazeutisch interessanten Substan-
zen handelt es sich meist um chirale Verbindungen, insbesondere bei Wirkstoffmole-
kiilen. Im Rahmen der hier dokumentierten Forschung soll eine Methode mit-
entwickelt werden, um die absolute Konfiguration einer Substanz zu bestimmen. Dies
gelingt tiblicherweise durch Einkristallrontgenstrukturanalyse.®! Allerdings erfordert
die Herstellung geeigneter Einkristalle einen verhaltnismafSig grofien Substanzeinsatz.
Von in Entwicklung befindlichen Substanzen sind aber meist nur sehr geringe Mengen
verfiigbar. Daher soll ein Weg gefunden werden, um die Chiralitdt einer Verbindung
aus minimalen Substanzmengen zu bestimmen. Dies soll durch Kristallstruktur-
analyse aus Rontgenpulverbeugungsdaten erfolgen. Ziel ist es, die benotigte Substanz-
menge von typischerweise 10 bis 100 mg Substanz pro Kristallisationsansatz auf unter
ein Milligramm zu reduzieren.
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Die absolute Konfiguration ist aus Pulverdaten allerdings nicht ohne Weiteres zugang-
lich, denn Enantiomere haben nicht nur die gleichen chemischen Eigenschaften, sie
liefern auch identische Pulverdiagramme. Um dieses Problem zu umgehen, sollen die
chiralen Substanzen in diastereomere Salze umgewandelt werden, deren Struktur be-
stimmt wird. Aus der Struktur der Salze mit Salzbildnern bekannter absoluter Konfi-
guration soll so auf die absolute Konfiguration der eingesetzten Substanz geschlossen
werden. [Veroffentlichung LT1]

Neben der Strukturaufklarung aus Einkristallen und Pulvern, gewinnt die Struktur-
bestimmung durch Analyse der Paarverteilungsfunkion (Englisch: , Pair Distribution
Function”, PDF) fiir organische Molekiile zunehmend an Bedeutung.! Bei dieser Me-
thode konnen Beugungsdaten von nanokristallinen und sogar amorphen Proben aus-
gewertet werden. Auch fiir die Bestimmung der absoluten Konfiguration von Sub-
stanzen aus Pulverdaten kann die PDF zumindest als weiteres Kriterium fiir die Iden-
tifikation eines korrekten Modells verwendet werden.!'%11l Die Strukturbestimmung
aus PDF-Daten von organischen Molekiilen befindet sich in der Entwicklung. Als Test-
beispiele werden einfache organische Molekiile verwendet. Die Methode wurde
bereits erfolgreich an Substanzen mit zuvor bekannter Struktur demonstriert.” Jetzt
besteht Bedarf an Testverbindungen, deren Struktur zwar vergleichsweise einfach ist
(also wenige Parameter hat), aber noch nicht bestimmt wurde. An diesen Verbindun-
gen soll die Strukturanalyse aus PDF-Daten weiterentwickelt werden. Die aus PDF-
Daten bestimmten Strukturen sollen anschlieffend mit herkdmmlichen Methoden
bestatigt werden. Ein als Testfall geeignet erscheinendes kleines, organisches Molekiil
ist das Leukopterin (s. Abb. 1-1). Diese Verbindung kommt in der Natur als Weifspig-
ment in Schmetterlingsfliigeln vor.">4 Erstaunlicherweise ist die Kristallstruktur des
Leukopterins bisher nicht bekannt. Daher soll diese Verbindung jetzt synthetisiert und
kristallisiert werden. Als erstes muss festgestellt werden, ob nur eine oder mehrere
stabile Phasen existieren und ob und wie Leukopterin reproduzierbar phasenrein und
gef. gut kristallin hergestellt werden kann. Ein Edukt in der Synthese des Leukopterins
ist das 2,4,5-Triamino-6-hydroxypyrimidinsulfat (TAHP). Es ist kommerziell erhalt-
lich als ,, CsH7N5O - H2SOs - xH20" (Abb. 1-2).12 Von dieser Verbindung ist bisher nur
die Kristallstruktur des Anhydrats bekannt.!" Da das kommerzielle Produkt vermut-
lich Wasser enthalt, soll hier nach weiteren Hydratstufen und Polymorphen gesucht
und deren Struktur aufgeklart werden. [LT2]

o OH
N~ Y X |
| e 0O—s—o
= |
o OH
o OH [ ] xH,0
Abb. 1-1: Leukopterin. Abb. 1-2: TAHP als ,,C4H7N50 - H2SO4 - xH20”.
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Rontgenographische Methoden betrachten meist die komplette Kristallstruktur oder
sogar die gesamte Probe. In der Elektronenspinresonanzspektroskopie (Englisch:
,Electron Paramagnetic Resonance”, EPR) werden im Gegensatz dazu Marker verwen-
det. Diese Marker oder Label ermoglichen es, ausgewahlte kleine Bereiche einer Probe
zu analysieren. Ein solcher Marker fiir die EPR-Spektroskopie ist 1,1,3,3-Tetraethyl-
isoindolin-5-isothiocyanate-2-oxyl. Dieses Label wird fiir die Markierung von RNS
(Ribonukleinsdure) verwendet.l*! Die Synthese dieses Markers verlauft tiber mehrere
Zwischenstufen.l'”l Zwei dieser Zwischenstufen sind das 1,1,3,3-Tetraethyl-5-nitroiso-
indolin (TENL s. Abb. 1-3) und seine Folgestufe, 1,1,3,3-Tetraethyl-5-nitroisoindolin-
2-oxyl (TENO, s. Abb. 1-4). Das TENI konnte bisher nur als Ol erhalten werden.!”! Fiir
eine bessere Handhabbarkeit soll diese Verbindung kristallisiert werden. Von TENI
und TENO sollen die Kristallstrukturen aus Einkristallbeugungsdaten bestimmt wer-
den. Besonderer Fokus liegt dabei auf Struktur-Eigenschafts-Beziehungen im Festkor-
per, da diese Aspekte bisher nicht untersucht worden zu sein scheinen. [LT3]

H,C H.C
—H 0 N
o, oL, |
I CH I CH )\/\
CH
H.C 0 H,C 3
Abb. 1-3: TENIL. Abb. 1-4: TENO. Abb. 1-5: ADMP.

Acetonitril, CHs:CN, ist ein gangiges Losungsmittel. Unter stark alkalischen
Bedingungen, beispielsweise in Gegenwart von Alkalialkoholaten, neigt es zur Tri-
merisierung, wobei 4-Amino-2,6-dimethylpyrimidin (ADMP, s. Abb. 1-5) entsteht.!*8!
Die Kiristallstruktur von ADMP ist schon bekannt.[*2? Sie soll mit Cu-Ka-Strahlung
neu bestimmt werden. [LT4]

Metallalkoholate sind eine Gruppe von Chemikalien, die schon sehr lange bekannt
sind. Sie werden haufig in Labor und Industrie verwendet.[*?4 Bereits Liebig beschrieb
vor liber 180 Jahren festes Natriumethanolat’? (NaOEt). Die Kristallstruktur von
NaOEt wurde allerdings erstaunlicherweise noch nicht publiziert. NaOEt soll synthe-
tisiert und seine Kristallstruktur bestimmt werden. In der Literatur gibt es dariiber
hinaus Hinweise auf ein Solvat mit der Stochiometrie NaOEt -2 EtOH.??! Auch
dieses Solvat soll hergestellt, sowie nach weiteren Phasen und Solvaten gesucht wer-
den. [LT5]

Andere Alkoholate, beispielsweise Natriumtertidaramylat, werden ebenfalls in indus-
triellen Synthesen eingesetzt.l?!! Dieses und weitere hohere Alkoholate sollen herge-
stellt und ihre Kristallstrukturen bestimmt werden. Auch hier soll nach Solvaten
gesucht und deren Kristallstruktur bestimmt werden. Die Strukturen der Alkoholate
und ihrer Solvate sollen untereinander verglichen werden. [LT6]

Verlackte Hydrazonpigmente sind seit mehr als 100 Jahren bekannt.??! Heute gehoren
sie zu den wichtigsten Rotpigmenten. Sie werden weltweit unter anderem fiir den

3



Einleitung

Zeitungsdruck eingesetzt. Es ist bekannt, dass die Farbe unter anderem von der
Hydratstufe abhangt.?>%1 Es ist entsprechend wichtig zu wissen, welche Hydratstufen
existieren, unter welchen Bedingungen sie sich ineinander umwandeln und die Kris-
tallstrukturen der einzelnen Phasen zu kennen. Umso erstaunlicher ist es, dass bisher
die Kristallstrukturen der meisten verlackten Hydrazonpigmente nicht bekannt sind.
Hierzu gehoren Colour Index Pigment Red 52 (P.R.52, Abb. 1-9), dessen Isomer Pig-
ment Red 48 (P.R.48, Abb. 1-7) und ihre Calcium- und Mangansalze. Diese Pigmente
sollen synthetisiert und ihre stabilen Phasen und Hydratstufen gesucht werden. Die
Kristallstrukturen sollen durch Einkristallrontgenstrukturanalyse oder Strukturbe-
stimmung aus Pulverdaten bestimmt werden. Da viele dieser Pigmente mit Losungs-
mitteln wie DMSO Solvate bilden, soll ebenfalls nach solchen gesucht und deren Kris-
tallstruktur bestimmt werden. [LT7]

Auflerdem soll das thermische Verhalten und die Phasenumwandlungen untersucht
werden. Dies soll Ansatzpunkte fiir die weitere Forschung an anderen verlackten Hy-
drazonpigmenten liefern. [LT8]

Pigment Red 194 (P.R.194, Abb. 1-6) ist ein industrielles Perinon-Pigment.?8! Sein Iso-
mer ist als Pigment Orange 43 (P.O.43, Abb. 1-8) registriert und kommerziell von gro-
flerem Interesse.?! Die Kristallstrukturen beider Isomere sind bekannt.*-%3 In dieser
Arbeit liegt der Fokus auf Zwischenprodukten, die seit mindestens 80 Jahren®! herge-
stellt werden, von denen allerdings weder die Kristallstruktur noch die Molekiilkon-
stitution bekannt sind. Diese Zwischenprodukte sind die , Trennsalze”. Die Synthese
von Perinon liefert ein Isomerengemisch aus cis- und trans-Perinon (P.R.194 und
P.0.43). Dieses Gemisch wird durch Reaktion (mit KOH/Ethanol) zu einem 16slichen
cis-Perinontrennsalz und einem schwerer 16slichen trans-Perinontrennsalz getrennt.
Von beiden Isomeren des Perinontrennsalzes sollen die Kristallstrukturen bestimmt
werden. Das cis-Trennsalz soll dabei erstmalig als Festkorper hergestellt und unter-
sucht werden. Die Kristallstrukturbestimmung soll mittels Pulverdiffraktometrie oder
Einkristallrontgenbeugung erfolgen. [LT9]

Abb. 1-9: P.R.52. Abb. 1-7: P.R48. Abb. 1-6: P.R.194. Abb. 1-8: P.O.43.



Bestimmung der absoluten Konfiguration pharmazeutischer Wirkstoffe durch
Rontgenpulverdiffraktometrie [Veroffentlichung LT1]

2 Projekte

2.1 Bestimmung der absoluten Konfiguration pharma-
zeutischer Wirkstoffe durch Rontgenpulverdiffraktometrie
[Veroffentlichung LT1]

Bildung von diastereomeren Salzen und Strukturbestimmung aus Pulverdaten
mit dem Ziel der Bestimmung der absoluten Konfiguration.

Die absolute Konfiguration einer Substanz wird heute meist aus Einkristallbeugungs-
daten bestimmt. Sind keine ausreichend grofien und guten Kristalle der Substanz
verfligbar, muss eine Alternative gefunden werden.

Die Pulverdiffraktometrie ist eine solche Alternative. Die Strukturbestimmung aus
Pulverdaten an einer chiralen Substanz liefert allerdings keine Informationen {iiber
deren absolute Konfiguration.>3

Dieses Problem wurde durch Bildung von Salzen mit ebenfalls chiralen Salzbildnern
gelost. Saure (bzw. basische) chirale Wirkstoffe werden dazu mit ebenfalls chiralen
Basen (oder Sauren) als Salz kristallisiert. Die relative Konfiguration der chiralen
Substanz zur bekannten absoluten Konfiguration des Salzbildners ladsst sich dann aus
Pulverdaten bestimmen, wie an einigen Salzen von Beispielverbindungen gezeigt
wurde.

Die Methode erwies sich als funktional. Die Ansatzgrofie wurde minimiert. Bereits
sehr kleine Substanzmengen waren ausreichend: Am Beispiel von (R)-Flurbiprofen
und (R)-2-Phenylpropyl-1-amin wurde demonstriert, dass Ansatze mit je 50 uL einer
0,5 mM Losung von Wirkstoff und Salzbildner ausreichend kristalline Pulver lieferten
(Abb. 2-1). Die Kristallisation wurde dabei direkt in den Kapillaren fiir die Aufnahme
der Pulverdiagramme durchgefiihrt.



Bestimmung der absoluten Konfiguration pharmazeutischer Wirkstoffe durch
Rontgenpulverdiffraktometrie [Veroffentlichung LT1]
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Abb. 2-1: Uberlagerung der Pulverdiagramme (Langzeitaufnahmen in Kapillaren) einer Probe aus einer
Verdampfungskristallisation iiblicher AnsatzgréfSe (30 mg (R)-Flurbiprofen in 3 ml THF und 17 mg (R)-2-
Phenylpropylamin in 1,7 ml THF, schwarz) und einer Kristallisation in einer Kapillare (orange).

Die direkte Kristallisation in der Kapillare wurde urspriinglich als Nachteil angesehen,
da dabei Vorzugsorientierung auftreten kann, die sich nicht durch das sonst tibliche
Morsern der Probe vor dem Abfiillen in Kapillaren zur Messung verringern lasst. Es
zeigte sich, dass Vorzugsorientierung zumindest bei den untersuchten Proben nicht
problematisch war. Beriicksichtigung der Vorzugsorientierung rief keine signifikante
Anderung der Anpassungsgiite hervor.

Eine Anwendung des Verfahrens zur Bestimmung der absoluten Konfiguration ist
ebenfalls mit Cokristallen denkbar, was die Anwendbarkeit tiber Sduren und Basen
hinaus erweitert.

[LT1]: C. Schlesinger, L. Tapmeyer, S. D. Gumbert, D. Prill, M. Bolte, M. U. Schmidt
& C. Saal: Absolute Configuration of Pharmaceutical Research Compounds Determined by
X-ray Powder Diffraction, Angew. Chem. Int. Ed. 2018, 57, 9150-9153,

DOI: 10.1002/anie.201713168.

Ebenfalls erschienen in einer deutschen Version:

C. Schlesinger, L. Tapmeyer, S. D. Gumbert, D. Prill, M. Bolte, M. U. Schmidt & C.
Saal: Bestimmung der absoluten Konfiguration pharmazeutischer Wirkstoffe durch
Rontgenpulverdiffraktometrie, Angew. Chem. 2018, 130, 9289-9293,

DOI: 10.1002/ange.201713168.



Kristallstruktur von 6-Amino-2-iminiumyl-4-oxo-1,2,3,4-tetrahydropyrimidin-5-aminiumsulfat
Monohydrat (Vorprodukt von Leukopterin) [LT2]

2.2Kristallstruktur von 6-Amino-2-iminiumyl-4-oxo-1,2,3,4-
tetrahydropyrimidin-5-aminiumsulfat Monohydrat
(Vorprodukt von Leukopterin) [LT2]

Kristallisation und Einkristallstrukturbestimmung eines Edukts der Synthese
von Leukopterin.

oH
TS |
/ L O——S—0 e xH,O
|
o
o

Abb. 2-2: Strukturformel von ,,2,4,5-Triamino-6-hydroxypyrimidinsulfat” laut Produktbeschreibung.

Kristallstrukturen werden routinemaflig aus Rontgenbeugungsdaten von Einkris-
tallen geldst.! Sind keine Einkristalle einer Substanz verfiigbar, werden Rontgenbeu-
gungsdaten von Pulvern verwendet. Dafiir miissen die Pulver gut kristallin sein.?!
Sind keine gut kristallinen Pulver einer Substanz verfiigbar, kann auf die Analyse der
Paarverteilungsfunktion (Pair Distribution Function, PDF) zuriickgegriffen werden.”?!

Die Methode der Strukturaufklarung aus PDF-Daten befindet sich derzeit in Entwick-
lung. Der Arbeitskreis Schmidt hat mafigeblichen Anteil an dieser Entwicklung.

Fiir die PDF-Methodenentwicklung wurde ein kleines, starres Molekiil mit bisher un-
bekannter Kiristallstruktur gesucht. Ein solches Molekiil ist das Leukopterin
(CsHsNsOs, Abb. 2-3). Es konnte zwar nicht kommerziell bezogen werden, allerdings
ist seine Synthese lange bekannt und relativ einfach.!'”!

T

o)

Abb. 2-3: Strukturformel von Leukopterin.

Zur Synthese wurde auf die Route nach Purrmann zuriickgegriffen, die seit 1940
bekannt ist.'?! Leukopterin wird dabei durch gemeinsames Erhitzen von Oxalsdure
und 2,4,5-Triamino-6-hydroxypyrimidin erhalten (Abb.2-4). Die Struktur dieses
Edukts ist bekannt und unter dem Namen ,5-Amminium-6-amino-isocytosinium-
sulfat” mit dem Referenzcode HACDEU in der CSD zu finden.["!

Das kommerziell bezogene ,2,4,5-Triamino-6-hydroxypyrimidinsulfat” (Abb. 2-2)
wurde vor der Synthese rontgenografisch untersucht. Dabei wurde neben der



Kristallstruktur von 6-Amino-2-iminiumyl-4-oxo-1,2,3,4-tetrahydropyrimidin-5-aminiumsulfat
Monohydrat (Vorprodukt von Leukopterin) [LT2]

bekannten Phase des 2,4,5-Triamino-6-hydroxypyrimidinsulfates ein signifikanter
Anteil Fremdphase gefunden.

HO 0]

0
Y DN A j//
+ - |
7 -2 H,0
HO 0 0
OH 0

Abb. 2-4: Synthese von Leukopterin nach Purrmann.[12]

Durch Fallung mit verdiinnter H.SOs aus Losung in 0,5M NaOH konnte die unbe-
kannte Phase rein und gut kristallin erhalten werden.

Die Rontgenstrukturanalyse identifizierte die neue Phase als 6-Amino-2-iminiumyl-4-
0x0-1,2,3,4-tetrahydropyrimidin-5-aminiumsulfat Monohydrat (Abb. 2-5), also als ein
Monohydrat des Sulfates des zweifach positiv geladenen 2,4,5-Triamino-6-hydroxy-
pyrimidiniums. Diese Struktur war bisher nicht bekannt und wurde veroffentlicht
(ORTEP des Molekiils in Abb. 2-5). [LT2]

Abb. 2-5: ORTEP (50 % Aufenthaltswahrscheinlichkeit) der Struktur von 6-Amino-2-iminiumyl-4-oxo-1,2,3,4-
tetrahydropyrimidin-5-aminiumsulfat Monohydrat mit Darstellung der Wasserstoffbriickenbindungen zwischen
den Molekiilen in der asymmetrischen Einheit.

[LT2]: L. Tapmeyer & D. Prill: 6-Amino-2-iminiumyl-4-oxo-1,2,3,4-tetrahydropyrimidin-
5-aminium sulfate monohydrate, [IUCrData 2019, 4, 1915747,
DOI: 10.1107/52414314619006898.



Kristallstruktur von 1,1,3,3-Tetraethyl-5-nitroisoindolin (TENI) [LT3]

2.3 Kristallstruktur von 1,1,3,3-Tetraethyl-5-nitroisoindolin
(TENI) [LT3]

Zwei Einkristallstrukturanalysen und ldentifikation eines Nebenprodukts.

Die Verbindung 1,1,3,3-Tetraethyl-5-nitroisoindolin (TENIL, CicH2N202, Abb. 2-6)
wurde in der Literatur bisher meist als gelbes Ol beschrieben und offenbar nie als
Einkristall erhalten. Als Vorstufe eines Spinlabels wurde die Verbindung recht
ausgiebig untersucht.l73¢l Die sorgfiltige Synthese dieser Verbindung durch Jorn
Plackmeyer®! ergab ein Produkt, das bei Lagerung im Kiihlschrank bei 4 °C gelbe
Kristalle bildete. Diese Kristalle erwiesen sich als auch bei Raumtemperatur stabil. Es
konnte ein Schmelzpunkt von 24 bis 25 °C bestimmt werden.

CHs CH,
NH
CHj CH,3

Abb. 2-6: 1,1,3,3-Tetraethyl-5-nitroisoindolin.

Die Einkristallstrukturbestimmung (bei -100 °C) an diesen Kristallen verlief problem-
los und die Struktur konnte gelost und verfeinert werden (CSD-Referenzcode:
RUCJOR).57!

Der Isoindolinring erwies sich als planar. Im Kristall sind die Isoindolinringe in
Ebenen angeordnet. Die Ethylsubstituenten befinden sich als Abstandshalter zwischen
diesen Ebenen. In Zusammenwirkung mit einer stark verlangerten N-H--O Wasser-
stoffbriickenbindung (di-a = 2,636(16) A, vgl. Tabelle 2-1 und Abb. 2-7, links) erklart
dies den niedrigen Schmelzpunkt der Substanz von 24,5(10) °C. Die Wasserstoftbriicke
ist lang — auch in Anbetracht der Tatsache, dass R-NO:-Gruppen generell schlechte H-
Briicken-Akzeptoren sind. Die einzigen weiteren intermolekularen Interaktionen, sind
Dipol-Dipol-Interaktion und dispersive Wechselwirkungen wie die C-H---m-Kontakte
zwischen dem aromatischen Ring und den Ethylgruppen der jeweils nachsten Schicht.
Tabelle 2-1: Geometrie der einzigen D'1(8) Wasserstoffbriickel®3! in der Kristallstruktur von TENI im Vergleich mit

CSD-Daten®l. Abgesehen von dieser Interaktion gibt es in der Struktur nur schwache C-H:--m- und
Dispersionswechselwirkungen. D: Donor, A: Akzeptor und H: Wasserstoffatom.

D-H--A dou/ A di-a | A do-a /A Ap-H-a [ ©
N2-H2---081 0,865(15) 2,634(16) 3,4860(18) 168,4(16)
CSD-Durchschnitt’
[N-H--O] - 2,1(2) 2,87(11) -
CSD-Durchschnitt’

- 2,28(1 2 -
[(C-)2N-H:--O(-NOR)] 28(19) 96(8)

“Suchfragment in eckigen Klammern. CSD-Version 5.40, Stand der Updates: August 2019.



Kristallstruktur von 1,1,3,3-Tetraethyl-5-nitroisoindolin (TENI) [LT3]

Eine erneute, mutmafilich gleich durchgefiihrte Synthese der Substanz lieferte ein gut
kristallines und {tiberraschenderweise nicht leicht schmelzendes Pulver (Rontgen-
pulverdiagramm in Abb. 2-7, rechts). Nach NMR-Daten (in Losung) handelte es sich
um TENI, was allerdings durch den offenkundig hoheren Schmelzpunkt und das stark
abweichende Pulverdiagramm (Abb. 2-7, rechts) hochst zweifelhaft erschien. Da keine
Einkristalle der Substanz hergestellt werden konnten, wurde das Pulverdiagramm
naher untersucht.

FI/ 10°® counts

5 10 15 20 25 30 35 40 45 50 55 60 65 70 20/°
Abb. 2-7: Links: Elementarzelle mit asymmetrischer Einheit und einer Symmetriekopie aus der Kristallstruktur
(RUCJOR) von TENI mit Blick entlang der b-Achse mit Benennung der an der Bildung der D'1(8) Wasserstoffbriicke

(rot gepunktete Linie) beteiligten Atome. Rechts: Pulverdiagramme von TENI (simuliert, unten, rote Linie) und
seinem als Pulver angefallenen Salz (oben, schwarze Punkte).

Abb. 2-8: Ausschnitt aus der Strukturlésung des Pulvers hoheren Schmelzpunktes mit TENI als Strukturmodell.
Liicken im Kiristall sind gelbbraun hervorgehoben. Blick entgegen c*.

Aus den neuen Pulverdaten konnte eine monokline Zelle (a=13,26 A, b=8,691A,
c=14,95 A, B =103,9° P 21/n mit Z = 4) bestimmt werden. Ein Strukturlésungsversuch
mit TENI als Startmodell lieferte eine Struktur, die TENI als Geriist enthalt und
deutliche Poren aufweist (vgl. Abb. 2-8). In den Poren befinden sich hochstwahr-
scheinlich Sulfat-Ionen. Die Existenz von Sulfationen in der Struktur ist plausibel, da
die Synthese in Schwefelsdure durchgefiihrt wird und Sulfat gut zum erwarteten!*!!
und gefundenen Zellvolumen passt (vgl. Tabelle 2-2). Eine Verfeinerung mit einem
halben SO+* pro organischem Kation war signifikant besser als alle anderen Modelle.
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Kristallstruktur von 1,1,3,3-Tetraethyl-5-nitroisoindolin (TENI) [LT3]

NMR-Spektren konnten prinzipbedingt keine weiteren Erkenntnisse liefern. Ein Um-
setzen der Substanz mit Natronlauge ergab erneut TENI als gelbes Ol. Somit war der
Verbleib eines Grofiteiles der Ausbeute an TENI und die Identitdt der Substanz aufge-
klart und die Bemiihungen wurden an dieser Stelle eingestellt. Auf Grund der
schlechten Datenqualitat wurde keine Struktur publiziert.

Tabelle 2-2: Volumina®!l moglicher Zusammensetzungen des hergestellten Pulvers.

Zusammensetzung (Z = 4) Volumen / A Unerklirtes Volumen / A3
Experimentell 1674,13 -

TENI, Ci6H24N20O>" 1531,43 142,7

2 NOs + TENT 1623,37 50,76

% NOs + TENI + V2 H20f 1666,47 7,66

2 SO+* + TENI 1672,95 1,18

% NOs + TENI + H20! 1709,57 -35,44

NOs + TENI 1715,31 -41,18

15 SO« + TENI + 2 H20 1716,05 -41,92

NOs + TENI + %2 H.0 1758,41 -84,28

15 SO« + TENI + H20 1759,15 -85,02

NOs + TENI + H20 1801,51 -127,38

SO«> + TENI 1814,47 -140,34

* Volumen aus Kristallstruktur RUCJOR ‘unplausibel aus Griinden der Ionenladung

11



Kristallstruktur von 1,1,3,3-Tetraethyl-5-nitroisoindolin (TENI) [LT3]

Dariiber hinaus wurde ein Derivat der Verbindung, das 1,1,3,3-Tetraethyl-5-nitroiso-
indolin-2-oxyl (TENO, Ci16H2N20s, Abb. 2-9) untersucht. Von dieser Substanz wurden
Einkristalle erhalten. Die Rontgenstrukturanalyse verlief erfolgreich (s. Tabelle 2-3
und Abb. 2-10). Der Schmelzpunkt von TENO liegt hoher, obwohl keine Wasserstoff-
briicke ausgebildet wird. Dafiir ist die Dichte dieser Substanz hoher, was erneut auf
interessante Struktur-Eigenschafts-Beziehungen hinweist. Eine Verotffentlichung
dieser Ergebnisse steht aus.

Tabelle 2-3: Kristallographische Daten der Struktur

CHy CHy von TENO.
a 11,224(2)
O,N b . 11,445(2)
c/A 13,129(3)
N—O B/ °° 106,44(3)
V/A3 1617,7(6)
Raumgruppe P 2i/n
Z, 7 4,1
T/K 173(2)
CHy,  CHy AlA 1,54178
GooF 1,22
Abb. 2-9: 1,1,3,3-Tetraethyl-5-nitroisoind olin-2-oxyl. Rin 0,076
T R[F2 > 20(F2)] 0,136
wR(F2) 0,249

Abb. 2-10: ORTEP von TENO. Minderbesetzte Fehlordnung nicht dargestellt.

[LT3]: L. Tapmeyer, M. Beske & J. Plackmeyer: 1,1,3,3-Tetraethyl-5-nitroisoindoline,
IUCrData 2019, 4, CCDC reference: 1969794, DOI: 10.1107/52414314619016298.
12



Kristallstruktur von 4-Amino-2,6-dimethylpyrimidin (ADMP) [LT4]

2.4Kristallstruktur von 4-Amino-2,6-dimethylpyrimidin (ADMP)
[LT4]

Eine Synthese und Einkristallstrukturanalyse.

4-Amino-2,6-dimethylpyrimidin (ADMP) entsteht bei der Trimerisierung von Aceto-
nitril in Gegenwart von starken Basen. Die Reaktion, die hier zu ADMP fiihrte, war
die Umkristallisation von Natriumisopropanolat (NaOPr) in Acetonitril. Auf der
Suche nach einem geeigneten Weg zur Herstellung von Einkristallen von NaO™Pr
wurden etliche Losungsmittel ohne Ansehen eventueller Kompatibilitatsprobleme
verwendet. Der Versuch der Umbkristallisation in Acetonitril (vgl. Abb. 2-11) erwies
sich als modifizierte Synthese von ADMP nach Schmidt (1902 publiziert).['8!

\ c61
> )I\/\ \m\“; —
CH \N"\/ \

Abb. 2-11: Synthese von ADMP aus MeCN unter Katalyse durch NaO™Pr (links) sowie ORTEP der bestimmten
Struktur.

Ruckfluss, 2 h

Da in der Veroffentlichung LT4 die Synthese nicht im Detail beschrieben wird, ist hier
die Synthesevorschrift angegeben.

Acetonitril wurde unter Argon {iiber Phosphorpentoxid getrocknet. 20 ml frisch
destilliertes Acetonitril wurden unter Argonatmosphare mit 0,2 g trockenem NaO™Pr
versetzt. Die Suspension wurde unter Auflosung des Feststoffes fiir zwei Stunden zum
Riickfluss erhitzt. Die Losung wurde im verschlossenen Schlenkkolben {iiber 48
Stunden bei 4 °C im Kiihlschrank gelagert. Grofse, farblose, block- bis nadelférmige
Einkristalle konnten der Losung entnommen werden, die sich als Kristalle von ADMP
erwiesen.

Die Struktur von ADMP war bereits bekannt (CSD-Referenzcodes: FAGSUBnn!'9-22)),
ebenso wie ein vergleichbarer Syntheseweg,!’8! weshalb die Neubestimmung der
Struktur mit Cu-Ka-Strahlung bei 173 K mit dem Referenzcode FAGSUBO05 in der CSD
veroffentlicht wurde.[LT4]

[LT4]: CCDC 1975913: Experimental Crystal Structure Determination, CSD
Communication 2020, DOI: 10.5517/ccdc.csd.cc24b34r.
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Natriumethanolat (NaOEt) [LT5]

2.5Natriumethanolat (NaOEt) [LT5]

Synthese, Kristallisation, Phasenanalyse und Kristallstrukturaufkldrung aus
Pulverdaten von NaOEt und Einkristallstrukturanalyse von NaOEt - 2 EtOH.

Natriumethanolat ist eine seit mindestens 1837 bekannte Standardchemikalie.l?! Ver-
dampfungskristallisationen bei vermindertem Druck aus einer Losung von NaOC:Hs
in Ethanol lieferten zunachst einen zerfliefSlichen, weifSen Feststoff. Weitere Trock-
nung lieferte ein unter Schutzgas stabiles Pulver, das rontgenografisch als Mischung
von (mindestens) zwei Phasen identifiziert wurde.

Die beiden Phasen konnten isoliert und identifiziert werden. Es handelte sich um
solvensfreies Natriumethanolat und Natriumethanolat-Diethanolsolvat.

Natriumethanolat-Diethanolsolvat konnte als Einkristall erhalten werden. Die
Kristallstruktur des Disolvates wurde aus Einkristallbeugungsdaten bestimmt.[LT5]

Die Kristallstruktur des Ansolvats wurde aus Pulverdaten bestimmt. Dabei erwies sich
die Bestimmung der Raumgruppe als Herausforderung. Sowohl in P 4/n m m als auch
in P 4 21 m lieen sich die Strukturmodelle gut verfeinern (Abb. 2-12).[LT5]

h h
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Abb. 2-12: Rietveldplots von NaOEt in den Raumgruppen P 4/n m m (links) und P 4 21 m (rechts).

Die endgiiltige Raumgruppe wurde durch Aufstellen eines Barnighausen-Baumes
hergeleitet. Details dazu finden sich in der Veroffentlichung LT6. Es gab schwache
Hinweise auf die Raumgruppe P 4 21 m. NaOEt kristallisiert in einer Anti-PbO-
Struktur und NaOEt - 2 EtOH in einer Kettenstruktur.

[LT5]: M. Beske, L. Tapmeyer & M. U. Schmidt: Crystal structure of sodium ethoxide
(C:H50ONa), unravelled after 180 years, Chem. Comm. 2020, 56, 3520-3523, DOLI:
10.1039/C9CC08907A.
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Hohere Natriumalkoholate (NaOR) [LT6]

2.6 Hohere Natriumalkoholate (NaOR) [LT6]

Synthese, Kristallisation, Phasenanalyse und Kristallstrukturaufkldrung aus
Pulverdaten von Natrium-n-propanolat, Na-n-butanolat und Na-n-amylat und
Einkristallstrukturbestimmung von Solvaten von NaO"Pr, NaO'Pr und NaO'Am.

Nach der Aufkldarung der Kristallstruktur von Natriumethanolat [LT5] wurden die
Natriumalkoholate hoherer Alkanole untersucht (NaO"Pr, NaO"Bu und NaO*Am; Am
= Amylat). Die Strukturen der Ansolvate lieflen sich aus Pulverdaten bestimmen. Die
hoheren n-Alkoholat-Ansolvate kristallisieren in der Raumgruppe P4/nmm,
wiahrend fiir Natriumethanolat die Raumgruppe P 4 21m bestimmt wurde. Das
literaturbekanntel*? NaOMe kristallisiert ebenfalls in P 4/n m m.

Die andere Raumgruppe beim NaOEt lasst sich durch den sterischen Anspruch der
tehlgeordneten Alkylreste erkldaren, die auf einer 4-zahligen (P4/nmm) bzw.
2-zéhligen Achse (P 4 21m) liegen. Die Methylgruppen sind sphérisch, wihrend
NaOEt eher eine in einer Ebene verzerrte Anordnung der Ethylreste aufweist
(Abb. 2-13). Die hoheren Alkylreste sind durch Libration und Fehlordnung quasi-
zylindrisch.

I %
¢ ) ((9 ﬁr“' - g

M“‘v = = fw]-v-x:“gg’ % - _4:::“._7".)/' - e "‘v“‘"—;‘,' o

« B -." L e L e PR . W¥Na

Abb. 2-13: Gemeinsame, vereinfachte Darstellung der Natriumalkoholate (von links nach rechts) NaOMe, NaOEt,
NaO"Pr, NaO"Bu und NaO"Am auf ihrem gemeinsamen Strukturmotiv: dem Na-O-Gitter. Die genaue
Konformation der Kohlenstoffketten ist, basierend auf den vorliegenden Daten, nicht signifikant.

Die Platzierung der spharischen oder zylindrischen Gruppen auf einer vierzahligen
Achse ist giinstig. Bei NaOEt ist dies nicht der Fall. Die geringere Fehlordnung von
NaOEt in P 4 21 m fiihrt zu einer besseren Packung. Dies erklart die um etwa 4 %
hohere Dichte der Struktur (Abb. 2-14).1431

15



Hohere Natriumalkoholate (NaOR) [LT6]
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Abb. 2-14: Vergleich einiger Parameter der Strukturen von NaOMe, NaOEt, NaO"Pr, NaO"Bu und NaO”Am. Linke
Skala: Elementarzellvolumen (dunkelrot). Trend des Elementarzellvolumens unter Ausschluss von NaOEt
(gestrichelte Linie). Rechte Skala: Gitterparameter a (rot) und ¢ (blau).

Dariiber hinaus konnten Einkristalle diverser Solvate hergestellt werden, aus denen
die Strukturen von NaO"Pr -2 HO"Pr, NaO™Pr - 5 HOPr und NaO*Am - HO'Am be-
stimmt werden konnten. Dabei zeigte sich eine mit zunehmender Kettenldnge abneh-
mende Stabilitat der Kristalle. Aufserdem zeigte das Wasserstoffbriickenbindungs-
muster von NaO™Pr - 5 HOPr wenig Ahnlichkeit zu dem in festem Isopropanol. Die
Wasserstoffbriickenbindungsmotive des NaOPr - 5 HOPr sind vielmehr ein plausi-
bles Modell fiir die Situation in fliissigem Isopropanol.

[LT6]: M. Beske, S. Cronje, M. U. Schmidt & L. Tapmeyer: Disordered sodium alkoxides
from powder data: Crystal structures of sodium ethoxide, propoxide, butoxide, and pentoxide,
and some of their solvates, Acta Cryst. B 2020, 77, 68-82, DOI:
10.1107/5205252062001584X.
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Pigment Red 52 — Mononatriumsalz: Kristallstruktur des DMSO-Monosolvat-Monohydrates
[LT7]

2.7Pigment Red 52 - Mononatriumsalz: Kristallstruktur des
DMSO-Monosolvat-Monohydrates [LT7]

Synthese und Einkristallstrukturanalyse.

Colour Index Pigment Red 52 (P.R.52 [CisH1uiCIN206S]Naz, Abb. 2-15, links) und seine
Derivate sind kommerziell verwendete Rotpigmente aus der Gruppe der Mono-
hydrazonpigmente. Besondere Bedeutung hat das Calciumsalz Pigment Red 52:1

(P.R.52:1, [CisH11CIN206S]Ca, Abb. 2-15, Mitte). Die Kristallstrukturen des P.R.52 und
aller seiner Derivate sind bisher unbekannt.

e o o° 0 OH
Na® o) o) Na® 0
o, I o 1 o Il
7 r|4 0— —o 7 71 0— —o “d ? 0— —o
CH, CH, CH,

Abb. 2-15: Links: Pigment Red 52. Mitte: Pigment Red 52:1 Rechts: Pigment Red 52 Mononatriumsalz.

Um die Struktur von P.R.52 aufzuklaren, wurde dieses synthetisiert. Die Kristallinitat
des erhaltenen Pulvers sollte durch diverse Umbkristallisations- und Suspensionsver-
suche verbessert werden. Dabei wurde unter anderem DMSO als Losungsmittel ein-
gesetzt. Aus dieser Losung des P.R.52 in DMSO konnten nach Verdampfungskristal-
lisation Einkristalle gewonnen werden. Diese erweisen sich bei der Rontgenstruktur-
analyse als DMSO-Monosolvat-Monohydrat des Mononatriumsalzes (Abb. 2-15,
rechts) des Pigment Red 52 ([CisH12CIN20¢S]Na - H20 - DMSO, Abb. 2-16).[LT7]

Die Kristallstruktur diente als
Ausgangspunkt fiir die Struk-
turbestimmung von Pigment
Red 52 und Pigment Red 52:1
aus Pulverdaten (Veroffentlich-
ung in Vorbereitung).

Abb. 2-16: ORTEP der Struktur von P.R.52 Mononatriumsalz DMSO-Monosolvat-Monohydrat.

[LT7]: L. Tapmeyer, D. Eisenbeil, M. Bolte & M. U. Schmidt: First crystal structure of a
Pigment Red 52 compound: DMSO solvate hydrate of the monosodium salt, Acta Cryst. E
2021, 77, 402-405, DOI: 10.1107/52056989021002577.
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Pigment Red 48 — Mononatriumsalz: Kristallstrukturen von zwei Hydratstufen [LT8]

2.8Pigment Red 48 - Mononatriumsalz: Kristallstrukturen von
zwei Hydratstufen [LT8]

Synthese und Einkristallstrukturanalyse von zwei Hydratstufen und Analyse
des thermischen Phasenverhaltens.

Colour Index Pigment Red 48 (P.R.48, [CisH1iCIN20sS]Naz, Abb. 2-17, links) und seine
Derivate sind kommerziell verwendete Rotpigmente aus der Gruppe der Monohydra-
zonpigmente. Pigment Red 48 ist ein Isomer von Pigment Red 52. Besondere Bedeu-
tung hat das Calciumsalz Pigment Red 48:2 (P.R.48, [CisHi11CIN206S]Ca, Abb. 2-17,
Mitte).

o o~

Na® o 0° o OH
Na° o o Na® 1)
o . I oo, . I oo .
d ? 0— —o0 ~~ H °o- —o - ? o— =0
|
N . N
g CH, g CH, g CH,

Abb. 2-17: Links: Pigment Red 48. Mitte: Pigment Red 48:2. Rechts: Pigment Red 48 Mononatriumsalz.

Diese Pigmente werden seit Anfang des 20. Jahrhunderts hergestellt.[844 Seither gibt
es regelmafiig Beitrdge zu verbesserten Synthesen, Derivaten und Struktur-Eigen-
schafts-Beziehungen.?30454]

Die Kristallstrukturen des P.R.48 und all seiner Derivate sind bisher unbekannt.
Generell sind bisher erst wenige Kristallstrukturen verlackter Hydrazonpigmente
bekannt.[23047]

Um die Struktur von P.R.48 aufzuklaren, wurde dieses synthetisiert. Das erhaltene
Pulver sollte durch diverse Umkristallisationsversuche und Suspensionsversuche in
seiner Kristallinitdt verbessert werden.

Aus einer Suspension in Essigsdure wurde ein Pulver gewonnen, das im Pulverdia-
gramm Abweichungen zu dem Diagramm von P.R.48 zeigte. Bei Lagerung an Luft
wurden erneut Abweichungen festgestellt, die auf eine weitere Phase hinwiesen.

Von zwei neuen Phasen konnten Einkristalle erhalten und die jeweilige Kristall-
struktur aus Rontgenbeugungsdaten aufgeklart werden.

Bei der ersten gefundenen Phase handelt es sich um das Monohydrat des Mono-
natriumsalzes von P.R.48 ([CisH12CIN206S]Na-H20, Abb. 2-17, rechts).[LT8]

Diese Phase erwies sich bei Raumtemperatur als metastabil. Laingere Lagerung an Luft
liefert die zweite Phase, das Dihydrat des Mononatriumsalzes. Auch von dieser Phase
konnte die Struktur aus Beugungsdaten bestimmt werden.[LT8]
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Pigment Red 48 — Mononatriumsalz: Kristallstrukturen von zwei Hydratstufen [LT8]

Eine dritte Phase trat beim Erwarmen der Proben auf (Abb. 2-18), bei der es sich
moglicherweise um das Anhydrat handelt. Die Kristallstruktur dieser Phase konnte
nicht bestimmt werden. Es konnten keine Einkristalle hergestellt werden. Die Pulver-
daten konnten bisher nicht sinnvoll indiziert werden. Es ist nicht auszuschliefsen, dass
es sich um ein Phasengemisch handelt.

g neue Phase
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) —— Dihydrat
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Abb. 2-18: Pulverdiagramm der dritten Phase (schwarz, oben) und simulierte Pulverdiagramme des Dihydrats
(blau, Mitte) und des Monohydrats (rot, unten). Alle Proben bei Raumtemperatur.

[LT8]: L. Tapmeyer, S. Hill, M. Bolte & W. M. Hiitzler: Two monosodium salt hydrates of
Colour Index Pigment Red 48, Acta Cryst. C 2020, 76, 716-722,
DOI: 10.1107/52053229620008530.
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Perinontrennsalz [LT9]

2.9Perinontrennsalz [LT9]

Strukturaufkldrung von drei industriellen Zwischenprodukten. Synthese,
Kristallisation und Einkristallstrukturbestimmung, kombiniert mit weiteren
Methoden.

In der chemischen Industrie werden viele Substanzen hergestellt. Einige davon
werden im gleichen Werk wieder umgesetzt. Zwei Beispiele fiir meist direkt wieder
umgesetzte Stoffe sind Phosgen und Diketen. Phosgen ist als potentieller Kampfstoff
nicht unproblematisch.*® Der Umgang damit unterliegt strengen Regularien.!*
Wegen seiner Vielseitigkeit in der Synthese®® findet es aber trotzdem breite
Anwendung.Y Diketen wird ebenfalls wegen seiner erstaunlichen Reaktivitat zur
Herstellung von vielen weiteren Verbindungen verwendet. Die Bandbreite der Pro-
dukte aus Diketen reicht von Analgetikal® {iber Pigmente/®! und weiter bis zu Siifs-
stoffen®l. Auch in der Papierherstellung findet Diketen Anwendung.

Beide Substanzen, Phosgen und Diketen, werden normalerweise im selben Werk
hergestellt und weiterverarbeitet.l! Dabei werden Transporte auf 6ffentlichen Strafien
vermieden.

Es gibt auch andere Substanzen, die das Werk nicht verlassen diirfen, weil sie nicht
registriert sind. Fiir einen Transport auf offentlichen Strafsen ware eine Registrierung
notwendig. Fiir eine Registrierung ist eine genaue Kenntnis von Zusammensetzung
und Struktur unabdingbar. Wenn Chemikalien im gleichen Werk weiterverarbeitet
werden, ist eine genaue Kenntnis von Zusammensetzung oder Struktur also nicht
notwendig.

So kann es vorkommen, dass Zwischenprodukte seit vielen Jahrzehnten hergestellt
werden, ohne dass die genaue Zusammensetzung oder Struktur bekannt ist.

Ein solches Zwischenprodukt ist das trans-Perinon-, Trennsalz“¢l. Es tritt bei der Iso-
merentrennung von frans- und cis- Perinon auf.!?857->

Die industrielle Synthese von Perinon und seiner beiden Isomere ist in Abb. 2-19 dar-
gestellt. In der Synthese fallen beide Isomere in einem Verhaltnis von etwa 1:1 an.

Das synthetisierte Gemisch ist rot. Es wurde als Kiipenfarbstoff Vat Red 14 verwendet.
Unter gleichem Namen wird es in geringem Mafle auch als Pigment eingesetzt. Durch
Trennung des Gemisches konnen die reinen Isomere erhalten werden.
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—_—
-5 HO

trans-Perinon cis-Perinon
Abb. 2-19: Industrielle Synthese der Isomerenmischung von trans- und cis-Perinon.

Das reine trans-Perinon ist leuchtend orange. Es ist als Pigment Orange 43 im Colour
Index gelistet. Dieses Pigment zeichnet sich durch seine leuchtende Farbe und
exzellente Wetterechtheit aus. Daher wird es fiir die Farbung von Markisen und
anderen Textilien und Polymeren eingesetzt.

Das reine cis-Perinon ist blaustichig rot. Es findet in geringem Mafle Anwendung als
Pigment Red 194 in Farben und Lacken. Dieses Pigment ist vergleichbar wetterecht
wie Pigment Orange 43. Die verkaufte Menge von Pigment Red 194 ist wegen des
triiben Farbtones gering. 283260l
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trans- Per|nontrennsalz

Abb. 2-20: Drei Wege zur Trennung der Isomerenmischung von trans- und cis-Perinon.

Zur Trennung der Isomere sind in der Literatur?®¢!l drei Trennverfahren beschrieben,
die in Abb. 2-20 skizziert sind.

Das erste Verfahren startet mit der Umsetzung des Gemisches der Isomere des
Perinons mit Schwefelsaure zu 16slichen Sulfaten. Beim Verdiinnen der Losung fallen
dabei die beiden Isomere nacheinander aus. Das trans-Perinonsulfat fallt als erstes aus,
das cis-Perinonsulfat bei weiterer Verdiinnung. Die Sulfate werden getrennt und an-
schlieffend zu den einzelnen Perinon-Isomeren hydrolysiert.

Das zweite Verfahren beruht auf der Reduktion des Perinon-Isomerengemisches zu
den entsprechenden leuco-Verbindungen. Vorsichtige Oxidation der resultierenden
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Suspension fithrt zundchst zu einem Niederschlag von trans-Perinon. Dieses wird
abfiltriert. Die Zugabe weiteren Oxidationsmittels fiihrt zur Bildung von cis-Perinon.

Das dritte und technisch bedeutendste Verfahren fithrt tiber das ,, Trennsalz”. Dabei
wird das Gemisch der Isomeren von Perinon mit einer heiffen Losung von Ethanol,
KOH und wenig Wasser behandelt, wobei losliche Salze (,,Trennsalze”) gebildet
werden.

Aus der Losung dieser , Trennsalze” fallt beim Abkiihlen oder Verdiinnen das trans-
Perinontrennsalz aus. Das cis-Perinontrennsalz bleibt in Losung. Das trans-Perinon-
trennsalz kann abfiltriert werden. Die Hydrolyse des trans-Perinontrennsalzes fiihrt
zu trans-Perinon. Die (leicht saure) Hydrolyse der verbliebenen Losung fiihrt zu cis-
Perinon.

Dieses Verfahren wird seit 80 Jahren durchgefiihrt. Trotzdem waren weder die Zu-
sammensetzungen noch die Strukturen dieser , Trennsalze” bekannt.

Wir konnten zwei Phasen des trans-Perinontrennsalzes isolieren. Von beiden Phasen
konnten Einkristalle erhalten werden und die Kristallstrukturen aufgeklart werden. In
beiden Phasen wurde eine ring-gedffnete Struktur gefunden (Abb. 2-21, links). Das
trans-Perinontrennsalz liegt in beiden Phasen als Tetraanion vor. Diese Struktur steht
im Widerspruch zu bisherigen Strukturannahmen.

SBE GBE

Anion des trans-Perinontrennsalzes Anion des cis-Perinontrennsalzes

Abb. 2-21: Anionen im trans-Perinontrennsalz und im cis-Perinontrennsalz.

Beide Phasen des trans-Trennsalzes enthalten als Festkorper Ethanol und Wasser in
unterschiedlichen Mengen (a-Phase: K4[C26H12N4O4] - 3 C2:H50OH - 6 H20 und -Phase:
1,5 (K4[C26H12N4O4]) - 5 C:H50H - 4 H20).

Festkorper-NMR-Untersuchungen an der a-Phase zeigten, dass das Ethanol innerhalb
der Struktur quasi fliissig und hoch mobil ist.

cis-Perinontrennsalz wird dadurch erhalten, dass das cis-Perinon mit wenig KOH/
Ethanol/Wasser erhitzt und anschliefSend abgekiihlt wird. Die Kristallstruktur des cis-
Perinontrennsalzes konnte ebenfalls aus Einkristallrontgenbeugungsdaten aufgeklart
werden.!

Auch das cis-Perinontrennsalz zeigt eine ring-geoffnete Struktur (Abb. 2-21, rechts).

22



Perinontrennsalz [LT9]

Zu den anderen Trennverfahren:

Die beiden Perinonsulfate und leuco-Formen wurden mit vielfaltigen Methoden ana-
lysiert. Es konnte keine Molekiil- oder Kristallstruktur aufgeklart werden. Es konnte
lediglich festgestellt werden, dass es sich beim trans-Perinonsulfat tatsachlich um eine
als Feststoff isolierbare Phase handelt. Es wurde erstmals ein Pulverdiagramm dieser
Substanz veroffentlicht.

Als Fazit ergibt sich:

Obwohl Perinontrennsalze seit 80 Jahren produziert werden, konnten erstmals deren
Zusammensetzungen, Molekiil- und Kristallstrukturen aufgeklart werden.

Details befinden sich in der angefiigten Veroffentlichung [LT9].

[LT9]: L. Tapmeyer, M. Bolte, M. R. Chierotti & M. U. Schmidt: Structure of the
intermediates in the industrial separation of perinone isomers, Dyes and Pigments 2020, 181,
108422, DOI: 10.1016/j.dyepig.2020.108442.
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3 Zusammenfassung

Im Rahmen des hier préasentierten Promotionsprojektes konnten neun Artikel veroff-
entlicht werden. Dabei wurden sechs Kristallstrukturen aus Pulverdaten! und elf Kris-
tallstrukturen aus Einkristallen? bestimmt und publiziert. Fiinf weitere Strukturen aus
Pulverdaten konnten geldst und abschlieflend verfeinert werden. Diese fiinf Kristall-
strukturen sind bereits bei der Cambridge Structural Database hinterlegt?, die Veroffent-
lichung jedoch noch nicht eingereicht.

Im Rahmen dieser Arbeit konnte eine Methode mitentwickelt werden, die die Bestim-
mung der absoluten Konfiguration pharmazeutischer Verbindungen aus Rontgenpul-
verbeugungsdaten ermdglicht. Die Methode basiert auf der Bildung von Salzen. Die
notwendige Herstellung dieser Salze mit Salzbildnern bekannter Konfiguration wurde
hinsichtlich einer minimalen Ansatzgrofle optimiert und erlaubt ein Arbeiten mit
Mengen von unter zehn Mikrogramm. Die Kristallisation konnte sogar direkt in den
Kapillaren fiir die Aufnahme der Pulverdiagramme durchgefiihrt werden. Die abso-
lute Konfiguration einiger als Testfdlle gewahlter pharmazeutischer Wirkstoffe konnte
auf diese Art erfolgreich bestimmt werden. Dies stellt eine erfolgreiche Erweiterung
bisher verfiigbarer Methoden dar.

Bei der Synthese von Leukopterin wurde in einem Edukt eine Fremdphase gefunden.
Diese scheinbare Verunreinigung konnte als Hydrat des Edukts identifiziert werden.
Die Kristallstruktur dieses 6-Amino-2-iminiumyl-4-oxo-1,2,3,4-tetrahydropyrimidin-
5-aminiumsulfat-Monohydrats (TAHP) konnte problemlos bestimmt werden. Das Hy-
drat lasst sich durch Trocknung leicht in das Anhydrat {iberfiihren.

1,1,3,3-Tetraethyl-5-nitroisoindolin (TENI) und 1,1,3,3-Tetraethyl-5-nitroisoindolin-2-
oxyl (TENO) sind Zwischenstufen in der Synthese von RNS-Spinlabeln fiir die EPR-
Spektroskopie. Die Kristallstrukturen beider Verbindungen konnten aus Einkristall-
beugungsdaten bestimmt werden. TENI hat einen Schmelzpunkt nahe der Raumtem-
peratur. TENO hat dagegen einen wesentlich hoheren Schmelzpunkt, obwohl das Mo-
lekiil nur ein Sauerstoffatom zusatzlich hat. Die Kristallstruktur liefert die Erklarung
tir dieses Phanomen: In der Kristallstruktur von TENI findet sich als starkste intermo-
lekulare Wechselwirkung eine einzelne schwache, sehr lange Wasserstoffbriickenbin-
dung. Diese geringe Interaktion erklart den niedrigen Schmelzpunkt der Verbindung.
TENO dagegen weist in seiner Kristallstruktur keinerlei Interaktionen zwischen den
Molekiilen auf, die iiber Keesom- oder London-Krifte hinausgehen. Allerdings sind
diese starker, was sich in einer dichteren Packung zeigt.

4-Amino-2,6-dimethylpyrimidin (ADMP) konnte bei der Reaktion von Acetonitril mit
NaO™Pr als Katalysator als Einkristall erhalten werden. Die Kristallstruktur wurde mit

1 CSD-Referenzcodes: IGATUI, IGATIW, IGAYEX, IGAVEU, IGAVAQ und IGATOC
(Fettdruck bei Hauptbeitrag).
2 CSD-Referenzcodes: RUCJOR, NUGGII, EHAPOV, HUJWER, FAGSUBO05, ELOCEQ, ELOCAM,
ELOBUF, HUJVIU, HUJVAM und NUGGEE (Fettdruck bei Hauptbeitrag).
3 CSD-Einreichungsnummern: 1994654, 1994653, 1994652, 1994651, 1994650.
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Cu-Ka-Strahlung neu bestimmt. ADMP zeigt eine typische organische Kristallstruktur
in der Raumgruppe P 2i/n; alle Akzeptoren von Wasserstoffbriickenbindungen sind
abgesattigt. [LT4]

Natriumethanolat wurde nach einer 180 Jahre alten Vorschrift von Liebig synthetisiert.
Wie die Rontgenpulverdiagramme zeigen, bilden sich dabei jedoch Gemische von ver-
schiedenen Phasen. Nach einigen experimentellen Schwierigkeiten konnte die Kristall-
struktur von reinem NaOEt aus Pulverdaten bestimmt werden. Ebenfalls wurden ein
Diethanolsolvat sowie zwei weitere Phasen identifiziert. Vom Diethanolsolvat NaOEt
- 2 HOEt konnten Einkristalle hergestellt und die Kristallstruktur aus diesen bestimmt
werden. Die Kristallstruktur von NaOEt zeigt erstaunliche Parallelen zur Struktur von
Blei(IT)oxid (Lithargit), wobei die Position der freien Elektronenpaare im PbO jener der
Ethylgruppen im NaOEt entspricht. NaOEt kann also als Anti-PbO-Struktur bezeich-
net werden. Wahrend Lithargit in der Raumgruppe P 4/n m m kristallisiert, wurde fiir
NaOEt die Untergruppe P 4 21 m ermittelt. [LT5]

Die Kiristallstrukturen von Natrium-n-propanolat (NaO"Pr), Natrium-n-butanolat
(NaO"Bu) und Natrium-n-amylat (NaO”Am) konnten ebenfalls aus Pulverdaten auf-
geklart werden. Sie weisen ein dhnliches Na-O-Gitter wie Natriumethanolat auf, aller-
dings kristallisieren sie in der Raumgruppe P 4/n m m. Die abweichende Raumgruppe
des NaOEt liegt am sterischen Anspruch der Ethylgruppe. Die langeren Alkylgruppen
sind hochgradig fehlgeordnet und somit im Mittel zylinderformig. Die Ethylgruppe
dagegen hat einen weniger symmetrischen Raumbedarf. Aus diesem Grund ist die
Ethylgruppe weniger fehlgeordnet, was die niedrigere Kristallsymmetrie erklart. Die
Solvate der Alkalialkoholate wurden mit zunehmender Lange der Alkylketten immer
instabiler. Nichtsdestotrotz konnten drei verschiedene Solvate hergestellt werden:
NaO"Pr - 2 HO"Pr, NaO™Pr - 5 HOPr und NaO'Am - HO'Am. Thre Kristallstrukturen
konnten aus Einkristallbeugungsdaten bestimmt werden. In diesen Strukturen zeigen
sich sehr unterschiedliche Strukturmotive, die teilweise die mogliche Existenz weiter-
er Solvatstufen andeuten. Im Falle von NaO™Pr - 5 HOPr tragen fiinf der sechs Isopro-
pylgruppen eine Alkoholfunktion. Es handelt sich quasi zu 5/6 um festes Isopropanol.
Das Wasserstoffbriickenbindungsnetzwerk unterscheidet sich deutlich von der Topo-
logie in den beiden bekannten Kristallstrukturen von festem Isopropanol. Die Struktur
ahnelt eher einer Anordnung, die in fliissigem Isopropanol zu erwarten ist. [LT6]

Die industriellen Rotpigmente Pigment Red 52 und Pigment Red 48 wurden im Labor
unter verschiedenen Bedingungen synthetisiert. Dabei wurden neben den kommer-
ziell verfligbaren Phasen einige neue Phasen identifiziert. Erstmals konnten Kristall-
strukturen von P.R.52 und P.R.48 bestimmt werden. Von Pigment Red 52 konnte ein
bisher unbekanntes Mononatriumsalz hergestellt werden. Von diesem Salz konnte ein
DMSO-Solvat-Monohydrat kristallisiert werden. Aus erhaltenen Einkristallen konnte
die Struktur bestimmt werden. [LT7]
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Von Pigment Red 48 konnte ebenfalls ein bisher nicht literaturbekanntes Mononatri-
umsalz isoliert werden. Von zwei Hydratstufen dieser Verbindung konnten Einkris-
talle hergestellt und ihre Kristallstrukturen bestimmt werden. Eine weitere Phase
wurde als Anhydrat identifiziert. [LT8] Eine Strukturbestimmung dieser Phase steht
allerdings noch aus.

Vom Di-Natriumsalz des P.R.52 sowie von seinem Calciumsalz wurden insgesamt
fiinf verschiedene Hydratstufen gefunden. Die Kristallstrukturen dieser Hydrate
konnten aus Rontgenpulverbeugungsdaten bestimmt werden. Von einer Hydratstufe
konnte ebenfalls ein Einkristall erhalten und die Struktur bestatigt werden. Eine Ver-
offentlichung ist in Vorbereitung.

Das Orangepigment Perinon (Pigment Orange 43, trans-Perinon) fallt bei der industri-
ellen Synthese als Gemisch mit einem roten cis-Isomer an. Die Isomere werden durch
Uberfﬁhrung in ,Trennsalze” getrennt. Obwohl das Verfahren seit iiber 80 Jahren
industriell genutzt wird, waren weder die Molekiilkonstitution der Trennsalz-Ionen,
noch die chemische Zusammensetzung der Feststoffe, noch deren Kristallstrukturen
bekannt. Die industrielle Form des , trans-Trennsalzes” konnte im Labor hergestellt
und die Phasenidentitat pulverdiffraktometrisch bestatigt werden. Eine weitere Phase
des trans-Perinontrennsalzes konnte hergestellt und identifiziert werden. Der Versuch,
die Kristallstrukturen der Trennsalze durch Rontgenpulverdiffraktometrie zu bestim-
men, schlug fehl. Durch die nachfolgende Einkristallstrukturanalyse zeigte sich, dass
die Trennsalze eine vollig andere Molekiilkonstitution haben, als in der Literatur be-
schrieben war: Statt eines planaren Perinongeriists enthalt das Trennsalz ein verdreh-
tes Bis(benzimidazolat)naphthalindicarboxylat-tetraanion, dessen Ladung durch Ka-
lium-Kationen kompensiert wird. Das bisher nie als Feststoff beschriebene cis-Perinon-
trennsalz wurde hergestellt und kristallisiert. Es konnten Einkristalle hergestellt und
die Kristallstruktur aus diesen bestimmt werden. Die beim trans-Perinontrennsalz be-
obachtete Ringoffnung des Perinongeriists liegt auch im cis-Perinontrennsalz vor. Alle
Perinontrennsalze enthalten im Kristallgitter eine betrachtliche Anzahl Wasser- und
Ethanolmolekiile. Durch Festkorper-NMR-Spektroskopie konnte gezeigt werden, dass
das Wasser-Ethanol-Netzwerk stark dynamisch ist. Die Rontgenstrukturanalyse
lieferte hier nur ein gemitteltes Bild, was sich beispielsweise in wesentlich zu kurzen
intermolekularen Abstinden zeigt. Bei der Hydrolyse der Trennsalze entstehen
wieder die urspriinglichen, wasser- und l6sungsmittelfreien Perinonpigmente. [LT9]
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4 Ausblick

In dieser Dissertation wurde eine Methode entwickelt, um die absolute Konfiguration
pharmazeutischer Wirkstoffe durch Rontgenpulverdiffraktometrie zu bestimmen,
indem die Wirkstoffe mit chiralen Gegenionen zu Salzen umgesetzt werden. Statt
Salzen konnten hier auch Cokristalle mit chiralen Co-Formern eingesetzt werden.
Diese Experimente stehen noch aus. Ebenfalls sollte ein Standard-Satz von Salz-
bildnern ausgearbeitet werden, die bei der Mehrheit der zu untersuchenden Substan-
zen erfolgversprechend sind. Versuche mit Chinin als Base waren oft nicht erfolgreich.
Die Chinin-Salze der untersuchten Wirkstoffe fielen meist gelartig an. Die Pulverdia-
gramme (s. Abb. 4-1) konnten daher nicht mit konventionellen Methoden ausgewertet
werden. Allerdings sollte die PDF-Untersuchung an solchen nanokristallinen oder gel-
artigen Proben weiterverfolgt werden. Hier bieten sich eventuell neue Moglichkeiten
fiir die Auswertung sehr schlecht kristalliner Proben.

TENO zeigt bei Raumtemperatur eine massive Fehlordnung der Ethylsubstituenten.
Bei -100 °C ist diese deutlich verringert. Im Hinblick auf die geplante Anwendung als
Marker sollten thermische Effekte an dieser Substanz im Detail erforscht werden.

Kaliumethanolat zeigt wie Natriumethanolat ein sehr kompliziertes Phasenverhalten.
Bisher konnte keine Reinphase von 16sungsmittelfreiem KOEt erhalten werden. Trotz-
dem konnte die Kristallstruktur von 16sungsmittelfreiem KOEt aus Rontgenbeugungs-
daten bestimmt werden. Eine Publikation ist in Vorbereitung. Weitere Untersuch-
ungen der KOEt-Phasen sind geplant.

Die Strukturaufklarung von Leukopterin ist noch nicht abgeschlossen. Temperatur-
abhingige Rontgenpulverdiagramme deuten auf eine variable Hydratstufe hin. Dies
ist eines der noch offenen Projekte fiir die Zeit nach dieser Arbeit.
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Abb. 4-1: Pulverdiagramm des Produkts der Verdampfungskristallisation von Lamivudin und Chinin in Ethanol.
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In Kooperation mit Prof. Dr. Bjorn Winkler wird derzeit eine Syntheseroute entwickelt,
um Amminboran (HsNBHs) moglichst effizient aus Borsdure zu synthetisieren. Ziel ist
die Herstellung einer Probe im Grammmafistab von isotopenreinem ’B-Amminboran
tiir kerntechnische Experimente.

Diese Schutzgassynthese stellt dabei quasi einen Riickblick auf mein Studium dar, da
eines der ersten komplexeren Produkte, die ich in meinem Bachelorstudium im pra-
parativen Praktikum herstellte, das Trimethylamminboran war (Abb. 4-2). Eine funk-
tionierende Syntheseroute fiir Amminboran wurde inzwischen gefunden und bereits
optimiert. Die Synthese der isotopenreinen Verbindung in grofieren Mengen steht
noch aus.

LT/ABOO1.4
Sublimat
H3NBH3
20.10.2020

Abb. 4-2: Erste und letzte Studienphase: Trimethylamminboran aus dem Praktikum 2013 (links) und
Amminboran von 2020 (rechts).
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6 Angabe der eigenen Anteile an den Veréffentlichungen

In der Veroffentlichung [LT1] werden die Herstellung von diastereomeren Salzen und
die Strukturbestimmung aus deren Pulverdaten mit dem Ziel der Bestimmung der
absoluten Konfiguration beschrieben. Das Projekt wurde von Dr. Christoph Saal
entwickelt und die Synthesen und Kristallisationen wurden durch Dr. Silke D.
Gumbert begonnen. Als zweitgenannter Autor hatte ich (neben Carina Schlesinger)
Anteil an der Fortsetzung der Synthese und Kristallisation diverser Salze. Die
Strukturaufklarung aus Rontgenpulverbeugungsdaten an Salzen von (R)-Flurbiprofen
und (S)-Flurbiprofen mit (R)-Phenylpropylamin ist mein Hauptbeitrag neben dem
Schreiben des Entwurfs und der Korrekturen.

Die Veroffentlichung [LT2] beschaftigt sich mit der Kristallisation und Einkristall-
strukturbestimmung eines Edukts der Synthese von Leukopterin. Die praktische
Arbeit an diesem Projekt sowie das Schreiben des Entwurfs wurde von mir als
erstgenanntem Autor der Veroffentlichung durchgefiihrt.

In der Veroffentlichung [LT3] wird die Rontgenstrukturanalyse von 1,1,3,3-Tetraethyl-
5-nitroisoindolin beschrieben. Wahrend die Substanz von Jorn Plackmeyer hergestellt
wurde, oblagen mir als dem erstgenannten Autor der Veroffentlichung die Aus-
wertung der Rontgenbeugungsdaten und das Schreiben des Entwurfs.

Die Veroffentlichung [LT4] umfasst eine Neubestimmung der Struktur von 2,6-Dime-
thylpyrimidin-4-amin. Die experimentelle Arbeit wurde grofitenteils von Maurice
Beske durchgefiihrt. Die Auswertung der Rontgenbeugungsdaten durch mich diente
der Einweisung von Maurice Beske in diese Tatigkeit. Als erstgenannter Autor erstellte
ich die zu publizierende Datei.

In der Veroffentlichung [LT5] wurden die Synthese und Strukturaufklarung aus
Pulverdaten von NaOEt und Einkristallstrukturbestimmung von NaOEt - 2 EtOH
beschrieben. Die meisten praktischen Arbeiten und die Strukturbestimmungen aus
Pulverdaten erfolgten von Maurice Beske im Rahmen eines Masterpraktikums unter
meiner Anleitung und Betreuung. Die entscheidenden Experimente wurden durch
mich wiederholt und die Strukturen nachverfeinert. Die Einkristallstrukturanalyse des
Solvats ist fast ausschliefslich mein Beitrag.

Die Veroffentlichung [LT6] enthalt Details zur Raumgruppenbestimmung der Struk-
tur des NaOEt aus [LT5] und weitere Kristallstrukturen von Natriumalkoholaten. Die
praktische Arbeit an diesem Projekt war Teil der von mir betreuten Masterarbeit von
Maurice Beske. Meine Beitrage waren die Unterstiitzung bei Planung und Durch-
fiihrung der Synthesen und Kristallisationen, Validation und teilweise Reproduktion
der experimentellen Ergebnisse, Rontgenstrukturanalyse des Solvates NaO!Am
- HO*Am, das Schreiben des Entwurfs und Korrekturen an ebendiesem sowie Korrek-
turen und Nachverfeinerungen aller Strukturen. Daher habe ich in der Liste der Auto-
ren der Publikation die letztgenannte Position.
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In der Veroffentlichung [LT7] wird eine neue Solvat-Phase des bisher in seiner
Kristallstruktur unbekannten Colour Index Pigment Red 52 beschrieben. Die Phase
trat im Rahmen der von mir betreuten Bachelorarbeit von Daniel Eisenbeil auf. Als
erstgenannter Autor waren das Schreiben des Entwurfs der Veroffentlichung sowie
die Anleitung bei allen Versuchen mein Beitrag.

Die Veroffentlichung [LT8] behandelt zwei neue Phasen eines bisher unbekannten
Salzes von Colour Index Pigment Red 48. Dieses neue Derivat trat im Rahmen eines
von mir betreuten Vertiefungspraktikums von Steven Hill auf. Die Einkristallstruktur
des Dihydrats wurde von Michael Bolte bestimmt. Das Monohydrat wurde von mir
isoliert und seine Struktur aus Einkristallbeugungsdaten gemeinsam mit W.
Maximilian Hiitzler bestimmt. Weitere Untersuchungen des Phasenverhaltens und
das Erstellen des Publikationsentwurfs wurden von mir als erstgenanntem Autor
durchgefiihrt.

In der Veroffentlichung [LT9] wurden die Kristallstrukturen von insgesamt drei
Phasen zweier bisher strukturell und konstitutionell unbekannter Zwischenprodukte
der Herstellung des Orangepigments Perinon beschrieben. Als Erstautor fiithrte ich alle
praktischen Arbeiten sowie die Rontgenstrukturanalyse des cis-Trennsalzes durch.
Abgesehen vom historischen Abschnitt ist der Entwurf des Papers fast ausschliefdlich
mein Beitrag.

Es folgen die Volltexte der Veroffentlichungen mit erneuter Auflistung der Beitrage
der jeweiligen Autoren.
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Absolute Configuration of Pharmaceutical Research Compounds
Determined by X-ray Powder Diffraction
Carina Schlesinger, Lukas Tapmeyer, Silke D. Gumbert, Dragica Prill, Michael Bolte,

Martin U. Schmidt, and Christoph Saal*

Abstract: The absolute configuration of active pharmaceutical
ingredients (APIs) was determined by generating salts of the
active pharmaceutical ingredient (API) with counterions of
known chirality, and determining the crystal structures by
X-ray powder diffraction. This approach aveids the (often
tedious) growth of single crystals, and is successful with very
limited quantities of material (less than 1 mg). The feasibility of
the method is demonstrated on five examples, and its limi-
tations are discussed as well.

Today, most new active pharmaceutical ingredients (APIs)
are chiral."! Whereas most new drugs were approved as
racemates before 1980, the drug approval process has
changed significantly over the last decades. The pharmaco-
logical activity, toxicological properties, and pharmacokinet-
ics strongly depend on the cnantiomeric form of a given
APL? Consequently, it is imperative that the absolute
configuration is known at a very early stage of research.
However, the absolute stereochemistry of a new compound is
not always obvious from the chemical synthesis or the
separation of the enantiomers. This holds not only for
pharmaceutical compounds, but also for natural products or
organocatalysts, for example.

The absolute stereochemistry of a compound is usually
determined by single-crystal X-ray diffraction.”! This requires
the growth of sufficiently large single crystals of high crystal
quality, and a precise X-ray measurement.! Growing accept-
able crystals is frequently a great challenge, especially for
today’s pharmaceutical rescarch compounds, which typically
have a high molecular mass, high molecular flexibility, and
low solubility in water and many other solvents. Yet another
challenge arises from the usually very limited amounts of
available substance in carly stages of research (typically a few
milligrams or even less), which generally excludes a reliable
series of crystal growth experiments.”!

To overcome these impediments, we investigated an
alternative approach to determine the absolute configuration
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of pharmaceutical rescarch compounds by X-ray powder
diffraction. X-ray powder ditfraction by itself cannot differ-
entiate between enantiomers. In contrast, diastereomers can
be easily distinguished. Currently most new active pharma-
ceutical ingredients are cither acidic or basic® hence, they
easily form salts with suitable counterions. If the counterions
are chiral, different API enantiomers will give rise to
diastereomeric salts. The crystal structures of these salts can
be determined from X-ray powder data, revealing the relative
configuration of the ions. From the known chirality of the
counterion, the absolute configuration of the API can then be
deduced.

Herein, the feasibility of this approach is shown on four
enantiopure APIs, which were combined with one or two
different salt formers each. The absolute configuration of the
API was treated as unknown, and that of the salt formers as
known. The APIs chosen are (R)-flurbiprofen (R1), (5)-
flurbiprofen ($1), aminoglutethimide (2), and lamivudine (3;
see Scheme 1). Flurbiprofen is a non-steroidal anti-inflam-
matory drug, which was originally approved as a racemate.
Meanwhile the pure R enantiomer has also been approved as
the antiphlogistic drug Tarenflurbil. Aminoglutethimide is an
aromatase inhibitor, and lamivudine is a nucleoside analogue
used in the treatment of HIV.

Flurbiprofen is acidic, and both enantiomers were crystal-
lized with the chiral bases quinine (a) and (R)-2-phenyl-
propylamine (b). The other two APIs are basic and were
crystallized with (R)-camphor-10-sulfonic acid (e; see
Scheme 1).

For the preparation of crystalline salts, two methods were
most successful:

1) On milligram scale, a solution of the API in a solvent, for
example, acctone, was added to a solution of the salt
former in a small test tube, and the resulting mixture was
slowly evaporated.

2) On a microgram scale, about 2 pL of both solutions were
soaked into an open capillary with a diameter of 0.7 mm
and allowed to react within the capillary. Subsequently, the
capillary was sealed on one end. After evaporation of the
solvent, the capillary was directly mounted on the powder
ditfractometer. For this approach, about 100 pg of the API
(or even less) are sufficient.

Both procedures gave crystalline powders of the five salts:
Rla, R1b, S1b, 2¢, and 3¢ (for experimental details see the
Supporting Information). The sixth salt §1a always precipi-
tated as a poorly crystalline powder, which resisted any
attempt of structure determination. X-ray powder data of all
samples were recorded in transmission mode on a STOE
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Eigene Veroffentlichungen (Volltext) [LT1] 37

Acidic APls:
F Q F 0]
— 7 OH )—\ % OH
—/ HC — HgC
Rl 3

{R}-Furbiprofen (8)-Flurkiprofen

Basic APls:
H,C
OH

WAV H; H N—{Iz —< 1/\
o N g

H

2 3

{Ry-Aminogluethimide {ZR5S)-Lamivudine

Basic salt coformers:

“RGH,

{R}-2-Phenylpropylamine

(R}-Quinine

Acidic salt coformers:

[
(R)-Camphor-10-sulfaric
acid

Scheme 1. Chemical structures of the investigated compounds (top) and the employed counterions (bottom). The relevant chiral atoms are

highlighted with stars.

STADI-P diffractometer (for details see the Supporting
Information).

The powder patterns were indexed with DICVOL04"! as
implemented in the DASH software.™ Subsequently, possible
space groups were determined from systematic extinctions.
The number of molecules per unit cell was estimated using
Hofmann’s volume increments.”! The indexing and space
group assignments were confirmed by Pawley fit.'""

The structures were solved by real-space methods!'! using
simulated annealing within DASH. Lattice parameters, the
space group, and the molecular geometry were given as input;
the positions and spatial orientations of the molecules in the
unit cell as well as intramolecular degrees of freedom
(rotations around single bonds) were varicd. The molecular
geometries of the APIs and counterions were derived from
crystal data of similar compounds from the Cambridge
Structural Database (CSD).[?] The absolute configuration of
the salt former was given as input and combined with both
possible enantiomers of the APIL. The resulting diastereo-
meric salts were handled with two separate sets of DASH
runs.

Structure solution from powder data by real-space
methods becomes challenging when the total number of
parameters (for the molecular position and orientation and
the intramolecular degrees of freedom) exceeds 20."*) This
limit was exceeded by two compounds, 2¢ and 3¢. Both salts
crystallize in the space group P2, with Z=4, Z'=2. Each
asymmetric unit contains two cations and two anions; both
the cations and anions have two intramolecular degrees of
freedom, resulting in a total number of 31 parameters."* The
structure of 3¢ could be reproducibly solved without diffi-
culties. In contrast, all our attempts at solving the structure of
2¢ were to no avail (see the Supporting Information for
details). Serendipitously, we obtained a single crystal of 2¢
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and solved the structure by single-crystal X-ray analysis. This
structure was used as input for the subsequent Rietveld
refinements. For the wrong enantiomer of the API, we
manually constructed three chemically sensible crystal struc-
ture models. All subsequent refinements of 2¢ were per-
formed in the same way as for the other salts.

The crystal structures of the other compounds (R1a, R1b,
and S1b) were solved from the powder data in routine
manner. All (correct and wrong) structures were refined by
the Rietveld method™ with TOPAS."® To ensure sensible
molecular geometries, restraints were used for all bond
lengths, bond angles, and for planar groups.

In all cases, both diastereomeric salts (containing either
one of the two API enantiomers) were treated identically, that
is, with equivalent restraints as well as an identical refinement
procedure. All refinements converged well. Crystallographic
data and Rietveld plots of all investigated structural models
arc given in the Supporting Information.!”

The synthesized salts R1b and $1b differ only in the
configuration of the chiral C atom of the API. Nevertheless,
the crystal structures deviate significantly, and show different
counterion conformations and different molecular packing
(Figure 1).

Close inspection of the refined structures revealed that all
structures (“correct” as well as “wrong™ ones) were chemi-
cally reasonable and exhibited plausible hydrogen bond
patterns and intermolecular contacts, except in one of the
three wrong enantiomeric models of 2¢, in which two NH
groups were lacking a hydrogen bond. Hence, the refinement
of only one diastereomeric structure is not sufficient to
identify the correct enantiomer of the APIL

To determine the configuration of the API, different
refinement and analysis procedures were developed; further-
more, the pair distribution functions (PDFs) of the structural
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Figure 1. Comparison of the crystal structures of a) R1b and b) $1b (both with “correct” configurations). View along the hydrogen bond double

chains; three chains are shown each. C black, H white, N blue, O red, F yellow.

models were simulated and fitted to the experimental PDFs
derived from powder data (see the Supporting Information).
In four of the five salts, the R values of a standard Rietveld
refinement already showed which enantiomer gives the better
tit to the powder data (Table 1 and Figure 2). In the fifth salt
(R1a), the R values were almost identical. However, two
other criteria turned out to be even more decisive:
1) Which enantiomer is obtained when all geometrical
restraints around the chiral carbon atoms are removed?
2) Which enantiomer gives the better fit to the powder data?
To address this question, a disordered model was set up
containing superpositions of both enantiomers of the API,
and the occupancy of the corresponding atoms of the two
enantiomers was refined.

For all five compounds, these criteria unambiguously
yielded the correct enantiomers (Table 1). Hence, our method
has been shown to work reliably, even with powder data of
limited quality.

The method has three main limitations:

1) The method can only be applied to compounds that can
form salts, meaning that the compounds need to be either

Table 1: Comparison of the Rietveld refinements of the diastereomeric salts with the correct and

(18]

acidic or basic. In today’s pharmaceutical industry, most
new compounds fulfil these conditions. However, co-
crystallization with a chiral co-former may offer an
extension of this method.["!

(2) For some APIs, all obtained powders were amorphous or
poorly crystalline, so that the structure could not be
determined (e.g., §1a).

3) Sometimes, the structure solution from powder data fails,
especially if the crystallinity of the powder is insufficient
or if the structure has too many degrees of freedom (e.g.,
for 2¢). In such instances, crystal structure prediction may
offer an alternative way to solve the structure.!

This approach is certainly not the “holy grail” that solves
all problems within this area, but it is a way forward to tackle
some of the molecules for which the absolute configurations
could not be solved by X-ray diffraction in the past. If the
structure solution works well (which was the case in four of
the five investigated cases), the presented approach provides
an casy way to determine the absolute configuration of an
API from minimal available amounts of substance. Of course,
the procedure is not limited to pharmaceutical ingredients,
but can also applied to natural
products or chiral organometallic
compounds, for example.

incorrect configuration of the API. In all cases, the better values have been italicized.

Criterion 1

Criterian 2

Compound R, 98]
(coprrectfwrong API enantiomer obtained Occupancies of the correct/wrong A':know’ea'gements
enantiomer) by refinement enantiomers in the disorded model
We would like to thank Isolda M.
Rla 3.889/3.860 R1 (correct) 0.920(7)/0.080(7) Stais. René Meier. Haruko G. Golz
R1b 2.380/2.727 R1 (correct) 0.835(5)/0.165(5) Carn. 4 Kathrin Skorod
s1b 3.569/3.805 S1 (correct) 0.77(3)/0.23(3) arneo, and Aatirin Skorodumoy
2c" 2.513/3.847 R2 (correct) 0.976(3)/0.024(3) (all students of Goethe University,
3.492 0.824(7)/0.176(7) Frankfurt) for their contributions
3.843 0.901(3)/0.099(3) in preparing the salts and prelimi-
3c 5.132f6.417 (2R,55)-3 (correct) 0.842(6)/0.158(6) nary evaluation of the powder

[a] Enantiomer of the API obtained in a refinement without restraints around the chiral C atoms. [b] One

correct and three incorrect structural models.
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Figure 2. Rietveld plots of R1b obtained a) using the “correct” R enan-

tiomer of 1, and b) using the “wrong” S enantiomer of 1. Observed

intensities are denoted as black circles; calculated intensities are given

as red lines. Difference curve below. The vertical ticks represent the

reflection positions. It is clearly visible that the correct enantiomer of

the API gives the better fit to the data.

turt) for the measurement of the X-ray powder patterns.
der Chemischen Industrie for

C.Sch. thanks the Fonds
a generous scholarship.
Conflict of interest

The authors declare no conflict of interest.
Keywords: configuration determination -

pharmaceutical compounds - Rietveld refinement -
structure determination - X-ray powder diffraction

R,, = 2.380%
R,,=8.169%
2P=1416

[ VNN TR T ian T 01 I ]
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

R, =2721%
R,,=9.399%

101 T WO 0000000 A0 O O
5 10 16 20 25 30 35 40 45 50 55 60 65 70 75 80

How to cite: Angew. Chem. Int. Ed. 2018, 57, 9150-9153

Angew. Chem. 2018, 130, 9289-9293

(1]

[2

—_—

(3]
[4]

5

—_—

(6]
(7]
(8]

(91
[10]
[11]
[12]
[13]

[14]

[15]
[16]

(17]

(18]
[19]

20]

a) W. H. Brooks, W. C. Guida, K. G. Daniel. Curr. Top. Med.
Chem. 2011, 11, 760; b) S. S. Jayakrishnan, L. E. George, Int. J.
Res. Pharm. Biomed. Sci. 2012, 3, 3;¢) S. J. Mohan, E. C. Mohan,
M. R. Yamsani, fnt. . Pharm. Sci. Nanotechnol. 2009, 1, 309;
d) H. Murakami, Top. Curr. Chem. 2007, 269, 273.

D. Pastoor, I. Gobburu, Expert Opin. Drug Metab. Toxicol. 2014,
10, 121: For example, citalopram, which is used to treat
depression, was originally approved as the racemic mixture.
Later on, the § enantiomer was approved as “escitalopram” with
similar indications.

H. D. Flack, G. Bernardinelli, Chirality 2008, 20, 681.

a) R. W. W. Hooft, L. H. Straver, A. L. Spek. J. Appl. Crystal-
logr. 2008, 41, 96; b) S. Parsons, H. D. Flack, T. Wagner, Acta
Crystallogr. Sect. B 2013, 69, 249.

Very recently, a high-throughput screening method for the
crystallization of organic salts from 0.2 uL. of solution was
developed: see: P. P. Nievergelt, M. Babor., 1. éejka. B. Spingler,
Chem. Sci. 2018, 9, 3716.

S. Paulekuhn, J. Dressman, C. Saal, J. Med. Chem. 2007, 50, 6665.
A. Boultif, D. Louér, /. Appl. Crystallogr. 1991, 24, 987.

W.LF. David, K. Shankland, J. vande Streek, E. Pidcock,
W. D. S. Motherwell, J. C. Cole, J. Appl. Crystallogr. 2006, 39,
910.

D. W. M. Hofmann, Acta Crystallogr. Sect. B 2002, 58, 489.

G. S. Pawley, J. Appl. Crystallogr. 1981, 14, 357.

W. L. F. David, K. Shankland, Acta Crystallogr. Sect. A 2008, 64,
52.

Cambridge Structural Database, Cambridge Crystallographic
Data Centre, Cambridge, England, 2017.

P. Fernandes, K. Shankland, A.J. Florence, N. Shankland, A.
Johnston, J. Pharm. Sci. 2007, 96, 1192.

4x3 parameters for rotation. 4x3—1 for translation (the
v coordinate of the origin is floating in P2,), and 4 x 2 parameters
for intramolecular torsion.

a) H. M. Rietveld, Acta Crystallogr. 1967, 22, 151; b)H. M.
Rietveld, J Appl. Crystallogr. 1969, 2, 65.

TOPAS Academic V4.2; A. A.Coelho, Coelho Software, Bris-
bane. Australia, 2007.

CCDC 1812939, 1812887, 1812940, 1812941, 1812942, and
1832066 contain the supplementary crystallographic data of the
Rietveld refinements of R1a, R1b, S1b, 2¢, 3¢, and the single
crystal data of 2¢. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre.
SCHAKAL plot: E. Keller, SCHAKAL9Y9, Kristallographisches
Institut der Universitit Freiburg, 1999,

a) D. A. Bock, C. W. Lehmann, CrystEngComm 2012, 14, 1534;
b) G. Bolla, V. Chernyshev, A. Nangia, JUCrJ 2017, 4, 206.

a) M. U. Schmidt, R. E. Dinnebier. J. Appl. Crystallogr. 1999, 32,
178: b) A. D. Bond, W. Jones, Acta Crystallogr. Sect. B 2002, 58,
233.

Manuseript received: December 21, 2017
Accepted manuscript online: February 6, 2018
Version of record online: June 19, 2018

Angew. Chem. Int. Ed. 2018, 57, 9150 -9153

© 2018 Wiley-VCH Verlag CmbH & Co. KCaA, Weinheim

www.angewandte.org

o1



Eigene Veroffentlichungen (Volltext) [LT1] 40

[LT1] Bestimmung der absoluten Konfiguration pharma-
zeutischer Wirkstoffe durch Rontgenpulverdiffraktometrie

Bibliographische Daten:

Titel:

Journal:

Jahr / Ausgabe:
Seiten:

DOI:

URL:

Autoren:

eSI:

OpenAccess:

Bestimmung der absoluten Konfiguration pharmazeutischer
Wirkstotfe durch Rontgenpulverdiffraktometrie

Angewandte Chemie

2018 / Band 130, Ausgabe 29

9289-9293

10.1002/ange.201713168
https://onlinelibrary.wiley.com/doi/full/10.1002/ange.201713168

Carina Schlesinger, Lukas Tapmeyer, Silke Dorothea Gumbert,
Dragica Prill, Michael Bolte, Martin Ulrich Schmidt, Christoph
Saal

https://onlinelibrary.wiley.com/action/downloadSupplement?
doi=10.1002%2Fanie.201713168&file=anie201713168-sup-0001-
misc_information.pdf

Nein.

Abgedruckt mit freundlicher Genehmigung von
John Wiley & Sons, Inc.



Eigene Veroffentlichungen (Volltext) [LT1] 41

GDCh
~—~

Absolute Konfiguration

Zuschriften

Angewa

Deutsche Ausgabe: DOI: 10.1002/ange.201713168
Internationale Ausgabe: DOI: 10.1002/anie.201713168

Bestimmung der absoluten Konfiguration pharmazeutischer Wirkstoffe
durch Rontgenpulverdiffraktometrie
Carina Schlesinger, Lukas Tapmeyer, Silke D. Gumbert, Dragica Prill, Michael Bolte,

Martin U. Schmidt und Christoph Saal*

Abstract: Die absolute Konfiguration pharmazeutischer
Wirkstoffe lisst sich bestimmen, indem Salze der Wirkstoffe
mit Gegenionen bekannter Chiralitit hergestellt und ihre
Kristallstrukturen durch Réntgenpulverdiffrakiometrie be-
stimmt werden. Sehr kleine Substanzmengen (weniger als
1 mg) sind ausreichend. Die (oftmals schwierige) Ziichtung
von Einkristallen entfillt. Das Verfahren wird an fiinf Bei-
spielen gezeigt. Die Grenzen der Methode werden ebenfalls
diskutiert.

Heute sind die meisten neuen pharmazeutischen Wirk-
stoffmolekiile, die sich im Forschungsstadium befinden,
chiral.'! Vor 1980 wurden die meisten neuen Wirkstoffe als
Racemate zugelassen. Dies ist heute nicht mehr der Fall, da
sich dic Anforderungen in den Zulassungsverfahren deutlich
geandert haben. Die pharmakologische Aktivitat, das toxi-
kologische Profil und die Pharmakokinetik hingen stark
davon ab, welches Enantiomer des Wirkstotffes eingesetzt
wird.”l Daher muss die Stereochemie eines ncuen Wirkstoffes
bereits in einem sehr frithen Forschungsstadium bekannt sein.
Bei der Synthese einer neuen Verbindung oder bei einer
Enantiomerentrennung ist jedoch die Zuordnung der abso-
luten Konfiguration hdufig unklar. Dies betrifft nicht nur
pharmazeutische Verbindungen, sondern unter anderem auch
Naturstoffe und Organokatalysatoren.

Die absolute Stereochemie einer Verbindung wird nor-
malerweise durch Einkristall-Rontgenstrukturanalyse be-
stimmt.”*! Die Ziichtung des dafiir notwendigen, geniigend
groen Einkristalls mit guter Kristallqualitat ist oftmals
schwierig, insbesondere, weil die meisten heutzutage in der
Pharmaforschung untersuchten Molekiile eine hohe Mol-
masse und eine flexible Molekiilgeometrie aufweisen und
schlecht in Wasser und organischen Losungsmitteln 16slich
sind. Ein zweites Problem ist die begrenzte Substanzmenge,
die in einer frithen Forschungsphase zur Verfiigung steht
(typischerweise nur wenige Milligramm), was die Durchfiih-
rung von Kristallziichtungsexperimenten weiter erschwert.l!

[*] M. Sc. C. Schlesinger, M. Sc. L. Tapmeyer, Dr. S. D. Gumbert,
Dr. D. Prill, Dr. M. Bolte, Prof. Dr. M. U. Schmidt
Goethe-Universitat
Institut fir Anorganische und Analytische Chemie
Max-von-Laue-Strafie 7, 60438 Frankfurt am Main (Deutschland)
Dr. C. Saal
Merck KGaA, Site-Operations — Analytics Healthcare
Frankfurter Landstraffe 250, 64293 Darmstadt (Deutschland)
E-Mail: christoph.saal@merckgroup.com

(® Hintergrundinformationen und die Identifikationsnummer (ORCID)
eines Autors sind unter: https://doi.org/10.1002/ange.201 713168 zu
finden.
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Wir verfolgen daher einen anderen Ansatz und bestim-
men dic absolute Konfiguration pharmazeutischer Wirkstotfe
durch Réntgenpulverdiffraktometrie. Im Rontgenpulverdia-
gramm kann zwar nicht zwischen Enantiomeren unterschic-
den werden, jedoch problemlos zwischen Diastereomeren.
Da heute die meisten Pharma-Wirkstoffe saure oder basische
Gruppen enthalten® kénnen sie leicht mit Gegenionen zu
Salzen umgesetzt werden. Wenn die Gegenionen chiral sind,
bildet sich aus den beiden Enantiomeren des Wirkstoftes ein
Paar diastereomerer Salze. Die Kristallstrukturen dieser
Salze lassen sich durch Rontgenpulverditfraktometrie be-
stimmen. Hierdurch erhédlt man die relative Konfiguration der
Stereozentren, womit sich bei bekannter Stereochemie des
Gegenions die absolute Konfiguration des Wirkstoffmolekii-
les ergibt.

Dieses Verfahren wird im Folgenden an vier enantiome-
renreinen Wirkstoffen demonstriert. Die Wirkstoffe wurden
mit jeweils einem oder zwei Salzbildnern kombiniert. Die
absolute Konfiguration des Wirkstoffs wurde als unbekannt
angenommen, die des Salzbildners als bekannt. Als Wirk-
stoffe wurden gewihlt: (R)-Flurbiprofen (R1), (5)-Flurbipr-
ofen ($1), Aminoglutethimid (2) und Lamivudin (3; siehe
Schema 1). Flurbiprofen ist ein nichtstereoidaler Entziin-
dungshemmer, der urspriinglich als racemische Mischung
zugelassen wurde. Inzwischen wird das reine R-Enantiomer
unter dem Namen Tarenbufil ebenfalls als Antiphlogistikum
vermarktet. Aminoglutethimid ist ein Aromatase-Hemmer.
Lamivudin ist ein Nukleosid-Analogon und wird in der HIV-
Therapie eingesetzt.

Die beiden Enantiomere von Flurbiprofen (R1 und $1)
wurden mit den chiralen Basen Chinin (a) und (R)-2-Phe-
nylpropylamin (b) umgesetzt. Die anderen beiden Wirkstotfe
(2 und 3) sind Basen; sie wurden mit (R)-Camphersulfon-
sdure (¢) umgesetzt (Schema 1).

Zur Herstellung der Salze haben sich zwei Methoden
bewihrt:

(1) Im Milligramm-Malstab: Eine Losung des Wirkstoffes in
cinem Losungsmittel (z.B. Aceton) wird in einem Roll-
randgldschen mit einer Losung des Salzbildners in dem-
selben Losungsmittel vereinigt; anschlieBend ldsst man
das Losungsmittel langsam verdampfen.

(2) Im Mikrogramm-Mafstab: Mit einer auf beiden Seiten
offenen 0.7-mm-Kapillare werden ca. 2 pL. beider Lo-
sungen nacheinander aufgesaugt, wobei die Salzbildung
in der Kapillare erfolgt. Die Kapillare wird anschlieBend
auf einer Seite verschlossen. Nach dem Verdampfen des
Losungsmittels wird die Kapillare ohne weitere Be-
handlung auf das Pulverdiffraktometer aufgesetzt. Fiir
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Basische Wirkstoffe:

N 0\/\OH

NH, H N4<

2 3
{R)-Aminoglutethimid (2RHS)-Lamivudin

Iz

Basische Salzbildner:

{R}-2-Phenylpropylamin

{R)-Chinin

Saure Salzbildner:

o
Il
S—0
HC f (IJH
HaC °

[
{R)-Camphersulfonséure

Schema 1. Strukturen der untersuchten Wirkstoffe und der dazugehérigen Gegenionen. Die relevanten chiralen Atome sind mit einem Stern mar-

kiert.

dieses Verfahren geniigen ca. 100 pg des Wirkstotfs oder
sogar noch weniger.

Mit beiden Verfahren erhielten wir mikrokristalline
Pulver von tiinf Salzen: R1a, R1b, §1b, 2¢ und 3¢ (fiir ex-
perimentelle Details, siche die Hintergrundinformationen).
Das sechste Salz §1a, fiel stets als schlecht kristallines Pulver
an und widerstand jedem Versuch der Strukturbestimmung.

Die Rontgenpulverdiffraktogramme aller Proben wurden
in Transmission auf einem STOE STADI-P Diffraktometer
gemessen (Details siche die Hintergrundinformationen).

Dic Pulverdiagramme wurden mit DICVOL04™ inner-
halb des Programmpakets DASH®! indiziert. Aus den syste-
matischen Ausloschungen wurden die moglichen Raum-
gruppen bestimmt. Die Anzahl der Molekiile pro Elemen-
tarzelle wurde aus den Volumeninkrementen nach Hof-
mannl’! berechnet. Eine anschlieBende Pawley-Anpassung!'”
bestitigte in allen Fillen die Indizierung und die Raum-
gruppe.

Die Strukturen wurden in DASH durch Realraumme-
thoden!! mit ,,Simulated Anncaling®* gelést. Dabei wurden
die Gitterkonstanten, die Raumgruppe und die Molekiilgeo-
metrie vorgegeben. Die Position und die Orientierung der
Molekiile in der Elementarzelle sowie die intramolekularen
Freiheitsgrade (Rotationen um Einfachbindungen) wurden
variiert. Die Molekiilgeometrie des Wirkstoffes und des Ge-
genions wurde aus Kristallstrukturdaten dhnlicher Verbin-
dungen aus der Cambridge Structural Database (CSD)!
konstruiert. Die absolute Konfiguration des Gegenions wurde
vorgegeben, wihrend fiir den Wirkstoff beide moglichen
Enantiomere in zwei getrennten DASH-Liufen verwendet
wurden.

Erfahrungsgemal ist die Losung von Kristallstrukturen
aus Roéntgenpulverdaten mit Realraummethoden problema-

www.angewandte.de
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tisch, sobald die Gesamtzahl der zu bestimmenden Parameter
(tiir die Position und Orientierung der Molekiile und die in-
tramolckularen Freiheitsgrade) cine Grenze von ctwa 20
iibersteigt."*! Diese Grenze wurde bei den Verbindungen 2¢
und 3¢ iiberschritten: Beide Salze kristallisieren in P2, mit
Z=4 und Z'=2. Die asymmetrische Einheit enthilt zwei
Anionen und zwei Kationen. Beide haben jeweils zwei in-
tramolekulare Torsionsfreiheitsgrade, sodass insgesamt 31
Parameter zu bestimmen waren.'¥ Wahrend sich die Kris-
tallstruktur von 3¢ problemlos und reproduzierbar 16sen lief3,
widersetzte sich die Verbindung 2¢ jeglichen Strukturls-
sungsversuchen (siche die Hintergrundinformationen).
Gliicklicherweise fanden wir in einem der Kristallisations-
ansitze von 2¢ einen Einkristall, und konnten so die Struktur
durch Einkristallrontgenstrukturanalyse bestimmen. Die so
erhaltene Struktur wurde als Startmodell fiir die folgenden
Rietveld-Verfeinerungen verwendet. Fiir das falsche Enan-
tiomer wurden drei chemisch sinnvolle Kristallstrukturen
konstruiert. Alle folgenden Verteinerungen von 2¢ wurden in
gleicher Weise wie fiir die anderen Salze durchgefiihrt.

Die Kristallstrukturen der iibrigen drei Verbindungen
(R1a, R1b und S1b) wurden ohne Schwiecrigkeiten aus
Rontgenpulverdaten gelost.

Alle richtigen und falschen Strukturen wurden einer
Rietveld-Verfeinerung!” mit TOPAS!" unterzogen. Um eine
chemisch sinnvolle Molekiilgeometrie zu gewihrleisten,
wurden Restraints (Sollwertvorgaben) fiir Bindungslidngen,
Bindungswinkel und planare Gruppen verwendet.

Fiir die richtigen und die falschen Enantiomere erfolgten
die Verfeinerungen unter exakt den gleichen Bedingungen
(gleiche Verfeinerungsstrategie, gleiche Restraints usw.). Alle
Rietveld-Verfeinerungen konvergierten problemlos. Kristal-
lographische Daten und Rietveld-Diagramme aller richtigen
und falschen Strukturen sind in den Hintergrundinformatio-
nen zu finden.!'”

Angew. Chem. 2018, 130, 9289 —9293
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Abbildung 1. Vergleich der experimentell ermittelten Kristallstrukturen von a) R1b und b) §1b, beide mit der ,richtigen” Konfiguration. Die lonen
sind durch Wasserstoffbriicken zu Doppelketten verbunden. Blick entlang der Doppelketten. C schwarz, H weiB, N blau, O rot, F gelb.I"!

Formal unterscheiden sich die Salze R1b und $1b nur in
der Konfiguration des chiralen Kohlenstoffatoms des Flur-
biprofens. Nichtsdestotrotz haben sie verschiedene Kristall-
strukturen. Sowohl die Konformation des Gegenions, als auch
die Anordnung der Molekiile im Festkorper ist deutlich un-
terschiedlich, siche Abbildung 1.

Alle Kristallstrukturen — sowohl die mit den richtigen, als
auch diejenigen mit den falschen Enantiomeren der Wirk-
stoffe — erschienen chemisch sinnvoll. Auch die intermole-
kularen Abstinde und die Wasserstofibriickenmuster ent-
sprachen in allen Fillen den Erwartungen. Lediglich in einem
der drei falschen Modelle fiir 2¢ fehlten die Wasserstoffbrii-
cken an zwei NH-Gruppen. Wenn also nur eines der Diaste-
reomere verfeinert wird, ist aus den Ergebnissen nicht er-
sichtlich, ob es sich um das richtige oder das falsche Enan-
tiomer des Wirkstotfes handelt.

Zur Bestimmung der absoluten Konfiguration der Wirk-
stoffe wurden verschicdene Verfeinerungs- und Auswer-
tungsverfahren entwickelt; zusédtzlich wurden die Paarver-
teilungsfunktionen (PDFs) der Strukturmodelle simuliert und
an die aus den Pulverdaten berechneten PDFs angepasst
(siehe die Hintergrundinformationen). Bei vier der fiinf Salze

war bereits aus den R-Werten der routinemiBigen Rictveld-

Verfeinerungen ersichtlich, welches das richtige Diastereo-

mer war (Tabelle 1, Abbildung 2). Beim fiinften Salz (Rla)

waren die R-Werte praktisch gleich.
Zwei weitere Kriterien erwiesen sich als noch aussage-
kriftiger:

(1) Welches Enantiomer ergibt sich, wenn alle Restraints am
chiralen C-Atom entfernt werden?

(2) Welches Enantiomer fiihrt zu einer besseren Anpassung
an das Rontgenpulverdiagramm? Hierzu wurde cin
tehlgeordnetes Modell verwendet, das beide moglichen
Enantiomere enthilt, und die Besctzung der entspre-
chenden Atomgruppen wurde verfeinert.

Diese beiden Kriterien lieferten tiir alle fiint Salze ein-
deutig das richtige Enantiomer (Tabelle 1). Die absolute
Konfiguration eines Wirkstoffes ldsst sich also durch Ront-
genpulverdiffraktometric an diastereomeren Salzen zwei-
felstrei bestimmen, auch wenn die Rontgenpulverdaten nur

von maBiger Qualitit sind.
Das Verfahren stét in folgenden Fillen an seine Gren-

Zen:

Tabelle 1: Ergebnisse der Rietveld-Verfeinerungen der Diastereomerenpaare mit richtiger und falscher
Konfiguration des Wirkstoffes. Der bessere Wert ist jeweils kursiv hervorgehoben.

(1

Die Methode kann nur bei
Wirkstotfen eingesetzt
werden, die saure oder basi-
sche Gruppen enthalten. Dies
ist jedoch bei den heutigen

Verbindung Ryp %6 Kriterium 1 Kriterium 2 Wirkstoffmolekiilen meist der
(richtiges/falsches Enantiomer aus der Besetzungsfaktoren fiir das Fall. Anderenfalls kann man
Enantiomer) Rietveld-Verfeinerung!™ richtige/falsche Enantiomer .
o versuchen, durch gemeinsame
in einem Fehlordnungsmodell . .. Lo .
Kristallisation mit einer zwei-
Rla 3.889/3.860 Rl (richtig) 0.920(7) /0.080(7) ten chiralen Verbindung einen
R1b 2.380/2.727 R1 (richtig) 0.835(5) /0.165(5) diastercomeren Co-Kristall zu
S1b 3.569/3.805 S1 (richtig) 0.77(3)/0.23(3) erhalten 1
2l 2.513/3.847 R2 (richtig) 0.976(3) /0.024(3) et _
3.492 0_324(7)/0_1 76(7) (2) Bei manchen Wirkstoffen
3.843 0.901(3)/0.099(3) fiihren die Kristallisationsver-
3c 5.132/6. 17 (2R55)-3 (richtig) 0.842(6) /0.158(6) suche nur zu amorphen oder

[a] Enantiomer des Wirkstoffes, das bei einer Verfeinerung ohne Restraints am chiralen C-Atom des
Wirkstoffes erhalten wird. [b] Ein Strukturmodell fiir das richtige Enantiomer von 2¢, drei Strukturmo-

delle fiir das falsche Enantiomer.

Angew. Chem. 2018, 130, 92899293
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sehr  schlecht  kristallinen
Proben, sodass die Kristall-
strukturen nicht bestimmt
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Abbildung 2. Rietveld-Diagramme von R1b: a) mit dem richtigen
Enantiomer von 1; b) mit dem falschen Enantiomer (S statt R) von 1.
Gemessene Intensititen sind als schwarze Kreise dargestellt, berech-
nete Intensititen als rote Linie, darunter die Differenzkurve in blau.
Die senkrechten Striche geben die Reflexpositionen an. Das richtige
Enantiomer fithrt zu einer besseren Anpassung.

werden konnen (Beispicl: $1a).

(3) In einigen Fillen scheitert die Kristallstrukturbestim-
mung aus Réntgenpulverdaten, insbesondere dann, wenn
die Kristallinitit des Pulvers nicht ausreicht, oder wenn
die Molekiile zu vicle Freiheitsgrade enthalten (wie bei
2¢). In solchen Fillen kann man versuchen, die Kristall-
struktur durch eine Kristallstrukturvorhersage zu
losen. !

Das hier vorgestellte Verfahren ist sicherlich nicht die
eierlegende Wollmilchsau®, mit der alle Probleme in diesem
Bereich gelost werden kénnen. Wenn jedoch die Strukturlo-
sung aus Pulverdaten gelingt, was hier bei vier von fiinf Salzen
der Fall war, ist das vorgestellte Verfahren eine einfache und
schnelle Methode, um die absolute Konfiguration von Wirk-
stoffen mit schr kleinen Mengen in ecinem frithen For-
schungsstadium zu bestimmen. Dasselbe gilt fiir die Fille, in
denen selbst mit groBeren Substanzmengen kein geeigneter

www.angewandte.de

Zuschriften

Angewandte

Chemie

Einkristall des Wirkstoffs geziichtet werden kann. Das Ver-
tahren ist natlirlich nicht auf pharmazeutische Wirkstotfe
beschriinkt, sondern eignet sich ebenso fiir Naturstoffe, chi-
rale metallorganische Verbindungen und dhnliches.
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6-Amino-2-iminiumyl-4-oxo-1,2,3,4-tetrahydro-
pyrimidin-5-aminium sulfate monohydrate

Lukas Tapmeyer* and Dragica Prill

Institute of Inorganic and Analytical Chemistry, Goethe University Frankfurt am Main, Max-von-Laue-Str. 7, Frankfurt am
Main, Hessen, 60438, Germany. *Correspondence e-mail: tapmeyer@chemie.uni-frankfurt.de

The title compound, C4H9N502+-SO42_-H20, is the monohydrate of the
commercially available compound ‘C,H;N;O-H,50,-xH,O’. It is obtained by
reprecipitation of C,H;NsO-H,SO,-xH>O from dilute sodium hydroxide
solution with dilute sulfuric acid. The crystal structure of anhydrous 2.4.5-
triamino-1,6-dihydropyrimidin-6-one sulfate is known, although called by the
authors 5-amminium-6-amino-isocytosinium sulfate [Bicri er al. (1993). Private
communication (refcode HACDEU). CCDC, Cambridge, England]. In the
structure, the sulfate group is deprotonated, whereas one of the amino groups is
protonated (R,C—NH,") and one is rearranged to a protonated imine group
(R,C=NH,"). This arrangement is very similar to the known crystal structure of
the anhydrate. Several tautomeric forms of the investigated molecule are
possible, which leads to questionable proton attributions. The measured data
allowed the location of all hydrogen atoms from the residual electron density. In
the crystal, ions and water molecules are linked into a three-dimensional
network by N—H- - -0 and O—H- - -O hydrogen bonds.

3D view Chemical scheme

- o

Structure description

2,4.5-Triamino-1,6-dihydropyrimidin-6-one  (also  called 24.5-triamino-6-hydroxy-
pyrimidine sulfate) and/or its tautomer 2,4,5-triamino-6-hydroxypyrimidine are relevant
starting materials for either very basic (Traube, 1900) or more advanced organic synth-
eses, including natural materials such as butterfly-wing pigments (Purrmann, 1940) and
potential novel antiviral lead structures (Abbas et al, 2017). The structure of the
monohydrate form is herewith elucidated and confirms the protonation of the known
structure (CSD refcode: HACDEU; Bieri er al., 1993).

The title compound crystallizes in the triclinic space group P1. The asymmetric unit is
composed of one organic dication (|[C;HoN;OJ**), one sulfate anion and one water

IUCrData (2019). 4, x190689
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Table 1 .

Hydrogen-bond geometry (A, 7).

D—H---A D—H H---A DA D—H.--A
NS—H8A---04' 0.89 246 3113 (4) 131
N8—H8A.-.05' 0.89 1.99 2.827 (4) 157
N8—HS8B-.-.03" 0.89 1.94 2.788 (4) 159
N8—HS8C..-05" 0.89 2.13 2.942 (4) 152
NO—H9. ..04™ 0.82 (4) 1.93 (4) 2.739 (5) 168 (4)
N10—H10---02 0.88(4)  187(4)  2677(4)  152(3)
N10—HI0---04 0.88(4)  2.58(5)  3329(4) 143 (4)
NIl —HI1A---02 0.80 (5) 2,56 (7) 3.106 (6) 126 (5)
N11—-HI114...OW1" 0.80 (5) 2.29(5) 2.956 (4) 142 (5)
N11—-HI11B-..03" 0.89 (6) 2.00 (6) 2.845 (6) 158 (5)
NI3—H134..-OW1¥ 098 (6)  198(7)  2924(5)  161(5)
NI3—HI3B-.-04 091(5)  2.10(5) 2961 (4)  156(5)
OWl-HWI2---02 0.96 (6) 2.10 (6) 2.798 (4) 128 (5)
OWl—-HWIL...OW1" 0.96 (3) 2.59(5) 3.390 (5) 141 (3)

Symmetry codes: (i) —x,—=y+1,—z41 (i) =x+4+1, —-y+1,—z4+1; (i)
ny—lz+ L (v y—lz(v)—x+1,—y+1 —z;(vi)—x+2, -y +1, —z.

molecule (Fig. 1). The present tautomer is the 2.4,5-triamino-
1,6-dihydropyrimidin-6-one. The molecule is almost planar
[r.m.s. deviation = 0.026 A, maximum deviation 0.046 (4) A
for N13], except for the amino group H atoms.

The title compound shows a layered structure with the most
polar compartments oriented in the (100) plane (Fig. 2).
Within the layers, the dicationic molecules form hydrogen
bonds to the water molecules and to the sulfate dianions. The
layers are interlinked by hydrogen bonds between the sulfate
dianion and the organic dication (Table 1).

Powder data confirmed the phase identity of the single
crystals with experimentally obtained bulk material. Further-
more, a commercial sample of C,H;N5;0-H,S0,-xH,0 could
be quantitatively analyzed by Rietveld refinement with
TOPAS (Coelho, 2018; Rietveld, 2010), resulting in a
composition of 76.4 (3)% of the known anhydrate phase and
23.6 (3)% of the monohydrate described in this paper (Fig. 3).
Since the monohydrate is a yellow solid and the anhydrous
form rather colorless, the brown color of the commercial
sample could be attributed to minor (and probably amor-
phous) impurities.

-
L -
.. &
-
e 06
05 >y ci5
e “N10
03 21 o
. c14
* c12
o Py
™ & Y/ N8
N13
Figure 1

The asymmetric unit of the title compound with displacement ellipsoids
drawn at the 50% probability level. Hydrogen bonds are shown as dashed
lines.

Figure 2
Partial packing diagram of the title compound viewed along the a axis.

Synthesis and crystallization

5 g (~20 mmol) of brown 2,4,5-triamino-6-hydroxypyrimidine
sulfate (C4H;NsOH,-SO4xH>0) as purchased from TCI
(purity > 90.0%) were dissolved under stirring at 70°C in
100 ml of water with 2 g of sodium hydroxide (~50 mmol).
The resulting reddish orange solution (with a pH of about 9—
10) was filtered into a solution of 2.6 g of H,S0, (96%,
25 mmol) in 900 ml water. The instantancously formed red-to-
brown aggregates were left to settle down for two h and the
suspension was then filtered. The yellow filtrate was left at
room temperature overnight. The formed pale-yellow crystals
of the title compound were filtered off on a nutsch flask. The
obtained vield for one purification cycle was about 15%. For
efficiency, the filtrate can be boiled down and the brown solid
precipitate can be reused in the next batch.

z
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b

IS

g

E Anhydrate (sim) oo doad

= ‘ [
Anhydrate A Sada L A M

LJ\Jmuﬂ
| o
{Monohydrate | 4 U-‘,L__,;UL__JA,L_,

5 10 15 20 25 30

|commercial sample, , |

Figure 3

X-ray powder diagrams of (from top to bottom) the known anhydrous
title compound (simulated, dark red), the vacuum-dried title compound
(red), the commercial sample (black), the title compound (blue) and the
pattern simulated from the title compound’s single-crystal structure (dark
blue).
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Table 2
Experimental details.

Crystal data
Chemical formula
M,

Crystal system, space group
Temperature (K)
a, b, ¢ (A)

a B,y ()

V(AY)

Z

Radiation type

g (mm ')
Crystal size (mm})

Data collection
Diffractometer
Absorption correction

T,

No. of measured, independent and
observed [I > 2o(])] reflections
Rim.

T,

max

Refinement

R[F? > 20(F*)), wR(F?), §
No. of reflections

No. of parameters

No. of restraints

H-atom treatment

AP Apain (€ A7)

C,H,N;0*80,2 - H,O

25724

Triclinic, PT

206

7.0128 (7), 7.9882 (8), 9.0732 (9)
74121 (4), 86.734 (4), 79.290 (4)
480.36 (8)

2

Cu Ka

3.34

0.2 x 015 x 0.1

Siemens Bruker CCD

Multiscan (SADABS; Bruker,
2015)

0.526, 0.753

20827, 1720, 1599

0.051

0.080, 0.281, 1.40

1720

179

20

H atoms treated by a mixture of
independent and constrained
refinement

0.63, —1.04

Computer programs: APEX3 (Bruker, 2012), SAINT (Bruker, 2015), SHELXT

(Sheldrick, 2015a), SHELX12018 (Sheldrick, 2015b), Mercury (Macrae et al, 2008),
ORTEPI (Burnett & Johnson, 1996) and publCIF (Westrip, 2010).

Refinement

Crystal data, data collection, and structure refinement details

are summarized in Table 2.

X-ray powder diffraction data were recorded at room
temperature in transmission geometry on a Stoe Stadi-P
diffractometer equipped with a curved Ge(111) primary
monochromator and a linear position-sensitive detector, using
Cu K o radiation (% =1.5406 A). Samples were rotated in
0.7 mm glass capillaries during measurement.
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1,1,3,3-Tetraethyl-5-nitroisoindoline
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The title compound, C;;H,4N,O,, previously obtained as a yellow oil, exhibits a
rather low melting point close to room temperature 297-298 K). In the
molecule, the isoindoline ring system is approximately planar and coplanar to
the nitro group, forming a dihedral angle of 5.63 (15)°. In the crystal, only weak
N—H:--O and C—H-.-m interactions are observed, linking molecules into
chains parallel to the [101] direction.

3D view ' Chemical scheme
CHs CHs
ON
NH
CH; CHy

Structure description

1,1.3,3-Tetracthyl-5-nitroisoindoline is a precursor in the synthesis of 1,1,3,3-tetracthyl-
isoindolin-5-isothiocyanate-2-oxyl, which in turn is a versatile reduction-resistant spin
label for RNA (Saha er al., 2015). The atomic connectivity of the title compound has been
established by NMR spectroscopy and confirmed by several analytical methods (Haug-
land et al., 2016) but its crystal structure remained unknown, mainly due to its low melting
point of 297-298 K (Tonjes et al., 1964).

The title compound (Fig. 1) crystallizes in the monoclinic space group P2,/n with one
molecule in the asymmetric unit. The isoindoline ring system is approximately planar
[r.m.s deviation of the nine fitted atoms = 0.0542 A; maximum deviation 0.1005 (14) A for
atom N2] and forms a dihedral angle of 5.63 (15)° with the plane through the nitro group.
In the crystal structure, each N—H group links via a weak hydrogen bond (Table 1) to the
O—N group of an adjacent molecule. Centrosymmetrically related chains are further
connected by weak C—H- - .7 interactions (Table 1), forming chains parallel to [101].
Other interactions such as m— stacking are not observed, which could be explained by
the sterically demanding ethyl groups. This lack of strong intermolecular interactions may
account for the low melting point of the substance.

A search of the Cambridge Structural Database (CSD, version 5.40, update August
2019; Groom et al., 2016) for lengths of hydrogen bonds has been performed with a search

1UCrData (2019). 4, x191629
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Figure 1
The molecular structure of the title compound with displacement
ellipsoids drawn at the 50% probability level.

fragment of a twofold carbon-bound N —H donor to a carbon-
bound NO; acceptor (Fig. 2). The mean length of (C-),N—
H-.-O(-NOR) hydrogen bonds in deposited structures was
found to be 2.28 (19) A. This renders the H2. - -O81 length of
2.634 (16) A found in the title compound a rather long but
plausible peculiarity. Since the position of the H atom was
freely refined against X-ray data, the H. - -O distance as well as
the (still plausible) N —H distance is not fully trustworthy. The
mean donor—acceptor distance for hydrogen bonds was found
to be 2.96 (8) A with a maximum of 3.07 A. This confirms the
value of 3.4860 (18) A found for N2..-O81 to be rather long.

Synthesis and crystallization

The title compound was synthesized in-house, using a modi-
fied literature procedure (Haugland er al., 2016) as follows: to
a solution of 1,1,3,3-tetraethylisoindoline (2.192 g, 9.47 mmol)
in 21.9 ml sulfuric acid (95%), 21.9 ml of fuming nitric acid
(100%) was added dropwise. During the addition, the reaction
flask was cooled with ice/sodium chloride in order to hold the
reaction temperature between —5 and 0°C (internal
temperature control). The onset of the reaction was accom-
panicd by a strong rise of temperature. After complete addi-
tion of nitric acid, the yellow solution was stirred at 0°C for
60 min. The cold reaction mixture was poured carefully into a
cooled beaker containing 30 g of sodium hydroxide and 300 ml
of ice/water. The pH of the resulting pale-yellow suspension

Figure 2
Search fragment for relevant hydrogen bonds in the CSD.

Table 1

Hydrogen-bond geometry (A. “).

Cgl is the centroid of the C3A/C4/C5/C6/CT/CTA benzene ring.

D—H...A D—H

H--A

DA D—H...A

N2—H2.-.081" 0.865 (15)
CI1—H11B---Cg1"  0.99

2.634 (16)

34860 (18) 1684 (16)
37552 (18) 144

Symmetry codes: (i) x+1,y, 2+ L (i) =x+ 1, =y+1,—z+1.

Table 2
Experimental details.

Crystal data

Chemical formula

M,

Crystal system, space group
Temperature (K)

a, b. e (A)

B )

V(A

V4

Radiation type
p(mm ')
Crystal size (mm)

Data collection
Diffractometer
Absorption correction

Tins Tinax

No. of measured, independent and
observed [I > 20(1)] reflections

Rm[

(SN O/A) e (A1)

Refinement

R[F* > 20(F%)], wR(F*), §
No. of reflections

No. of parameters

CiH24N-05

276.37

Monoclinic, P2,/n

173

9.0277 (6), 19.9356 (13), 94811 (7)
116.169 (2)

1531.43 (18)

4

Cu Kee
0.63
1.20 x 0.60 x 0.60

Siemens Bruker three circle

Multi-scan (SADABS; Bruker,
2015)

0.568, 0.753

32894, 2769, 2699

0.053
0.608

0.051, 0.134, 1.09
2769
185

H-atom treatment H atoms treated by a mixture of
independent and constrained
refinement

AP DpPrain (8 A7) 0.38, —0.25

Computer programs: APEX3 and SAINT (Bruker, 2015), SHELXT (Sheldrick, 20154),
SHELXL2018/3 (Sheldrick, 2015b), Mercury (Macrae et al, 2006), ORTEP-3 for
Windows (Farrugia, 2012) and publ CIF (Westrip, 2010).

was adjusted to 10 by the addition of more sodium hydroxide
and the solution was stirred for 15 min. The aqueous solution
was extracted four times with 100-150 ml of dichloromethane.
The combined organic phases were washed with brine and
dried over Na,SO,. After removing the solvent, the yellow
residue was purified by means of column chromatography
(alumina, 4% H,0, 3 x28 cm) with hexanes/ethyl acetate (95:5
v/v). The product was obtained as a yellow oil. Yield: 2.583 g
(9.34 mmol, 98.7%). Crystals were obtained after storing the
product at 277 K for 48 h. Several good-looking, yellow crys-
tals could then be picked from the yellow oil. NMR analysis of
the measured crystal confirmed its chemical identity with the
yellow oil.

Refinement

Crystal data, data collection and structure refinement details
are summarized in Table 2.

2 of 3 Tapmevyer et al. « C, H,,N,O,
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Redetermination: 4-Amino-2,6-dimethylpyrimidine at 173 K with copper

radiation
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Abstract

The crystal structure of 4-amino-2,6-dimethylpyrimidine was determined from data obtained with copper radiation at 173
K. This redetermiantion is new in terms of radiation-type and temperature.The readily growing crystals of 4-amino-2,6-
dimethylpyrimidine were obtained by reacting sodium isopropoxide with acetonitrile at reflux and freezing out the
product at 277 K.

Introduction
Experimental
Synthesis and crystallization

Refinement

Crystal data, data collection and structure refinement details are summarized in Table 1.

Results and discussion

Structure description

The structure of 4-amino-2,6-dimethylpyrimidine is of fishbone-type and dominated by hydrogen bonds and n-stacking.
The title compound crystallizes in the monoclinic space group P 2,/n with unit cell dimensions of a = 7.466 (5) A, b =
7.783 (2) A, ¢ = 11.766 (2) A and a monoclinic angle of f = 99.10 (3)°. The structure is in accordance with the
previously determined structures (Yingzhang et al., 1986, Deng et al., 2004; Olejniczak & Katrusiak, 2008; Radtke et
al., 2018) of which the 2018 structure by Radtke ef al. (using MoKa radiation at 173 K) is of comparable quality.

Computing details

Data collection: APEX3 (Bruker, 2012); cell refinement: A PEX3 (Bruker, 2012); data reduction: APEX3 (Bruker, 2012);
prograny(s) used to solve structure: SHELXS (Sheldrick, 2008); program(s) used to refine structure: SHELXL2014/7
(Sheldrick, 2015); molecular graphics: ORTEP-3 for Windows (Farrugia, 1997); software used to prepare material for
publication: publCIF (Westrip, 2010).
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4-Amino-2,6-Dimethylpyrimidine

Crystal data

CHoN; F(000) = 264

M.=123.16 D,=1212Mgm™

Monoclinic, P2\/n Cu Ko radiation, A = 1.54178 A
a="7466(5) A Cell parameters from 83 reflections
b=7783 () A 0=9-69.3°

c=11.766 (2) A p=0.63 mm!

B=99.10 (3)° T=173K

V=675.1(5) A% Block, colorless

Z=4 1.0 x 0.8 x 0.6 mm

Data collection

Siemens-Bruker three circle Tmin = 0.510, Trax = 0.753
diffractometer with microfocus tube and APEX2 18850 measured reflections
decector 1236 independent reflections
Radiation source: microfocus tube, Incoatec 1232 reflections with I > 26(7)
microfocus tube R =0.030
® scans Ormax = 69.3°, Oppin = 9.5°
Absorption correction: multi-scan h=-9—9
SADABS2014/5 - Bruker AXS area detector scaling k=-9-9
and absorption correction {=-14—13
Refinement
Refinement on F~ Hydrogen site location: mixed
Least-squares matrix: full H atoms treated by a mixture of independent and
R[F?=>26(FH)]=0.042 constrained refinement
WwR(F%) =0.120 w=V/[c*(F2) + (0.0703P) + 0.1687P]
§=1.10 where P=(F,>+ 2F.2)3
1236 reflections (A/6)max < 0.001
94 parameters Apmax=0.19e¢ A7
0 restraints Apmin=-0.19¢ A7
Primary atom site location: structure-invariant direct Extinction correction: SHELXL2014/7 (Sheldrick,
methods 2015), Fe"=kFe[ 1+0.00 1xFc2A3/sin(20)] V4
Secondary atom site location: difference Fourier map Extinction coefficient: 0.081 (10)
Special details

Geometry. All esds (except the esd in the dihedral angle between two 1.s. planes) are estimated using the full covariance matrix. The
cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds
in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used
for estimating esds involving Ls. planes.

ADMPpubl.cif 2
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Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (43 for (ADMP)

X v z Ussoe* /Uy
N1 0.52141 (13) 0.64362 (13) 0.67993 (8) 0.0278 (3)
2 036124 (16) 0.56474 (14) 0.67476 (10) 0.0263 (3)
C21 0.32696 (19) 04688 (2) 0.78012 (11) 0.0404 (4)
H21A 0.201012 0477841 0.787338 0.061*
H21B 0.399679 0.517219 0.847034 0.061*
H21C 0.358310 0.350038 0.773248 0.061*
N3 0.22551 (13) 0.56243 (12) 0.58503 (8) 0.0268 (3)
C4 0.25197 (16) 0.65208 (15) 0.49046 (10) 0.0270 (3)
N4l 0.11339 (15) 0.65526 (16) 0.40224 (10) 0.0370 (4)
H41A 0.014 (3) 0.592 (2) 0.4088 (14) 0.044*
H41B 0.122 (2) 0.720 (2) 0.3402 (15) 0.044%
s 0.41823 (17) 0.73678 (15) 0.48714 (10) 0.0298 (3)
H51 0.438424 0.796493 0.421888 0.036*
C6 0.54946 (16) 0.72849 (15) 0.58313 (10) 0.0283 (4)
c61 0.73220 (18) 0.81250 (19) 0.58892 (12) 0.0392 (4)
H6I1A 0.753028 0.888014 0.654187 0.059*
H61B 0.735350 0.877268 0.519831 0.059*
H61C 0.824802 0.725825 0.596440 0.059*

Atomic displacement parameters (4%) for (ADMP)

Ul 1 U?? U33 UD U13 U23
N1 0.0286 (6) 0.0294 (6) 0.0239 (5) —0.0011 (4) ~0.0002 (4) —0.0031 (4)
2 0.0285 (6) 0.0260 (6) 0.0229 (6) 0.0010 (4) 0.0001 (4) —0.0012 (4)
c21 0.0375 (7) 0.0537 (9) 0.0275 (7) —0.0084 (6) -0.0025 (5) 0.0101 (6)
N3 0.0279 (6) 0.0281 (6) 0.0230 (5) 0.0001 (4) —0.0004 (4) 0.0003 (4)
c4 0.0311(7) 0.0268 (6) 0.0221 (6) 0.0035 (4) 0.0005 (4) —0.0007 (4)
N41 0.0331 (6) 0.0482 (7) 0.0266 (6) —0.0041 (5) —0.0048 (4) 0.0107 (5)
Cs 0.0355 (7) 0.0288 (6) 0.0252 (6) ~0.0006 (5) 0.0047 (5) 0.0025 (4)
c6 0.0316 (7) 0.0253 (6) 0.0281 (6) —0.0004 (5) 0.0050 (5) —0.0043 (4)
C61 0.0355 (7) 0.0414 (8) 0.0403 (8) —0.0088 (6) 0.0047 (5) —0.0015 (6)

Geometric parameters (4, ©) for (ADMP)

N1—C2 1.3369 (17) C4—C5 1.4114 (19)
NI—C6 1.3612 (16) N41—H41A 0.90 (2)
C2—N3 1.3430 (16) N41—H41B 0.897 (18)
C2—C21 1.5035(17) C5—C6 1.3746 (18)
C21—H21A 0.9600 C5—H51 0.9300
C21—H21B 0.9600 C6—C61 1.5047 (19)
C21—H21C 0.9600 C6l—H61A 0.9600
N3—C4 1.3541 (16) C61—He61B 0.9600
C4—N41 1.3450 (17) C6l—H61C 0.9600
C2—N1—C6 116.07 (10) C4—N41—H41B 119.7 (10)
NI—C2—N3 126.89 (11) H41A—N41—H41B 122.6 (15)
NI—C2—C21 117.27 (10) C6o—C5—C4 118.10(11)
N3—C2—C21 115.84 (11) C6—C5—HS51 121.0

ADMPpubl.cif 3
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C2—C21—H21A
C2—C21—H21B
H21A—C21—H21B
C2—C21—H21C
H21A—C21—H21C
H21B—C21—H21C
C2—N3—C4
N41—C4—N3
N41—C4—C5
N3—C4—C5
C4—N41—H41A

C6—N1—C2—N3
C6—N1—C2—C21
NI—C2—N3—C4
C21—C2—N3—C4
C2—N3—C4—N4l
C2—N3—C4—-C5

109.5
109.5
109.5
109.5
109.5
109.5
116.69 (11)
116.70 (12)
122.86 (12)
120.44 (11)
117.7 (11)

-0.85(17)
179.54 (11)
-1.36(17)
178.25 (10)
-177.51(10)
2.46 (16)

C4—C5—HS51
NI—C6—C5
N1—C6—Cé61
C5—Co6—Col
C6—Co61—H6IA
C6—C61—H61B
H61A—C61—H61B
C6—C61—H61C
H61A—C61—H61C
H61B—C61—H61C

N41—C4—C5—Céb
N3—C4—-C5—C6
C2—NI1—C6—C5
C2—N1—C6—C61
C4—C5—Co6—NI
C4—C5—Co6—Col

121.0
121.76 (11)
115.55 (11)
122.69 (12)
109.5
109.5
109.5
109.5
109.5
109.5

178.54 (11)
-143(17)
1.97 (16)
~178.34 (10)
-0.89(17)
179.45 (11)

ADMPpubl.cif
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As early as 1837, Liebig synthesised solid C;HsONa. Today, C;HsONa
is one of the standard bases in organic synthesis. Here, we report the
identification of different solid phases and the crystal structures and
phase transformations of C;HsONa and C;HsONa-2C;HsOH.

Sodium ethoxide (sodium ethanolate, C,H:;ONa, 1) is a very
common base in organic synthesis." In the laboratory, it is
generally synthesised i situ from sodium and excess ethanol
and used as a solution or a suspension. Solid C,H;ONa was
synthesised by Liebig as early as 1837, see Fig. 1.” Surprisingly,
the structure of solid sodium ethoxide has not been determined
hitherto.

When a solution of C,H;ONa in ethanol is evaporated to
dryness in vacuo at room temperature, a metastable, white
residue remains, which turns into a liquid after a few minutes
of storage under argon. Further evaporation results in a residue,
which again liquidifies under argon after a few minutes. Finally,
the evaporation leads to a white, hygroscopic solid which is
stable under argon. We investigated this solid by X-ray powder
diffraction. A mixture of two phases was found, which turned
out to be sodium ethoxide (C;H;ONa, 1) and sodium ethoxide
ethanol disolvate (C,H;ONa-2C,H;OH, 2). This mixture is
formed, when the excess ethanol is distilled off at ambient pressure,
or the ethanol is removed at room temperature i vacuo. Pure
C,H;ONa is obtained upon further evaporation in vacuo at 50 °C. We
determined the solid-state structures and phase transitions of both
phases, C,H;ONa and C,H;ONa-2C,H;OH.

We could not obtain single crystals of C,H;ONa. Therefore,
its crystal structure was determined by X-ray powder diffraction.
The powder pattern could be indexed with DICVOL? resulting in
a tetragonal unit cell, which contains two formula units of
C,H;0Na. The structure was solved with the real-space method

Goethe University, Institute of Inarganic and Analytical Chemistry, Max-von-Laue-Str. 7,
60438 Frankfurt am Main, Germany. F-mail: m.schmidt@chemie.uni-frankfurt.de

+ Electronic supplementary information (ESI) available: Syntheses, IR-spectra,
X-ray powder data, phase analysis, and crystal structures of 1 and 2. CCDC
1943793 and 1943794. For ESI and crystallographic data in CIF or other electronic
format see DOL 10.1039/c9¢cc08907a

3520 | Chem. Commun., 2020, 56, 3520-3523

Lukas Tapmeyer

Crystal structure of sodium ethoxide (C;HsONa),
unravelled after 180 yearsy

and Martin U. Schmidt®= *

with the program DASH* and Rietveld-refined® with TOPAS.®
The Rietveld plot is shown in Fig. 2. Crystallographic data are
given in Table 1.

C,H;ONa crystallises in the tetragonal space group Pi2,m.
The structure does not contain discrete complexes, but consists of
layers. The Na' ions form a square planar lattice. The oxygen atoms
are situated at the centres of all meshes, alternatingly shifted above
and below the Na' layer by 0.734(3) A (Fig. 3a). Correspondingly,
every Na' ion is coordinated to four oxygen atoms in a squeezed
tetrahedron. The oxygen atoms have five neighbours, which
arrange in a square pyramid: the four Na' ions on the comers
and the ethyl group on top of the pyramid, see Fig. 3b and c. The
ethyl groups are disordered on two orientations.

The Na and O atoms exhibit the same arrangement as the
0% and Pb*' ions in red PbO (litharge, see Fig. 3d). The ethyl
groups in C,H;ONa are in the same positions as the lone pairs
of the Pb*' ions in PbO.” Hence, the structure of C,H;ONa
could be described as an “anti-PbO type".

The methyl derivatives, sodium methoxide® and lithium
methoxide,” exhibit a layer structure similar to 1. In contrast,
sodium fert-butoxide does not crystallise in layers, but forms
hexamers and nonamers in the solid state.'

As mentioned by Liebig, the addition of an excess of sodium to
ethanol at 50 °C leads to a termination of the H, evolution with lefi-
over sodium. Upon cooling to room temperature, the mixture
solidifies. In contrast to Liebig's observation, we did not obtain
“orossblittrige Krystalle” (large plate-shaped crystals), but obtained
a gel. From this gel, we isolated needle-shaped colourless single
crystals of C,H;ONa-2C,H:OH after three months. A phase
composed of C,H;0Na-2C,H;OH was already observed in 1895 in
composition-dependent vapour-pressure measurements.

The crystal structure of C,HsONa-2C,H;OH (2) was deter-
mined by single-crystal X-ray diffraction.} In the structure of 2,
the Na' jons are tetrahedrally coordinated to two ethoxide ions and
two ethanol molecules. The ethoxide ions bridge two Na' ions
resulting in a helical chain. The chain is additionally stabilised by
hydrogen bonds, see Fig. 4a. The chains are arranged in a distorted
hexagonal pattern (Fig. 4b). Neighbouring chains are connected

This journal is @ The Royal Society of Chemistry 2020
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Licbig (1837)

Wenn man
lialium oder Natrium in absoluten Alkohol bringt, so
wird das Hydratwasser des Alkobols zerlegt, denn es
entwickelt sich reines Wasserstoffgas; durch eine schwache
Erwarmung, nicht iiber 50°, geht diese Zerlegung rasch
vor sich, die neue Verbindung l6st sich bei dieser Tem-
peratur auf, und wenn man soviel Kalium oder Natrium
eingetragen hat, dass der noch nicht zerlegte Alkohol
damit gesiitligt ist, so scheiden sich, wenn man noch mehr
von diesen Metallen hineinbringt, weisse durchsichtige,
bei dem Natrium grossblitirige Krystalle ab, zn demen
die ganze Flissigkeit erstarrt, wenn man sie bei diesem
Zeitpunkte erkalten lasst.
Verbindung von Aether (Aethyloxyd) mit wasserfreiem

Diese Krystalle sind ecine

Kalium- oder Nairiumoxyd ; sie lassen sich unter einer
Glocke mit concentrirter Schwefelsiure villig trocken
erhalten und nachher bis zu 80° erhitzen, ohne dass sie

etwas Fliichtiges abgeben oder ihre Beschaffenheit ver-

ChemComm
Translation

If one
adds potassium or sodium into absolute alcohol,
the hydrate water of the alcohol is decomposed, because
pure hydrogen gas evolves; by gentle
heating, not more than 50°C, this decomposition
occurs rapidly, the new compound is dissolved at this
temperature, and if one has added so much potassium or
sodium, that the non-decomposed alcohol s
saturated with them, and if one adds even more of
these metals, then white, transparent, in the case
of sodium large plate-shaped crystals precipitate,
into which the entire liquid solidifies, if it is allowed
to cool at this moment. These crystals are a
composition of ether (ethyl oxide) with anhydrous
potassium or sodium oxide; they can be obtained
entirely dry under a bell jar with concentrated sulfuric
acid, and heated afterwards to 80°C without causing
them to release any volatiles or to change their

indern.

nature.

Fig. 1 Original description of the synthesis of CsHsONa by Liebig (1837),% from page 32 of the paper "Uber die Atherthecrie” ("On the theory of ether”).
Liebig assumed that ethanol is the hydrate of ether —which is not completely far fetched: (CoHs)-0-H-O corresponds to 2C.H:OH. Consequently, Liebig
postulated that the reaction preduct of ethanol and sedium is an adduct of diethyl ether and scdium cxide — which actually matches the correct
stoichiometry: (CzHs)20-Na:zO corresponds to 2C:HsONa. Reproduced from ref. 2 with permission (Copyright 1837 Universitats-Buchhandlung von

C. F. Winter, Heidelberg, now Wiley VCh Verlag GmbH & Co. KGaA).
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Fig. 2 Rietveld refinement of C;H;ONa. Experimental powder pattern
{black dots), calculated pattern (red line through the dots), difference
curve (blue line below) and reflection positions {vertical green dashes).

by van der Waals interactions between the ethyl groups only
(Fig. 4b). This structure explains the observed needle-like mor-
phology of the crystals.

The crystal structures of 1 and 2 agree with the X-ray powder
data published in 1976 by Blanchard,™ and with the unit cell
parameters of C,H;ONa published by Chandran et al'® The
lithium methoxide analogue of 2, CH;OLi-2CH;0H, does not
form chains, but tetramers.’®

This joumnal is ® The Royal Society of Chemistry 2020

Table 1 Crystallographic data of C;HsCMNa and C;HsONa-2C;H;OH

C,H;ONa (1) C,H;ONa-2C,H;0H (2)

Crystal structure Powder data

determined from

Single crystals

CCDC 1943793 1943794
My/g mol ™! 68.05 160.18
Crystal system Tetragonal Monoclinic
Space group (no.) PA2;m (113) P2,/n (14)
alA 4.41084 (4) 11.622 (6)
BIA 4.41084 (4) 5.1926 (9)
/A 9.06779 (17) 17.682 (6)
af” 90 90

B 90 104.03 (3)
W 90 90

ViA? 176.418 (5) 1035.0 (7)
z, 7 2,1/4 4,1
Dete/Mg m™ 1.281 1.028
Crystal size (mm) Powder 0.8 x 0.08 x 0.02
T/K 298 (3) 238 (2)
Radiation type Cu-Ka, Cu-Ku
AA 1.5406 1.5418

200 range/® 2-80 4.14-59.9
Rol% 2.33 —

Rypl% 3.39 —

Ry /% — 16.88
WR/% — 27.10
GOF 1.58 0.979
Site symmetry of i..,2.mm,..m 1,1,1

Na, O and C atoms

In C,H;0Na, the ionic Na-O layers are surrounded by non-
polar ethyl groups on both sides. Neighbouring layers are
connected by van der Waals contacts only (Fig. 3c). Thus, a

Chemn. Commun., 2020, 56, 3520-3523 | 3521
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(a) (b)

Fig. 3 Crystal structure of C;HsONa. (a) Layer of Na cations and O atoms.
The Na* ions (yellow) are situated in the paper plane, the light red O atoms
above and the dark red O atoms below it. (b) Coordination of the ethoxide
group by four Na* ions. The ethyl moiety is disordered on two crientations
with 50% occupancy each. (c) Crystal structure of C:HsONa. (d) Crystal
structure of red PbO. Na yellow, O red, C black, H white, Pb light brown.
Empty circles in (b) and (c) denote the second orientation of the disordered
ethyl groups. Brown arcs in (d) indicate the position of the lone pairs of the
Pb®* ions. Drawings were made with SCHAKAL *

non-polar solvent, such as toluene, could penetrate between the
layers, and eventually exfoliate the layers, but cannot break the
ionic layers themselves. The large layers will remain intact,
which explains the observed low solubility of C,H;ONa in non-
polar solvents.

In polar solvents, especially with solvent molecules containing
oxygen atoms, the layers are easily destroyed by the solvent. The
crystal structure of C,H;ONa-2C,H;OH resembles the first step in
the dissclution of C,H;ONa by ethanol: the Na-O layers of
C,H;ONa are reduced to Na-O chains, which are surrounded by

3522 | Chem. Commun., 2020, 56, 35203523
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Fig. 4 Crystal structure of C,H;ONa-2C,HsCH (2). (a) Helical chain
(yellow) composed of Na* and ethoxide ions with terminal ethanol
molecules. View direction [3 0 2]. (b} Arrangement of the chains. View
along the chains, view direction [0 —1 0]. The central chain is shown with
anisotropic displacement parameters with a 50% probability level

ethanol molecules. Further solvation leads to a molecular complex
in solution.

Apart from the phases 1 and 2, we observed two additional
phases, 3 and 4. They occured together with 1 and 2 in varying
amounts in several experiments upon the evaporation of an
ethanolic solution of C,H;ONa, depending on the applied
conditions (for details, see ESIt). However, we could neither
isolate the phases 3 or 4, nor grow single crystals. Hitherto, all
our attempts to determine the crystal structures of 3 and 4 from
X-ray powder data of the phase mixtures were to no avail
Correspondingly, the chemical composition and the crystal
structures of 3 and 4 remain obscure.

At room temperature, the disolvate 2 is stable only in the
presence of ethanol vapours. The crystals decompose upon contact
with dry air or dry nitrogen. Under vacuum at 50 “C, 2 converts to
the solvent-free 1, too. In reverse, 1 reacts with moisture from the
air to a mixture which contains all four phases 1-4 in varying
amounts. This complex phase behavior, and the absence of single
crystals of C,H;ONa might be the reason why the crystal structure
of sodium ethoxide was not determined earlier.

In conclusion, this work reveals that the standard base
sodium ethoxide exhibits a layer structure of the “anti-PbO
type” in the solid state, which explains the limited solubility of
C,H;ONa in non-polar solvents. The disolvate C,H;ONa-2C,H;OH,
which apparently precipitates first on synthesis, forms a chain

This journal is @ The Royal Society of Chemistry 2020
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structure, which resembles the first step of the dissolution of
C,H;ONa with ethanol. Thus, the crystal structures of these simple
compounds were finally unravelled - a 180 years after their first
synthesis.

The authors thank Edith Alig for recording numerous X-ray
powder diagrams, and Lothar Fink (both Goethe University,
Frankfurt am Main) for the support in the single-crystal structure
determination of the disolvate.
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The crystal structures of sodium ethoxide (sodium ethanolate, NaOEt), sodium
n-propoxide (sodium n-propanolate, NaO"Pr), sodium n-butoxide (sodium
n-butanolate, NaO”"Bu) and sodium n-pentoxide (sodium n-amylate, NaO"Am)
were determined from powder X-ray diffraction data. NaOEt crystallizes in
space group P42,m, with Z = 2, and the other alkoxides crystallize in P4/nmm,
with Z = 2. To resolve space-group ambiguities, a Barnighausen tree was set up,
and Rietveld refinements were performed with different models. In all
structures, the Na and O atoms form a quadratic net, with the alkyl groups
pointing outwards on both sides (anti-PbO type). The alkyl groups are
disordered. The disorder becomes even more pronounced with increasing chain
length. Recrystallization from the corresponding alcohols yielded four sodium
alkoxide solvates: sodium ethoxide ethanol disolvate (NaOEt-2EtOH), sodium
n-propoxide n-propanol disolvate (NaO"Pr-2"PrOH), sodium isopropoxide
isopropanol pentasolvate (NaO'Pr-5PrOH) and sodium rerr-amylate rerr-amyl
alcohol monosolvate (NaO’Am-'AmOH, ‘Am = 2-methyl-2-butyl). Their crystal
structures were determined by single-crystal X-ray diffraction. All these solvates
form chain structures consisting of Na*, -O~ and ~OH groups, encased by alkyl
groups. The hydrogen-bond networks diverge widely among the solvate
structures.  The hydrogen-bond topology of the ‘PrOH nctwork in
NaOQPr-5PrOH shows branched hydrogen bonds and differs considerably from
the networks in pure crystalline ‘PrOH.

1. Introduction
1.1. General

Even today, there are simple chemical compounds for which
the crystal structures are not known. The reasons for this
deficiency in knowledge include synthetic difficulties, complex
phase behaviour, instability in a vacuum and under an inert
atmosphere, lack of single crystals, unusual or ambiguous
space groups, and disorder. All these difficulties can be found
in sodium alkoxides (sodium alcoholates) NaOR and their
solvates NaOR-xROH, with R being a lower alkyl group. In
principle, these compounds can be easily prepared by the
reaction of sodium with the corresponding alcohol. However,
in practice, the synthesis of the pure phases presents some
obstacles. For example, when sodium is reacted with ethanol
and the ethanol excess is removed in vacuo, a white powder
remains. This powder turns into a liquid within a few minutes
under argon. Further evaporation under vacuum results in a
powder, which again liquefies under argon. Finally, a white
residue is obtained, which consists of a mixture of two to four
different phases, including sodium ethoxide (NaOEt) and its
ethanol disolvate NaOEt-2EtOH (Beske er al., 2020). Phase-
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purc NaOEt is only obtained after a few hours of evaporation
under vacuum at 50 °C. The initially formed solvate NaOEt-
2EtOH decomposes under vacuum, and even under dry argon,
and is stable only in the presence of ethanol vapour. Similar
difficulties are observed for other sodium alkoxides (see
below). Additionally, all the compounds are very sensitive to
moisture.

In industry, as well as in the laboratory, sodium alkoxides
are widely used as bases and as reagents in organic synthesis.
This is not only true for NaOEt, but also for other alkoxides.
For example, sodium tert-amylate (sodium 2-methyl-2-butox-
ide, NaO’Am) is used industrially on a multi-ton scale in the
synthesis of diketopyrrolopyrrole pigments, which today are
the most commonly used pigments for red car coatings
(Hunger & Schmidt, 2018).

1.2. Historical notes on NaOEt

Sodium ethoxide was synthesized as early as 1837 by Liebig
(Licbig, 1837; Beske er al., 2020). Since ethanol was considered
the hydrate of ethyl ether (2EtOH = Et,0-H,0), sodium
ethoxide was regarded as an adduct of diethyl ether and
sodium oxide, which actually corresponds to the correct stoi-
chiometry: Et,O-Na,O = 2NaOEt. Correspondingly, the name
‘Aethernatron’ (Geuther, 1868a,b) was used besides the names
‘Natriumalkoholat’ (Geuther, 1859) and ‘Natriumithylat’
(Wanklyn, 1869).

Many years later, the crystal structure of sodium methoxide
(NaOMe) was determined from powder X-ray diffraction
(PXRD) data (Weiss, 1964). Surprisingly, the crystal structure
of NaOEt was not determined, although it is isostructural with
NaOMe. It would have been an easy task to index the powder
pattern of NaOEt manually, because NaOEt crystallizes in the
tetragonal crystal system, and the lattice parameters @ and b of
NaOEt are almost identical to those in NaOMe.

In 1976, the PXRD patterns of NaOEt and NaOEt-2EtOH
were published in an article devoted to the thermal stability of
alkali ethoxides (Blanchard er al., 1976). Again, no attempt
was made to index the powder data.

As much as 30 years later, the powder data of NaOEt and
sodium n-propoxide (NaO"Pr) were indexed, but the crystal
structures remained indeterminate (Chandran et al., 2006).
Finally, we determined the crystal structure of NaOEt from
powder data, and of NaOEt-2EtOH from single-crystal data a
few months ago. The crystal structures were recently briefly
described in a chemical journal (Beske et al., 2020), without
any discussion on the ambiguity of the space group or of the
crystal symmetry. Here, we report a full discussion of the
ambiguities of the space group of NaOEt, including a
Barnighausen tree of the possible space groups and their
subgroups.

1.3. Previous work on other alkoxides
The first determined crystal structure of a sodium alkoxide
was that of NaOMe (Weiss, 1964). NaOMe is isotypical to

LiOMe (Wheatley, 1961) and crystallizes in a layer structure in
the space group Pd/nmm, with Z = 2.

Potassium methoxide, KOMe, crystallizes in the same space
group type as NaOMe, but the structure is different: whereas
the Na™ ions in NaOELt are coordinated to four O atoms, the
K" ions in KOMe are coordinated to five O atoms in a square-
pyramidal geometry (Weiss, 1963; Weiss & Alsdorf, 1970). The
O atom is surrounded by five K" ions and the methyl group
has a distorted octahedral geometry. A similar structure was
found for partially hydrolysed NaOMe with the composition
Na(OMe),_.(OH),, with x &= 1/3 (Weiss, 1964).

Sodium tert-butoxide, NaO'Bu, exists in two polymorphic
forms. Both structures were determined by single-crystal
X-ray diffraction. One of the phases consists of hexamers and
crystallizes in the space group P2,2,2,, with Z = 20, with five
hexamers per asymmetric unit (@streng et al., 2014). The other
phase contains a 1:1 mixture of hexamers and nonamers in the
space group R3, with Z = 6, with 90 formula units per unit cell
(Greiser & Weiss, 1977; Davies et al., 1982; Nekola et al., 2002).
Accordingly, both phases have quite large unit cells.

1.4. Solvates

Sodium alkoxides can form solvates with their corre-
sponding alcohols. Already in 1837 Liebig had prepared an
ethanol solvate of NaOEt by the reaction of sodium with
ethanol at 50 “C and subsequent cooling of the solution to
room temperature, whereupon the mixture turned into a solid
(Licbig, 1837). However, Licbig apparently did not recognize
this precipitate as a solvate. In 1868, Scheitz determined the
composition of this solvate as NaOEt2EtOH (Geuther,
1868a). This result was confirmed by Marsh (Geuther, 1868b),
whereas Wanklyn (1869) determined the composition to be
NaOEt-3EtOH. In 1880, Frolich again found a composition of
NaOEt-2EtOH using a different method (Geuther & Frolich,
1880). Lescoeur (1895) measured the vapour pressure during
slow evaporation of a suspension of NaOEt in EtOH and
observed that the vapour pressure did not change between
compositions of NaOEt-1.7EtOH and nearly pure NaOEt, and
thus concluded that the solvate had the composition
NaOEt-2EtOH.

The crystal morphology of NaOEt-2EtOH was described as
‘vollig durchsichtige farblose nadelférmige Krystalle® (fully
transparent, colourless, needle-like crystals) (Geuther, 1868a).

Geuther & Frolich (1880) also described a solvate with a
composition of NaO"Pr-2"PrOH. A ‘AmOH solvate of NaO'Am
was mentioned by Friedrich et al. (1999), but no composition as
given.

The solvates are thermally remarkably stable. NaOEt-
2EtOH must be heated at ambient pressure to 200 “C and
NaO"Pr-2"PrOH even to 220 “C before the pure solvent-free
alkoxides are obtained (Geuther & Frélich, 1880). Solvent-
free NaOEt is also quite stable. According to differential
thermal analysis, the decomposition starts at 50 "C, but this
decomposition is very slow and occurs over a large tempera-
ture range. Finally, at 310 °C the decomposition ‘adopts an
explosive character’ (‘prendre un explosif’;
Blanchard et al., 1976).

charactére
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Crystals of the solvates of NaO"Pr, NaO'Pr and NaO'Am do
form easily when sodium is reacted with the corresponding
alcohols and the solution is subsequently carefully evaporated.
However, no structure of any sodium alkoxide solvate was
determined between 1837 and 2019 (Beske et al., 2020). The
reason might be the pronounced sensitivity of the crystals to
moisture, air, vacuum and dry inert gas.

1.5. Work in this article

In this article, we describe the synthesis, structure deter-
mination, crystal structure and disorder of NaOEt, NaO"Pr,
NaO"Bu and NaO"Am, and of the solvates NaOEt-2EtOH,
NaOQ"Pr-2"PrOH, NaO'Pr-5'PrOH and NaO'Am-/AmOH. The
structures of the solvent-free compounds were determined by
PXRD and the structures of the solvates by single-crystal
X-ray analyses. In the cases of NaOEt and NaQ"Pr, the space-
group symmetry was ambiguous, and the corresponding
symmetry relationships were elaborated using a Biarnighausen
tree.

2. Experimental details
2.1. Syntheses

All synthetic procedures were performed under an argon
atmosphere using Schlenk techniques. All alcohols, as well as
toluene, were dried over sodium and freshly distilled.

2.1.1. NaOEt. 0.34 ¢ (15 mmol) of sodium were added to
10 ml (170 mmol) of ethanol. The mixture was allowed to react
for 30 min at room temperature. The obtained solution was
heated to 50 °C and the excess ethanol was removed under
vacuum. The resulting solid product was evaporated at 50 °C
under vacuum for 3 h, gently crushed with a glass rod and
again evaporated for one additional hour under the same
conditions. A phase-pure white powder of NaOEt was
obtained.

2.1.2. NaO"Pr, NaO"Bu and NaO"Am. NaO"Pr, NaO"Bu
and NaO"Am were synthesized in a similar manner to NaOEt.
Details are given in the supporting information.

2.1.3. NaOEt-2EtOH. 0.34 ¢ of sodium (15 mmol) were
added to 5.0ml (85 mmol) of ethanol. After reacting for
30 min, a gel was obtained. This gel was stored for three
months at room temperature, resulting in a pale-brown solu-
tion and colourless needles of NaOEt-2EtOH with a size of up
to 1 mm.

2.1.4. NaO"Pr-2°PrOH, NaO'Pr5PrOH and NaO'Am.
‘AmOH. Syntheses and crystal growth of these compounds
resembled the procedure used for NaOEt-2EtOH. Details are
given in the supporting information.

2.2. Pre-characterization

The stoichiometry of the solvent-free alkoxides was con-
firmed by decomposition experiments with HCI, which verified
their stoichiometry. Details are reported in the supporting
information. For the solvates, this analysis could not be
performed, because the solvates decomposed rapidly when
removed from their alcoholic mother liquor.

2.3. Powder X-ray diffraction (PXRD)

For the PXRD studies, the samples were sealed in glass
capillaries with a 1.0 mm diameter. The PXRD patterns were
measured in transmission mode on a Stoe Stadi-P diffrac-
tometer equipped with a Ge(111) monochromator and a linear
position-sensitive detector. The capillaries were spun during
the measurements. All measurements were performed at room
temperature, using Cu Ko, radiation (1 = 1.5406 A), with a 26
range of 2-100” (2-80° for NaOEt).

2.4, Structure determination from powder data

The crystal structures of the solvent-free alkoxides NaOEt,
NaQ"Pr, NaO"Bu and NaO"Am were determined from
PXRD data. The powder data were indexed with the program
DICVOL (Boultif & Louér, 1991) within the program package
DASH (David et al., 2006). The structures were solved by the
real-space method with simulated annealing using DASH.
Subsequently, Rietveld refinements were performed using
TOPAS (Coelho, 2018).

For all four compounds indexing led to a tetragonal unit cell
with Z = 2. The systematic extinction indicated P4/n, P4/nmm
and P42,m as possible space groups. The structures were
successfully solved in P4/nmm and P42,m, using two frag-
ments, an Na atom and a rigid alkoxide moiety. The Na atom
was placed on the special position, which allowed a distorted
tetrahedral coordination |Wyckoff position 2a (3, L 0) in
Pd/nmm origin choice 2; 2a (0, 0, 0) in P42,m], as explained in
§3.1. The alkoxide fragment was placed on a general position,
with an occupancy of 0.125 (in P4/nmm) or 0.25 (in P42,m). In
the resulting structures, the C atoms moved close to a site with
.m symmetry, and were subsequently placed on this site,
resulting in an occupancy of 0.25 (in P4/nmm) or 0.5 (in
P42,m). In the Rietveld refinements of NaOEt, restraints were
only necessary for the H atoms. For NaO"Pr, NaO"Bu and
NaO"Am, additional restraints were applied to the O—C and
C—C bond lengths, and to the O—C—C and C—C—C bond
angles. All H atoms were refined using restraints on the bond
lengths and angles with quite high weights. Further details of
the Rietveld refinements are given in the supporting infor-
mation.

Note that there are two different origin choices for P4/nmm.
Origin choice 2 (origin on T) was used for the structure solu-
tion, due to the requirements of DASH. In contrast, the origin
choice 1 (origin on 4, as in P42,m) was used for the
Bérnighausen tree.

2.5. Single-crystal X-ray diffraction

A single crystal of NaOEt-2EtOH was placed in a scaled
glass capillary and data were collected at —38 (2) °C. Single
crystals of NaO"Pr2"PrOH and NaOPr-5PrOH were
mounted by freezing them in a drop of oil and their data
collected under a cold nitrogen stream at —100 (2) °C using an
Oxford Cryosystems cryostream device. Crystals of NaO'Am-
‘AmOH were sealed in a glass capillary under paraffin oil
(dried with Na) and their data collected at room temperature.
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Single-crystal data were collected on a Bruker SMART
APEX three-circle diffractometer equipped with an Incoatec
1S Cu microfocus source with mirror optics and an APEX 11
CCD detector. The software package APEX3 (Bruker, 2015)
was used for data collection and data reduction. The structures
were solved by direct methods with SHELXT (Sheldrick,
2015a) and refined with SHELXL (Sheldrick, 2015b). All non-
H atoms, except for disordered C atoms, were refined aniso-
tropically. Disordered C atoms were refined isotropically. H
atoms bonded to C atoms were treated with the riding model.
In the case of NaOEt-2EtOH and NaO"Pr-2"PrOH, all OH
protons could be located by Fourier synthesis. In NaO'Pr-
5'PrOH, it was not possible to detect which of the four ligands
coordinating to the Na' ion is the ‘PrO ™~ anion, and which are
the three ‘PrOH molecules. (The H atom could not be located,
all Na—O bonds were of a similar length, all C—O bonds were
of similar length, and in addition no decision could be made
based on the size of the angles; furthermore, there is a twofold
axis through the Na' ion, hence there are always pairs of
symmetrically equivalent ligands.) All O atoms of
NaOPr-5PrOH are part of a complex hydrogen-bond
network, and obviously the H atoms are disordered within this
network. Therefore, for each Na® cation, H atoms with occu-
pancies of 0.75 were placed at all four O atoms connected to
the Na* cation. For NaO'Am-"AmOH, the electron density
indicates that the H atoms of the OH groups are located along
hydrogen bonds. However, the limited data quality did not
allow an unrestrained refinement of the positions of these H
atoms. According to the charge compensation, the H atoms
should be disordered, too.

The single crystals of NaO'Pr-5'PrOH are highly sensitive;
they decompose within seconds except when they are kept in
their mother liquor under an inert atmosphere. Therefore,
only rather poor diffraction data could be obtained. Corre-
spondingly, a large number of restraints had to be used in the
refinement. The disordered C atoms were refined isotropically,
with restraints on the C—C and C—O bond lengths. The
ordered C atoms were refined anisotropically, but their
anisotropic displacement parameters were restrained to be
similar to those of neighbouring atoms.

3. Results and discussion
3.1. Space group and disorder of sodium ethoxide (NaOEt)

Sodium ethoxide is difficult to obtain as a pure phase. The
reaction of sodium with ethanol, with subsequent evaporation
at room temperature under vacuum or evaporation at the
boiling point at ambient pressure, results in a mixture of two to
four phases, including NaOEt and NaOEt-2EtOH. Evapora-
tion under vacuum at 50 “C for several hours leads to phase-
pure NaOEt. Nevertheless, most of our recorded powder
patterns were contaminated by traces of other phases.

The powder pattern of NaOEt could be indexed with a
tetragonal unit cell, with a =b =62, c= 9.1 A and V =352 A*.
According to Hofmann’s volume increments (Hofmann,
2002), the unit-cell volume corresponds to Z = 4. The

systematic extinctions pointed to the space group P4/nbm.
Further experiments revealed that some of the weak peaks in
the powder pattern were actually caused by foreign phases.
The pattern of the phase-pure NaOEt could be indexed with a
unit cell of half of the initial volume, with @ = b = 441, ¢ =
907 A,a=B=y=90",V=1764 A% and Z = 2.

The systematic extinctions lead to the extinction symbol
Pn——, which corresponds to the space group P4/n or P4/nmm
(Hahn, 2005). In P4/nmm, the structure could be solved
without difficulty by the real-space method with simulated
annealing using the program DASH (David et al., 2006). The
unit cell contains two formula units. In P4/nmm there are
three different Wyckoff positions with a multiplicity of two:
positions 2a and 2b with site symmetry 4m2, and 2¢ with site
symmetry 4mm. A tetrahedral coordination of the Na* ion
agrees with a 4m2 site symmetry. Correspondingly, the Na* ion
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Figure 1

Rietveld plots of NaOEt performed in different space groups under
identical conditions, i.e. (a) P4/nmm and (b) P42,m. Experimental data
are shown as black dots and simulated data as a red line, with the
difference curve in green below. The vertical tick marks denote the
reflection positions. The small arrow in (b) denotes the 210 reflection,
which is extinct in P4/nmm, but present in P42;m.
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Table 1
Rictveld refinement of NaOFEt in P4/mmm and P32,m under identical
conditions, with restrained H-atom positions and a 26 range of 2-60°.

The values marked by a * are background-subtracted values. N(param) is the
number of structural parameters, including the occupancy parameter.

P42,m with both

PAlnmm P42,m orientations of Et
Ry (%) 4320 4.146 4.149
Ry (%) 16.98 16.30 16.30
R, (%) 3.205 3122 3.126
Ry (%) 18.21 17.74 17.75
Goodness-of-fit 2016 1.935 1.936
N(param) 13 13 13 + 1 (occupancy)
Occupancy of 0.25 (fixed) 0.5 (fixed) 0.476 (6):0.024 (6)

the ethyl group

was set at position 2a. A rigid C;HsO fragment was placed on
the general position (16k) with an occupancy of 0.125. The
best solution was found in about 10 out of 25 runs and had a
good profile- 2 value of 7.26. The O atom was found very close
to the 4mm site (Wyckoff position 2¢), hence it could be set at
this site. The ethyl group is disordered around the 4mm site.
The two C atoms could be situated on the general position
(16k), resulting in eightfold disorder, or on mirror planes
parallel to (100) and (010) (Wyckoff position 8i, site symmetry
am.), or on diagonal mirror planes (Wyckoff position 8}, site
symmetry ..m), cach with fourfold disorder.

The structure was refined by the Rietveld" method (Loop-
stra & Rietveld, 1969) with TOPAS, with the C atoms on the
general position (16k). During the refinement, the C atoms
moved close to the diagonal mirror planes. Correspondingly,
they were set to the sites 8/ (..m). The refinements converged
with good R values (Table 1) and smooth difference curves
(Fig. 1a). The ethyl groups are fourfold disordered around the
fourfold axes, see Fig. 2(a). A corresponding structure was also
found for lithium methoxide (LiOMe) (Wheatley, 1961) and
sodium methoxide (NaOMe) (Weiss, 1964).

A symmetry analysis revealed that in the subgroup P42,m
the ethyl groups would have a twofold disorder only. P42,m is
a translationengleiche subgroup of P4/nmm (Wondratschek &
Miiller, 2004; Aroyo, 2016) [sce Fig. 2(b)]. These two space
groups are difficult to distinguish from each other using the
systematic extinctions in PXRD. P4/nmm requires the reflec-
tion condition hk0: h+k = 2n, whereas P42,m requires only
h00: i = 2n and 0k0: k = 2n (Hahn, 2005). However, in the 26
range up to 60°, the powder pattern contains only one
reflection, which is systematically absent in P4/nmm but can
be present in P42,m. This is the 210 reflection, which has an
intensity of close to zero (sce Fig. 1b). Hence, an examination
of the systematic extinctions left the space group ambiguous.

As a test for the space group, Rietveld refinements were
performed in P4/nmm and P42m under identical conditions
(identical treatment of background, profile parameters,
anisotropic peak broadening, efc.). It is an interesting pecu-
liarity that the number of structural parameters is identical in

! For a discussion on the name ‘Rietveld method” versus the name ‘Loopstra
method’, see van Laar & Schenk (2018).

both space groups, which is a very rare case for an organic
crystal structure in a group-subgroup relationship. Hence, the
resulting confidence values of both space groups can be
compared directly. The difference in the R values is slightly in
favour of P42,m (see Table 1). The Rietveld plots are very
similar, just the 111 reflection at 26 = 30.28 is significantly
better fitted in P42,m (see Fig. 1).

In both space groups, the structure is very similar, except for
the disorder of the ethyl groups. In P4/nnun the ethyl group is
disordered around a fourfold axis, which changes to a twofold
axis in P42;m [see Figs. 2(a) and 2(b)].

As a further test for the space group, a Rietveld refinement
was performed in the space group P42,m with two sets of ethyl
groups, one in the position x, x + %, z (Wyckoff position &)
according to the P42,m structure, and the other on the posi-

Figure 2

Structural models of NaOEt in (a) P4/nmm (origin choice 1) and (b)
P42,m. Colour key: Na violet, O red and C grey (disordered). H atoms
have been omitted for clarity. The view direction is [001]. The
crystallographic symmetry elements are included.
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tion —x, x + %, z, which is occupied in P4/nmm, but not in
P42,m (see Fig. 2). The occupancies of both sets were set at p
and § — p. For P42,m. p would be Land for P4/amm, p is %. The
parameter p refined to 0.476 (6). This value and the similarity

of the R values between this refinement and the refinement in
P42,m clearly indicate that, within the limitations of the
powder data, the correct space group is P42,m instead of
P4inmm.

(P4In 2,/m2im z=2

(Origin choice 1)

Na o] c
2a 2c 8f
Occ 0.25
am2 | 4mm ..m

C,Hs 4-fold disordered

Atomic coordinates
for structures with Z= 2

Atom  x? y® z
Na 0 0 0
o] 0 05 -0.081
C1  0.049 0549 -0.226
c2 -0.142 0358 -0.328

a) For P12 1, -0.25 must be added.
b) For P2; 11, -0.25 must be added.

Na|Na| O Cc

1a|1c|2g| 4h
Occ 0.5

44 |2 1

@5 2-fold disordered 0
a

i2|2=a-b Origin shift Origin shift
yo=atb 21 6,025,0) 2 (0.25, 0, 0)
/ Pa 0 \ ) 4 W
/~ P2,11.2= /7 OP12,1z-2
Na|Na (Non-standard setting of P2,)
1al1e
I|F
Na O|C Na/ O | C
2a|2a 2a 2a|2a|2a
1. 13 14 0

QEHS ordered Qﬁ ordered

@s ordered

Figure 3

The Birnighausen tree of NaOEt. Colour key: Na violet, O red and C grey. H atoms have been omitted for clarity. The view direction is [001]. 12 denotes
a translationengleiche subgroup of index two and i2 an isomorphous subgroup of index two. The small tables give the atom types, Wyckoff positions and
site symmetries. Occ denotes the occupancy, if different from one. The experimental crystal symmetry is P42,m, with Z = 2.
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Table 2

Experimental details for NaOMe, NaOEt, NaO"Pr, NaO”Bu and NaO"Am.

Crystal data
Chemical formula
CCDC number
M,

Crystal system
Space group (No.)
Z 7

Temperature (K)
a(A)

¢ (A)

V(A

Pee (10 kgm ™)
Radiation type
‘Wavelength (;\)
p(mm ")

Data collection
Diffractometer

Specimen mounting

Data collection mode
Detector
20min (°)
200z (%)
204 (7)

Refinement

R

p
wp

Ruf

R, )

Ryy™

Ry
Goodness-of-fit
No. of data points
No. of parameters
No. of restraints

H-atom treatment

NaOMe (Weiss, 1964)

CH;0ONa
54.02
Tetragonal
Pdlnmm (129)
2.1

B
298
4343 (5)
7432 (10)
140.2 (2)
1.28
Cu Ko
1.5418

Goniometer with
counting tube

Powder in N, stream
between polymer films

Transmission

Counting tube

11

103

64 observed intensities
4
0

fi included in C atom

NaOEt

C,H;ONa
1943793
68.05
Tetragonal
P42im (113)
2.4

298

441084 (4)
9.06779 (17)
176.418 (5)
1.28

Cu Ko,
1.5406

1.845

Stoe Stadi-P
1.0 mm glass capillary

Transmission

Linear position-sensitive
2.0

80.0

0.01

0.0233
0.0339
0.0214
0.133
0.134
0.085
142
7800
40

8
Refined with restraints

NaO"Pr NaO"Bu NaO"Am
C;H;0Na C,HyONa CsH,;ONa
1998221 1998220 1998219
82.08 96.10 109.12
Tetragonal Tetragonal Tetragonal
Pdinmm (129) Pdinmm (129) Pd/nmm (129)
2.4 2.1 2.5

298 298 298

4. 38439 (5) 443232 (9) 4.4084 (2)
12.1431 (3) 14.0143 (9) 16.9376 (12)
233.426 (8) 275318 (19) 329.16 (4)
1.17 1.16 1.11

Cu Ko, Cu Ko, Cu Ko,
1.5406 1.5406 1.5406

1.473 1.314 1.154

Stoe Stadi-P
1.0 mm glass capillary

Transmission

Linear position-sensitive
2.0

100

0.01

Stoe Stadi-P
1.0 mm glass capillary

Transmission

Linear position-sensitive
2.0

100

0.01

Stoc Stadi-P
1.0 mm glass capillary

Transmission

Linear position-sensitive
2.0

100

0.01

0.0373 0.0347 0.0376
0.0479 0.0471 0.0535
0.0295 0.0240 0.0273
0.161 0.175 0.120
0.159 0.187 0.158
0.0981 0.0951 0.0806
1.62 1.96 1.96
9800 9800 9800
56 61 72

11 21 26

Refined with restraints

Note: (a) R, R,,," and R, values are background-corrected data according to Coelho (2018).

A complete ordering of the ethyl groups would require
further reduction of symmetry, e.g. to P4 or P2,. The corre-
sponding Bérnighausen tree (Bérnighausen, 1980; Chapuis,
1992; Miiller, 2004, 2006, 2012) is shown in Fig. 3. Such a
symmetry reduction would result in a deviation from tetra-
gonal symmetry and/or in a larger unit cell (supercell). Both
effects should be clearly visible in the powder pattern.

However, the powder pattern of NaOEt gave no indication of

cither effect. Hence, the space group is likely to be P42,m.
A transition into a translationengleiche subgoup of index 2 is
frequently associated with twinning. Correspondingly, the
NaOEt crystals may be twinned, ie. in one domain the
orientation of the ethyl groups is that shown in Fig. 2b and in
the other domain the groups are rotated by 90°. However,
such a twinning cannot be observed by powder diffraction;
hence, it remains unclear if the crystals are actually twinned.
The final Rietveld refinements were carried out in P42,m.
No restraints were applied to the Na, C and O atoms.

Restraints were only necessary for the H-atom positions. The
final Rietveld plot is shown in Fig. 4. Crystallographic data are
included in Table 2.

Refined with restraints

Refined with restraints

The crystal structure of NaOEt (Fig. 5b) is similar to the
structures of NaOMe and LiOMe (LiOMe type; Fig. 5a). The

Na" ions form a quadratic net in the (001) plane. The O atoms
arc situated in the centre of cach mesh 0.734 (3) A above or
below the plane. The ethyl groups point away from the nets on
both sides; hence, they form covering nonpolar layers on both
sides of the ionic Na—O nets. Subsequent layers are stacked in
the [001] direction. This structure can be regarded as an anti-
PbO structure. In red PbO (litharge; Boher et al., 1985), the
Pb®" and O®~ ions form the same net as the O and Na atoms in
NaOEt, and the lone pairs of the Pb** ion in PbO resemble the
positions of the ethyl groups in NaOEt (sce Figs. 5b and 5c¢).

LiOMe and NaOMe crystallize in the space group P4/nmm
(Z = 2), with the methyl group on the fourfold axis, which
causes no problems, because the shape of the methyl group is
close to spherical. In contrast, in NaOE?t, the crystal symmetry
is reduced to P42,m. Astonishingly, NaO"Pr and the higher
sodium alkoxides again adopt the higher symmetry P4/nmm
(Z = 2), with a fourfold disorder of the alkyl groups (see
below). This raises the question, why does NaOFEt not adopt
P4/nmm symmetry? An ‘intuitive’ explanation for the lower
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Figure 4

Final Rietveld plot of NaOEt. Experimental data are shown as black dots
and simulated data as a red line, with the difference curve in green below.
The vertical tick marks denote the reflection positions.

symmetry of NaOEt would be that an ethyl group has a ‘less
cylindrical’ shape than a methyl or propyl group and, hence,
avoids being situated on a fourfold axis. The reduced disorder
of the ethyl groups of NaOE! in P42,m leads to a more effi-
cient packing and a higher density. Actually, the density of
NaOEt is 4% higher than the average density of NaOMe and
NaO"Pr, both of which crystallize in P4/nmm.

3.2. Crystal structures, space group and disorder of NaO"Pr,
NaO"Bu and NaO"Am

n-propoxide  (NaO"Pr),
(NaO"Bu) and sodium n-amylate (sodium r-pentoxide,
NaO"Am) were synthesized from sodium and the corre-

Sodium sodium  n-butoxide

- -
e
h L
(a) ()
NaOMe NaOEL PO
PA/nmm Pi2.m Pdinmm
Figure 5

The crystal structures of (a) NaOMe, () NaOEt and (c) PbO (litharge).
Colour key: Na violet, O red, C grey, H white and Pb blue. In part (c), the
large light-green balls represent the lone pairs of the Pb™ ions. The view
direction is [100]. For a better comparison, the unit cell of NaOMe was
shifted by (0, 0,1) with respect to the original data of Weiss (1964) and the
H atoms of NaOMe were added in calculated positions (with a fourfold
disorder). Drawings were made with Mercury (Macrae et al., 2020).

Table 3
Rietveld refinement of NaO"Pr in P4/nmm and P42 m under identical
conditions, with restraints on the C and H atoms.

The values marked by a " are background-subtracted values. The last column
denotes a refinement in P42ym with two sets of propyl groups, one
corresponding to the orientation in P42;m and the other rotated by 90°,
which is occupied in P4/rmm, but empty in P42 m. N(param) is the number of
structural parameters, including the occupancy parameter.

PA2,m with both

Pdinmm PA2,m orientations of "Pr
Rup (%) 5424 5.654 5.386
Ry (%) 17.953 18.714 17.832
R, (%) 4.198 4.376 4.238
Ry (%) 18.139 18.908 18.324
Goodness-of-fit 1.837 1.915 1.824
N(param) 18 18 18 + 1 (occupancy)
Occupancy p 0.25 (fix) 0.5 (fix) 0.38 (3):0.12 (3)

sponding alcohols. Upon evaporation of the alcoholic solu-
tions, the solvates precipitated initially (as a mixture with the
solvent-free phases). Further evaporation led to the solvent-
free forms. The compounds are very sensitive to water; hence,
any trace of moisture, also from air, had to be avoided during
synthesis, evaporation and PXRD measurements.

The powder diagrams could be easily indexed with tetra-
gonal unit cells, with Z = 2. The structures were solved by the
real-space method and refined by the Rietveld method.

The crystal structures are similar to that of NaOEt (anti-
PbO type). In the case of NaO"Pr, the space group is ambig-
uous. A refinement in P42,m with two sets of alkyl groups, as
performed for NaOEt, did not yield clear results. The occu-
pancics refined to values of 0.38 (3) and 0.12 (3), which is
exactly midway between 025 (for P4/mmm) and 0.5 (for
P42,m) (see Table 3). However, the refinement with one set of
alkyl groups gave significantly lower confidence values in
P4/nmm than in P42,m. For NaO"Bu and NaO"Am, refine-
ments in P4/nmm also provided a better fit than in P42;m
(Table 4). Correspondingly, the final refinements of all three
compounds were performed in P4/nmm. The final Rietveld
plots are shown in Fig. 6. Crystallographic data are included in
Table 2. The crystal structures are shown in Fig. 7.

The lattice parameters and the space group of NaO"Pr
agree with the data determined by Chandran er al. (2006).

The n-butyl and n-amyl groups are highly disordered, and
the electron density is smeared out, especially for the terminal
and the next-to-terminal C atoms. The description of these
structures in P4/nmm with fourfold disordered alkyl groups on
Wyckoff position 8j is only an approximation of the actual
electron density.

We tried to prepare phase-pure powders of solvent-free
NaO'Pr and NaO’Am, but the crystal structures could not be
solved by PXRD yet. The samples probably contained
mixtures of different phases.

3.3. Solvates

By crystallization from the corresponding alcohols, we
obtained single crystals of four alcohol solvates of sodium
alkoxides: NaOEt-2EtOH, NaOQ"Pr-2"PrOH, NaOPr-5'PrOH
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and NaO'’Am AmOH. All of these solvates are sensitive to
moisture and air. In a vacuum and under argon (or nitrogen),
they decompose into their solvate-free forms. The decom-
position is comparably slow for NaOEt-2EtOH, but fast for
NaO'Pr-5'PrOH. Correspondingly, the solvates must be stored
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Figure 6
Final Rietveld plots of (¢) NaO"Pr, (b) NaO"Bu and (¢) NaO"Am.
Experimental data are shown as black dots and simulated data as a red
line, with the difference curve in green below. The vertical tick marks
denote the reflection positions.

P,

Table 4
Rietveld refinement of NaO"Bu and NaO"Am in P4/nmm and Pa2,m
under identical conditions, with restraints on the C and H atoms.

N(param) is the number of structural parameters, including the occupancy
parameter.

NaO"Bu NaO"Am

Pdlnmm PA2,m PA{nmm PA2,m
Ryp (%) 4.620 4.884 5403 5.762
Ry (%) 1852 19.30 15.87 17.03
R, (%) 3.578 3.766 3.875 4.071
R, (%) 18.73 19.11 12.44 13.13
Goodness-of-fit 5] 1.924 2032 1.974 2.106
N(param) 23 23 28 28

in their mother liquor or in the presence of vapours of the
corresponding alcohols or kept at low temperature.

The chemical compositions and crystal structures of these
four solvates were determined by single-crystal X-ray
diffraction. However, there were three obstacles: (i) the
mounting of the crystals on the diffractometer was challenging
due to their sensitivity to air, moisture, vacuum and dry inert
gas; (ii) the crystal quality was limited, especially for
NaQ'Pr-5PrOH; (iii) the crystal structures of NaO"Pr-2"PrOH
and NaO'Pr-5PrOH are highly disordered. In NaQ"Pr-
2"PrOH, the disorder affects all of the propyl groups. In
NaO'Pr-5'PrOH, four of the ten "PrOH units are disordered
over two widely separated positions each.

The stability of the solvates of the sodium n-alkoxides
decreases with increasing chain length. Correspondingly,
crystal structures could be determined only for the solvates of
NaOEt and NaO"Pr, whereas the solvates of NaO"Bu and
NaO"Am are highly instable, poorly crystalline and decom-
pose rapidly, even under cold dry nitrogen.

Figure 7

The crystal structures of (a) NaO"Pr, (b) NaO"Bu and (c) NaO"Am.
Colour key: Na violet, O red, C grey and H white. The view direction is
[100].
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Table 5

Experimental details for the sodium alkoxide solvates.

All determinations were carried out with Cu Ke radiation using a Siemens Bruker three-circle diffractometer with an APEXII detector, an Incoatec Ius

microfocus source and mirror optics.

NaOEt-2EtOH

NaOQ"Pr-2"PrOH

NaO'Pr5PrOH

NaO'Am-'AmOH

Crystal data

Chemical formula C,HsONa-2CHsOH C;H,0Na-2C;H;0H C;H,0Na-5C;H,0H CsH,,ONa-CsH,,OH
CCDC number 1943794 1998225 1998224 1998227
M, 160.18 202.26 382.55 198.27
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group (No.) P2i/n (14) C2/c (15) C2ic (15) P2le (14)
z.Z 4,1 8,1 8,1 4,1
Temperature (K) 238(2) 173 (2) 173 (2) 296 (2)
a(A) 11.622 (6) 23.745 (5) 21.2073 (18) 10.1260 (8)
b (A) 5.1926 (9) 5.0750 (11) 17.1307 (13) 6.0299 (5)
¢ (A) 17.682 (6) 24.174 (5) 17.825(2) 20.6944 (18)
B () 104.08 (3) 111.589 (10) 123.871 (5) 104.16
V(A 1035.0 (7) 2708.7 (10) 5376.9 (10) 1225.18 (18)
Pete (10° kgm ) 1.03 0.992 0.945 1.08
Wavelength (A) 1.54178 1.54178 1.54178 1.54178
w (mm ') 1.006 0.849 0.686 0.869
Crystal habit Needle Needle Needle Needle
Crystal size (mm) 0.8 x 0.08 x 0.02 0.5 x 0.05 x 0.05 0.4 x 0.02 x 0.02 1 x 0.02 x 0.01
Data collection
@ range (%) 4.14-59.9 3.93-50.9 3.60-40.2 441-50.7
Absorption correction Multi-scan (SADABS;
Bruker, 2015)

By Tiia 0.2700, 0.7486 0.5182, 0.7500 0.771, 0.875 0477, 0.991
No. of measured 5735 10777 9647 13194

reflections
No. of unique reflec- 1124 1616 1652 1300

tions
Rine 0317 0.0887 0.0724 0.112
Refinement
No. of parameters 95 114 239 118
No. of restraints 0 0 84 15
WR(F?) 02709 0.2984 0.3669 0.1613
R[F? > 20(F?)] 02178 0.0954 0.1215 0.0574
S 0.980 1.064 1.196 1.002
Ao A Pmin (67 A7) 0.16, —0.20 0.24, —0.20 0.22, —0.17 0.30, —0.26

3.3.1. NaOEt-2EtOH and NaO"Pr-2"PrOH. Sodium ethox-
ide and sodium n-propoxide crystallize as needles (see Fig. 8).
The single-crystal X-ray analysis (Table 5) revealed the com-
pounds to be disolvates with the composition NaOR-2ROH, as
determined by Geuther (1868a,b) and Frolich (Geuther &
Frdolich, 1880). Both solvates are isostructural. The O atom of

Figure 8

the alkoxide anion (RO™) bridges two Na” ions, leading to
helical Na—O—Na— O chains. The chains follow a crystal-
lographic 2; screw axis. The Na* ions are additionally coor-
dinated to two alcohol molecules (ROH), resulting in a
distorted tetrahedral coordination geometry for the Na™ ions.
In NaO"Pr-2"PrOH, all the propyl groups are disordered and

The crystals of (a) NaQ"Pr-2"PrOH (image width about 15 mm) and (b) NaO'Am-'"AmOH (image width about 2 mm), both in polarized light.
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most of the C atoms were refined with split positions, with
occupancies between 0.40 and 0.60. The OH groups of the
alcohol molecules form hydrogen bonds to neighbouring ROH
molecules and RO~ anions, which additionally stabilize the
chains (see Fig. 9). The alkyl groups point outwards. Hence the
chains are like tubes, with a polar/ionic inner region and a
nonpolar outer region. In the crystal, all the tubes are
arranged parallel and form a distorted hexagonal packing (see
Fig. 10). However, the space group is different, i.e. P2,/c for
NaOEt-2EtOH and C2/c for NaO"Pr-2"PrOH.

Between the ‘tubes’ there are only van der Waals contacts
between the alkyl groups. This structure explains the observed
needle-like morphology of both compounds, with the needle
axes parallel to the chain direction [010]. The weak interac-
tions between the ‘tubes’ allow them to librate around their
long axis, which is manifested in the anisotropic displacement
parameters of NaOEt-2EtOH (see Fig. 10a). In the case of
NaO"Pr-2"PrOH, the limited crystal quality and the disorder

_ (b)
Figure 9

Helical chains in (a) NaOEt-2EtOH and (b) NaO"Pr-2"PrOH. Colour
key: Na violet, O red, C grey and H white. Hydrogen bonds are drawn as
dotted light-blue lines. The H atoms of the alkyl groups have been
omitted for clarity. In part (b), the disordered propyl groups are
represented by their major-occupied atomic positions only.

of the propyl groups prevent an interpretation of the displa-
cement ellipsoids.

The corresponding lithium methoxide solvate, LiOMe-
2MeOH, is a disolvate, like NaOEt-2EtOH and NaO'Pr-
2"PrOH, but its structure is different. LiOMe-2MeOH consists
of Liy(OMe)4(McOH), tetramers, which are connected
through hydrogen bonds via MeOH molecules to form a two-
dimensional network. As in NaOEt, the interior layer of this
network consists of metal ions and O atoms, whereas the alkyl
groups point outwards. These layers are stacked through van
der Waals contacts between the methyl groups only.

3.3.2. NaO'Pr-5PrOH. Sodium isopropoxide forms a
solvate which contains as many as five molecules of iso-
propanol per NaOPr unit. Hence, this structure can be
regarded as an isopropanol in which one sixth of the protons
of the OH groups are replaced by sodium ions. Correspond-
ingly, the structure of NaO'Pr-5'PrOH provides an insight into
the structure of liquid isopropanol itself.

Figure 10

The crystal structures of (¢) NaOEt-2EtOH (space group P2,/c, view
direction [010] and displacement ellipsoids at the 50% probability level)
and (b) NaO"Pr2"PrOH (space group C2/c, view direction [010]).
Selected symmetry elements are shown. In both structures, there is a 2,
screw axis in the middle of each chain.
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The solvate crystallizes in the space group C2/c, with Z = 8.
There are two symmetrically independent Na* ions, both on
the twofold axis. Each Na™ ion coordinates to four O atoms of
‘PrO~ and ‘PrOH moieties (Fig. 11a). The H atoms of the OH
groups could not be located reliably, as they are probably
dynamically disordered. Because of the charge compensation,
it is expected that in any instance each Na' cation is
surrounded by one ‘PrO~ ligand and three ‘PrOH molecules.
These Na(‘PrO)(‘PrOH); umits are connected by further
‘PrOH molecules to form a chain along the twofold axis
parallel to [010] (see Figs. 11a and 11b). All isopropanol
molecules which are not directly coordinated to sodium have
an occupancy of (.5. All isopropyl groups show disorder.

The geometry of the chain is close to £112/m symmetry (rod
group No. 11; Kopsky & Litvin, 2010).

¥ ¥
Motif A Motif B

Figure 11

(a) The crystal structure of NaO'Pr-5'PrOH, showing one chain. The view
direction is [001], with the b axis horizontal. Displacement ellipsoids are
drawn at the 20% probability level. All ‘PrOH molecules not directly
coordinated to Na have an occupancy of 0.5 only. Dotted lines represent
the four independent hydrogen-bond networks. The arrows indicate the
crystallographic twofold axis. (b) Selected hydrogen-bond networks in
NaO'Pr-5'PrOH. (¢) The crystal structure of LiO'Pr-5PrOH. The disorder
of the 'Pr groups is not shown. In parts (b) and (¢), the H atoms are shown
as white spheres in calculated positions. The H-atom positions shown
here represent only one possibility: actually, the H atoms are disordered
and could not be located experimentally. Minus (—) signs denote the
anions.

There are four independent hydrogen-bond networks in
each chain, each with an occupancy of 0.5 (see Fig. 11a). Two
of these networks are shown in Fig. 11b.

The hydrogen-bond networks are considerably different
from those in pure solid isopropanol. Pure isopropanol forms
different hydrogen-bond networks, depending on the experi-
mental conditions: the high-pressure polymorph exhibits
eight-membered rings, whereas the low-temperature poly-
morph forms helical chains with local 3; or 3, symmetry (see
Fig. 12) (Ridout & Probert, 2014). In contrast, the hydrogen-
bond network of NaOPr-5'PrOH contains branching between
the alcohol molecules, i.e. alcohol molecules are connected by
hydrogen bonds to three other alcohol molecules. There are
two different topologies, marked as ‘Motif A" and ‘Motif B’ in
Fig. 11(b). Motif A is also present in LiOPr-5PrOH (Mchring
et al., 2002). Motifs A and B can neither be found in other
sodium alkoxide solvates nor in the crystal structures of pure
isopropanol. In liquid isopropanol, one could expect to find a
mixture of all three motifs, namely, rings, chains and branch-
ings.

In NaOPr-5'PrOH, the hydrogen-bonded chains are sur-
rounded by the nonpolar isopropyl groups. Between the
chains, there are only van der Waals contacts between the
isopropyl groups (see Fig. 13). Similarly, in both polymorphs of

(b)

Figure 12

The hydrogen-bond networks of solid pure isopropanol. (a) Eight-
membered ring in the high-pressure phase. (b) Threefold screw axis in the
low-temperature phase. In both structures, some of the isopropyl groups
are disordered.
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pure ‘PrOH, the rings and chains have polar surfaces, and are
connected to neighbouring rings or chains by van der Waals
interactions (see Figs. S1 and S2 in the supporting informa-
tion).

The chains of NaO'Pr-5'PrOH are arranged in a distorted
hexagonal packing. The packing seems to be similar to the
chain packing in NaO"Pr-2"PrOH. The space group is also the
same (ie. C2/c). However, the chains in NaOPr-5PrOH are
situated on a twofold rotation axis, whereas the chains of
NaO"Pr-2"PrOH are placed on a 2; screw axis (see Figs. 10b
and 13).

3.3.3. NaO'Am-'AmOH. The X-ray structure analysis
revealed that sodium rert-amylate (sodium 2-methyl-2-
butanolate, NaO’Am) forms a monosolvate with terr-amyl
alcohol (2-methyl-2-butanol). In this structure, neighbouring
Na® ions are bridged by two ligands in the form of a square.
The square shares corners with two other squares, leading to

Figure 13

The erystal structure of NaOPr-5PrOH (space group C2le, view along
the chains and view direction [010]). The chains are located on twofold
rotation axes, in contrast to the 2, screw axes for NaO"Pr2"PrOH (see
Fig. 10b).

Figure 14

Aview of the structure of NaO'Am-"AmOH, with displacement ellipsoids
drawn at the 50% probability level. The H atoms of the ferf-amyl groups
have been omitted for clarity. The light-blue lines denote the hydrogen
bonds. The H atom is disordered along the hydrogen bond. The black
circles represent crystallographic inversion centres. The red symmetry
elements represent the approximated local symmetry of the chain
(#2/b11).

e

Figure 15

The crystal structure of NaO'Am-'AmOH, viewed along the chains (space
group P2,/n, view direction [010]), with displacement ellipsoids drawn at
the 50% probability level. Selected symmetry elements are shown.

chains (see Fig. 14). Each square is centred by a crystal-
lographic inversion centre. The squares are additionally
connected by hydrogen bonds. The H atom engaged in this
bond is probably disordered, so that in any instance each
square contains one ‘AmQO~ anion and one ‘AmOH ligand,
due to electrostatic considerations. The squares form an
interplanar angle of 49.8° only, which is apparently caused by
the hydrogen bonds. The fert-amyl groups point outwards, as
in the other solvates.

The chain has approximately #2/b11 symmetry, which is a
nonstandard setting of 4#2/c11 (rod group No. 7; Kopsky &
Litvin, 2010). In the crystal, only the inversion symmeltry is
maintained in the space-group symmetry P12,/nl.

The arrangement of the chains (Fig. 15) is similar to that in
NaOEt2EtOH (Fig. 10a). The space group is also the same
(P2/e, here in the P2,/n setting). However, in NaOEt-2EtOH,
the chains are aligned along the 2, axis, whereas in
NaO'Am-'AmOH, the chains contain inversion centres.

4, Conclusion
In this study, we determined the crystal structures of a series of
sodium alkoxides NaOR (R = Et, "Pr, "Bu and "Am) and of a
series of solvates of the composition NaOR-xROH (R = Et,
"Pr, ‘Pr and ‘Am; x = 1, 2 and 5). Surprisingly, the crystal
structures were unknown. Only the structures of NaOMe,
NaO'Bu and NaOMe-2MeOH had been determined previously.
The solvates show a variety of compositions, from the
monosolvate NaO'’Am-‘AmOH via the disolvates NaOR-2ROH
(R = Et and "Pr) to the pentasolvate NaOPr-5PrOH. The
solvates were obtained from saturated solutions of the
alkoxides in the corresponding alcohols. We did not system-
atically investigate a variation of compositions, temperature
and vapour pressure. Presumably, other solvate phases with
different compositions may also exist.
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In all the solvated and solvate-free structures, the Na' ion is
coordinated in a distorted tetrahedral geometry to four O
atoms. In the solvent-free compounds NaOR, the O atom has
five neighbouring atoms: four Na* ions and the alkyl group.
Such a fivefold coordination is quite unusual for organic O
atoms. The O atoms in organic compounds generally have a
maximum of three or four neighbours, when counting counter-
ions, alkyl groups, H atoms and accepted hydrogen bonds. In
most crystal structures of alcohols ROH, the O atoms have
only three neighbours: one alkyl group, one H atom and one
hydrogen bond as acceptor. The overcrowded coordination of
the O atoms in sodium alkoxides is the reason why they so
readily form solvates. Already with one additional alcohol
molecule, the coordination number of oxygen drops from 5 to
4, as can be seen in NaO’Am-"AmOH. Any additional alcohol
molecule increases the number of threefold-coordinated O
atoms. This stabilization is reflected in the thermal stability of
the solvates: to obtain the solvent-free alkoxides, NaOEt-
2EtOH must be heated at ambient pressure to about 200 °C
and NaO"Pr-"PrOH even to about 220 °C (Geuther & Frolich,
1880). In contrast to sodium alkoxides, the sodium alkanoates
RCOO™-Na* and sulfonates RSO;~-Na™ rarely form solvates
with alcohol or RCOOH molecules. There, the higher number
of O atoms provides a sufficient number of donor atoms for
the coordination of the Na* ion, even with higher coordination
numbers of Na™, e.g. 6 in CH;COO™-Na* (Dittrich et al., 2018)
or 6-7 in CH,SO;~-Na™ (Wei & Hingerty, 1981).

Four different topologies are present in sodium alkoxides:
the alkoxides with linear alkyl chains (R = Me, Et, "Pr,"Bu and
"Am) form layers of Na* and O~ atoms, NaO'Bu forms clus-
ters (hexamers and nonamers), NaOMe2MeOH forms
tetramers, which are connected by hydrogen bonds into layers,
and the other solvates form chains of differing composition. In
all cases, polar and nonpolar regions are clearly separated: the
interior of the layers, clusters and chains consist of Na* and
—O" ions and is held together by clectrostatic forces, whereas
the outer regions are composed of the nonpolar alkyl groups.
Neighbouring layers, clusters or chains are connected by van
der Waals contacts only. As a result, the chain structures of all
the solvates form needles. NaO'Bu forms prisms or cubes. For
the layer structures of NaOR, a plate-like morphology could
be expected.

The compound NaO'Pr-5PrOH differs from pure isobu-
tanol only by the substitution of every sixth proton of an OH
group with a sodium cation. The crystal structure exhibits a
complicated chain structure with branched hydrogen bonds
between the isopropanol molecules. Such branchings are not
present in the crystal structures of pure isopropanol, but give
an interesting insight into the structural diversity of liquid
isopropanol.
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Pigment Red 52, Nao|CsH;CIN2OgS], is an industrially produced hydrazone-
laked pigment. It serves as an intermediate in the synthesis of the corresponding
Ca®* and Mn?* salts, which are used commercially for printing inks and lacquers.
Hitherto, no crystal structure of any salt of Pigment Red 52 is known. Now,
single crystals have been obtained of a dimethyl sulfoxide solvate hydrate of the
monosodium salt of Pigment Red 52, namely, monosodium 2-|2-(3-carboxy-
2-0x0-1,2-dihydronaphthalen-1-ylidene)hydrazin-1-yl]-5-chloro-4-methylbenz-
enesulfonate dimethyl sulfoxide monosolvate monohydrate,
Na*®.CisH2CIN,048 7 H,0-C,HOS, obtained from in-house synthesized
Pigment Red 52. The crystal structure was determined by single-crystal
X-ray diffraction at 173 K. In this monosodium salt, the SOs~ group is
deprotonated, whereas the COOH group is protonated. The residues form
chains via ionic interactions and hydrogen bonds. The chains are arranged
in polar/non-polar double layers.

1. Chemical context

Pigment Red 52 (PR.52, Na,|CsH | N,ClOgS]), is produced
industrially as an intermediate in the synthesis of Pigment
Red 5211 (Ca[CisHN:ClOgS]) and Pigment Red 52:2
(Mn[C,;gH,N,CIO4S]) (Czajkowski et al, 1980; Hunger &
Schmidt, 2018). PR.52:1 and PR.52:2 are used for the
colouration of printing inks and lacquers (Hunger & Schmidt,
2018). No crystal structures of PR.52, or of its various metal
salts, have previously been determined. Pigment Red 48 is an
isomer of PR.52, differing by mutual exchange of CH; and Cl
substituents. Recently, the crystal structures of two hydrates
of the monosodium salt of PR.48 have been published
(Tapmeyer et al., 2020). Correspondingly, similar monosodium
hydrate phases could also be expected for PR.52. Hitherto,
nothing has been known about the existence of a monosodium
salt of PR.52 or its hydrates or solvates. In attempts to crys-
tallize PR.52 from dimethylsulfoxide, single crystals were
obtained. which turned out to be a mono-DMSO solvate
monohydrate of the monosodium salt of PR.52:1. The crystal
structure was determined by X-ray analysis.

2. Structural commentary

Pigment Red 52 monosodium salt DMSO monosolvate
monohydrate crystallizes in the triclinic space group PT with
one pigment anion, one sodium cation, one molecule of
DMSO and one water molecule in the asymmetric unit (Fig. 1).
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The pigment exhibits the hydrazone tautomeric form, like
all industrial hydrazone pigments (formerly known as ‘azo
pigments’) (Gilli e al., 2005; Schmidt et al., 2008; Hunger &
Schmidt, 2018). The N—H group forms two intramolecular
[S}(6)] N—H---O hydrogen bonds (Table 1). The sulfonate
group is deprotonated, whereas the carboxylic group is
protonated. The protonation site is unambiguously deter-
mined by the difference electron density, from the S—O and
C—O bond lengths in the SO;~ and COOH groups, and from
the hydrogen-bond pattern. Intramolecular and inter-
molecular bond lengths and angles are in the usual ranges. The

Figure 1
A perspective view of the asymmetric unit of the title compound.
Displacement ellipsoids are drawn at the 50% probability level.

Table 1 .

Hydrogen-bond geometry (A, ).

D—H---A D—-H H---A D-..A D—H---A
N1-HI1...02 0.82 (4) 2.14 (4) 2.747 (3) 131 (3)
N1—HI1--.04 (.82 (4) 1.84(4)  2.532(4) 141 (4)
06—H6---018 0.92 (5) 1L67(5)  2.575(4) 168 (4)
O1W—HIWA---05" 0.80 (5)  2.33(5) 2944 (3) 134 (4)
OlW—HIWA---01§8 0.80 (5) 248 (5) 3138 (5) 140 (4)
OlW—HIWB...03 0.84 (6) 2.11 (6) 2,942 (3) 176 (5)

Symmetry code: (i) x+1, ¥, 2.

organic anion is nearly planar, with an RMSD of 0.553 A for
all non-hydrogen atoms, except for the oxygen atoms of the
sulfonate group. The dihedral angle between the naphthyl
moiety and the phenyl ring is 9.84 (16)°.

The carboxylic acid group is coplanar with the naphthyl
moiety [dihedral angle of 1.2 (5)°, see Fig. 1]. This coplanarity
is a peculiarity, as in most other related structures, the COOH
group is rotated out of the naphthyl plane (Table 2).

3. Supramolecular features

The protonated carboxyl oxygen atom of the COOH group
donates a hydrogen bond to the DMSO molecule (Table 1).
The other carboxyl oxygen atom accepts a hydrogen bond
from the water molecule and additionally coordinates to the
sodium ion. The sodium ion is sixfold coordinated to one
oxygen atom of the COOH group, the carbonyl group, an
oxygen atom of the sulfonate group, and two water molecules
(one belonging to the same asymmetric unit, the other one
transformed by —x, | — y, —z). The sixth coordination site is
occupied by an O atom of a sulfonate group of a neighbouring
anion, generated by the symmetry operation —1 + x, y, z. The
coordination polyhedron is a distorted octahedron. The crystal
packing is characterized by chains built via Na— O coordina-
tions, running along the a-axis direction (Fig. 2). Within this
chain, the phenyl ring is m-stacked above the O=C—-C=N—
N —H moiety of a symmetry-equivalent anion (1 + x, v, z) with

Figure 2
Packing diagram viewed approximately along [100].

Acta Cryst. (2021). E77, 402-405
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Figure 3
m-stacking of two anions, one drawn with full bonds and the other one
with open bonds.

the shortest distance C6- - -C12 of 3.303 (5) A. The N-NH unit
is stacked above the naphthyl-COOH group with the shortest
distance N1...C21 (1 + x, v, z) of 3.304 (4) A (Fig. 3).

4. Database survey

For Pigment Red 52 and its derivatives, this is the first crystal
structure published. Some closely related structures are
compared in Table 2, viz. bis|6-chloro-3-(3-carboxy-2-oxo-
anthracenylidenehydrazono)benzenesulfonato]bis(dimethyl-
formamide)calcium (BIHNUC; Kennedy er al, 2004), [4-(4,6-
dichloro-2-sulfophenyl)azo-3-hydroxy-2-naphthoato]diaqua-
calcium (KAQSAW,; Kennedy et al., 2000), {3-carboxy-1-[2-(5-
chloro-4-methyl-2-sulfophenyl)diazen-2-ium-1-yl | naphthalen-
2-olato}diaquasodium,  {3-carboxy-1-[2-(5-chloro-4-methyl-
2-sulfophenyl)diazen-2-ium-1-yl|naphthalen-2-olato}-aqua-
sodium (GUNZAT and GUNZEX, respectively; Tapmeyer et
al., 2020), {3-carboxy-1-[2-(4-methyl-2-sulfophenyl)diazen-2-
ium-1-yl|naphthalen-2-olato}calcium, {2-[2-(3-carboxy-2-oxy-
1-naphthyl)diazeniumyl]-5-methylbenzenesul fonato}triaqua-
calcium, {2-|2-(3-carboxy-2-hydroxy-1-naphthyl)diazeniumyl|-
5-methylbenzenesulfonatojaquacalcium (FAWQUR,
FAWQIF and FAWQOL, respectively; Bekd er al, 2012a,b),

Table 2
Angles (7) of the C-COO(H) plane to the mean plane of the carbon
skeleton of the p-oxynaphthoic acid moiety.

Refeode Salt Solvate / Hydrate |Angle|
BIHNUC" Ca[Cy7H,oN,05CIS ], 2 DMF 0.09
GUNZAT Na|CsH2CIN,O4S] 2 H,0 243
FAWOQUR Ca|CysH 2N2OgS| 25
KAQSAW Ca[Cy;HgCoN, 048] 2 H,0 233
FAWQIF Ca[CygH ,4N,0,8] 2 H,0 263
GUNZEX Na[C;sH»CIN,O4S] 1 H,O 28.6
BOGDUZ" Dy|[C;3H;N;O5][BONA ) 2 DME, 2 H,O 36.6
FAWQOL Ca|CsH,2N,048] 1 H,0 377
BOGFIP” Eu[C;H;N,O:][BONA}  DME 4 H,0 390
BOGFAH”  Tb[C,:H;N;0;][BONA]”  DME 4 H,O 39.0
BOGFEL? Sm[Cy;HyNSO[BONAT  DME 4 H,0 39.1

Notes: (a) This is not a pigment with a Colour Index number; (b) BONA = §-
oxynaphthoic acid.

bis(3-oxido-4-[(1H-1,2 4-triazol-3-yl)diazenvl|naphthalene-2-
carboxylato)bis(3-hydroxynaphthalene-2-carboxylato)tetra-
kis(aqua)didysprosium(ITIT) N ,N-dimethylformamide solvate,
bis{3-oxido-4-[(1H-1,2 4-triazol-3-yl)diazenyl|naphthalene-2-
carboxylato}bis(3-hydroxynaphthalene-2-carboxylato)tetra-
kis(aqua)dieuropium(III) N, N-dimethylformamide solvate,
bis{3-oxido-4-[(1H-1,2,4-triazol-3-yl)diazenyl|naphthalene-2-
carboxylato}bis(3-hydroxynaphthalene-2-carboxylato)tetra-
kis(aqua)diterbium(III) N, N-dimethylformamide solvate,
bis(3-oxido-4-|(LH-1,2,4-triazol-3-yl)diazenyl|naphthalene-2-
carboxylato)bis(3-hydroxynaphthalene-2-carboxylato)tetra-
kis(aqua)disamarium(I1T) N, N-dimethylformamide solvate
(BOGDUZ, BOGFIP, BOGFAH and BOGFEL, respectively;
Xie et al, 2019).

5. Synthesis and crystallization

The title compound was obtained by recrystallization experi-
ments of in-house synthesized PR.52.

5.1. Synthesis of Pigment Red 52

2-Amino-5-chloro-p-toluenesulfonic acid (22.15 g, 0.1 mol)
was dissolved with sodium hydroxide (6.4 g) in water (500 ml).
The temperature was set at 278 K and concentrated hydro-
chloric acid (40 ml) as well as sodium nitrite (7.2 g) in water
(100 ml) were added. The suspension was stirred for 30 min.
The suspension was treated with amidosulfonic acid until all
excess nitrous acid was destroved. The suspension was then
added dropwise to a solution of S-oxynaphthoic acid (18.8 g,
0.1 mol) with NaOH (20.1 g) in water (550 ml). The pH was
kept at alkaline conditions, around 11 to 9, maintained by the
addition of 2M NaOH solution as required, and the
temperature was maintained at 278 K. When the dropwise
addition of the suspension was finished, the solution was
allowed to accommodate to room temperature and subse-
quently heated to 353 K for half an hour. The red suspension
was then neutralized with 2 M HCI, filtered off and the
obtained red powder was washed with water and dried at
323 K. The yield of the crude product was about 98%, but

404 Tapmeyeretal. « Na™-C, H,,CIN,0,5 -C,H,05-H,0
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Table 3
Experimental details.

Crystal data
Chemical formula

M,

Crystal system, space group
Temperature (K)

a. b, c(A)

o fiy ()
V(A%

Z

Radiation type

o (mm™ ')
Crystal size (mm)

Data collection
Diffractometer
Absorption correction

Tonins Tenax

No. of measured, independent and
observed [/ > 20([)] reflections

Rint

(sin ) max (A1)

Refinement

R[F* = 20(F*)], wR(F?), §
No. of reflections

No. of parameters

H-atom treatment

Arass D Poin (€ A7)

Na'-CsH2CIN, 0,8 -CoH 08~
H,O

538.94

Triclinic, PT

173

5.7347 (4). 10.9336 (8).
18.4692 (12)

104.844 (5), 97478 (5), 95.404 (6)

1100.00 (14)

2

Mo Ka
0.44
0.23 % 0.09 x 0,02

STOE IPDS II two-circle

Multi-scan (X-AREA: Stoe & Cie,
2001)

0.445, 1.000

14981, 3864, 2992

0.049
0.595

0.050, 0.098, 1.08

3864

324

H atoms treated by a mixture of
independent and constrained
refinement

027, —-0.33

Computer programs: X-AREA (Stoe & Cie, 2001), SHELXT (Sheldrick, 2015a),
SHELXL and XP (Sheldrick, 2015b), Mercury (Macrae er al, 2020) and publCIF

(Westrip, 2010).

X-ray powder diffraction revealed the presence of some

sodium chloride as impurity.

5.2. Crystallization of the title compound

The crude in-house synthesized PR.52 (0.59 g) was
dissolved in DMSO (60 ml). The solution was transferred to a
glass vessel, which in turn was placed into a further, larger
vessel with water (100 ml). The outer vessel was closed with a
plastic lid and stored for 20 days at room temperature,

allowing the water to diffuse into the DMSO via the gas phase.
Single crystals of the title compound were picked from the
solution.

6. Refinement

Crystal data, data collection and structure refinement details
are summarized in Table 3. The H atoms bonded to C were
refined using a riding model with C—H = 0.95 A and with
Uo(H) = 1.2U((C) or with C,cpny—H = 098 A and with
Uiso(H) = 1.5U,4(C). The methyl group attached to the phenyl
ring was allowed to rotate but not to tip. The H atoms bonded
to N and O were found in the difference-Fourier synthesis and
freely refined.
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Two monosodium salt hydrates of Colour Index
Pigment Red 48
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“Institut fiir Anorganische und Analytische Chemie, Goethe-Universitdt Frankfurt, Max-von-Laue-Strasse 7, 60438
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Universitit Frankfurt, Max-von-Laue-Strasse 7, 60438 Frankfurt am Main, Germany, and “UCLouvain, Institute of
Condensed Matter and Nanosciences, Place Louis Pasteur 1, Building L4.01.03, 1348 Louvain-La-Neuve, Belgium.
*Correspondence e-mail: maximilian. hutzler@uclouvain.be

We report herein the crystal structures of a monohydrate of Colour Index
Pigment Red 48 (PR.48) (systematic name: monosodium 2-{2-[3-carboxy-2-oxo-
1,2-dihydronaphthalen-1-ylidene ]hydrazin-1-yl}-4-chloro-5-methylbenzenesul-
fonate monohydrate), Na*-C3H;,ClOS™-H,0, and a dihydrate, Na*-C gH ;-
ClOgS™-2H>0. The two monosodium salt hydrates of PR.48 were obtained
from in-house synthesized PR.48. Both have monoclinic (P2,/c) symmetry at
173 K. The crystal packing of both crystal structures shows a layer arrangement
whereby N—H-.-O and O—H- - -O hydrogen bonds are formed.

1. Introduction

PR.48, |C;3sH,,ClOS|Na,, is the parent compound of a whole
group of organic pigments (Herbst e al., 2004). This group
consists of salts of PR.48 with manganese or alkaline carth
metals which can be obtained by laking the disodium salt of
P.R.48 with inorganic salts of the corresponding metal (Czaj-
kowski, 1980). The pigment salts differ in solubility, stability
and colour shade, and are used for various different applica-
tions in a wide range of particle sizes (Czajkowski, 1987).
Thereof, the most prominent applications are the use as
pigments in toner for laser printers or in the spin dyeing of
synthetic fibres (Herbst er al., 2004). PR.48 is a member of the
large group of pigments, within the azo colourants, consisting
of a B-naphthol residue and a sulfonatophenyl moiety (Gley &
Siebert, 1903). Several crystal structures of the B-naphthol
pigments are known (Rafalska-fasocha er al., 2017; Beko er
al., 2012; Stenger et al., 2010; Christie er al., 2009; Kennedy et
al., 2004; Gley & Siebert, 1903), of which all but one are
present solely as the keto-hydrazone tautomer (instead of the
azo tautomer) in the solid state (Schmidt et al., 2008; Gilli er
al., 2005). Although even the control of crystallite sizes by
synthesis conditions has been analysed (Christie et al., 2009),
the crystal structure of any member of the PR.48 family is
unknown so far [Cambridge Structural Database (CSD;
Version 5.41 of November 2019, plus two updates of March
2020 and May 2020); Groom et al, 2016]. This may be
attributed to the fact that pigments in general are not known
to crystallize well and also are not designed to (Kennedy et al.,
2000). However, knowing the crystal structure of PR.48 would
be highly desirable since the three-dimensional arrangement
of the molecules, as well as the particle size of a pigment, affect
the colour of the bulk material (Christie et al., 2009). The aim
of this study was to determine the crystal structure of P.R.48.
For this, single-crystal X-ray diffraction (SC-XRD), (temper-
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Table 1
Experimental conditions and phases obtained.

The starting material is PR.48 from in-house synthesis if not denoted otherwise.

Solvent Treatment Resulting phase
A Dibutyl phthalate and 5 M HCI 35mgin7 + 1 ml at 343 K for 60 d (I)
B Toluene and 5 M HCI 35mgin 7 + 1 ml at 343 K for 60 d (I)
C Mesitylene and 5 M HCl 35mgin7 + 1 ml at 343 K for 60 d (I)
D Dichlorobenzene and 5 M HC1 35mgin7 + 1ml at 343 K for 60d (I}
E Glacial acetic acid 35 mg in 8 ml at 343 K for 60 d: open container (I)
F Dichlorobenzene 35mgin 8ml at 343 K for 60 d Starting material: PR.48
G Dimethyl sulfoxide 35 mg in 8 ml at 343 K for 60 d Starting material: PR.48
H Glacial acetic acid 90 mg in 20 ml 343/373 K in alternation for 14 d; sealed (IT)
container
J Sample H at ambient conditions for 10 d (I}
K 0.4 M NaOH 1 g in 3,500 ml 0.4 M NaOH: direct precipitation with 150 ml (I}
6 M HCI; washed with methanol
L 0.4 M NaOH 1 g in 3,500 ml 0.4 M NaOH; direct precipitation with 150 ml (I)
6 M HCI
M Heating of several grams of (I) to 363 K for 14 d; open (IT) + (I)
container

ature-dependent) X-ray powder diffraction (PXRD), energy
dispersive X-ray spectroscopy (EDX), elemental analysis
(EA), and differential thermal analysis and thermogravimetry
(DTA-TG) were combined.

CHj
Cl

For(l): n=2
For (II): n=1
Scheme 1

2. Experimental
2.1. Synthesis and crystallization

2.1.1. Pigment Red 48 (i.e. the disodium salt). In order to
synthesize P.R.48, 6-amino-4-chloro-m-toluenesulfonic acid
(22.2 g, 0.1 mol) was dissolved in a solution of NaOH (6.62 g,
0.17 mol) in water (500 ml). Subsequently, NaNO, (7.21 g,
0.1 mol) and concentrated hydrochloric acid (40 ml, 0.48 mol)
in water (100 ml) were added and the suspension was stirred
for 30 min at room temperature (294 K). The remaining
nitrous acid in the suspension was eliminated by the addition
of a few drops of a saturated solution of sulfamic acid in water.
3-Hydroxy-2-naphthoic acid (18.8 g, 0.1 mol) and NaOH
(20.1 g, 0.5mol) dissolved in water (550 ml) were added
slowly, yielding a red solid that immediately precipitated. The
suspension was stirred for 2 h and then filtered. The pigment
was washed with water and dried. PR.48 was obtained in a
yield of approximately 95%.

2.1.2. Pigment Red 48 monosodium salt dihydrate, (1). The
dihydrate of PR.48, |C,sH.ClO4S|Na-2H,0, (I), was crystal-
lized (experiment K in Table 1) by dissolving PR.48 (1.0 g) in

1 M NaOH (1,000 ml) and heating to reflux. After addition
of water (2,500 ml), the mixture was filtered and stored at
room temperature overnight. The solution was then heated to
reflux again and half-concentrated (6 M) hydrochloric acid
(150 ml) was added under stirring. A red solid precipitated
and was separated by filtration from the discoloured solution.
The red solid attached to the filter was suspended in methanol
and therewith transferred to a glass vessel. Finally, the
substance was dried at 323 K, yielding a crystalline sample
from which single crystals were picked after evaporation of the
solvent.

A second experiment without the final treatment of the
precipitate with methanol (experiment L in Table 1) yielded
the same solid form, as confirmed by PXRD.

A crystallization experiment by slow solvent evaporation
from acetic acid under ambient conditions vielded phase (1) as
well (experiment K in Table 1). Beyond that, several other
solvents, such as toluene, dichlorobenzene or mesitylene,
could be used for preparing the dihydrate (I) by either crys-
tallization from solution or by slurry, provided that a few drops
of hydrochloric acid were added to the mixture (experiments
A-D in contrast to experiments F and G in Table 1).

2.1.3. Pigment Red 48 monosodium salt monohydrate, (11).
The monohydrate of PR.48, [CisH;»ClOgS|Na-H-O, (II), was
prepared by suspending PR.48 (90 mg) in glacial acetic acid
(20 ml) at room temperature. Afterwards, the sample was
stored in a 100 ml round-bottomed flask fitted with a plug at
temperatures of 343 and 373 K in approximately daily alter-
nation (experiment H in Table 1). After two weeks, crystals
suitable for single-crystal X-ray analysis were obtained.

2.1.4. Phase transitions. Storage of any sample of (II) under
ambient conditions yielded phase (I) (experiment J). Storage
of a bulk sample of (I) at 363 K over several days yielded a
mixture of (I) and (II) (experiment M). Keeping (I) in a
stream of dry inert gas yiclded phase (II). Further treatment
with dry inert gas above 373 K yielded a structurally unchar-
acterized form (III), which was assumed to be an anhydrate
form of PR .48.

Acta Cryst. (2020). C76, 716-722
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Table 2
Experimental details.

For both structures: monoclinic, P2,/c, Z = 4. Experiments were carried out at 173 K. H atoms were treated by a mixture of independent and constrained

refinement.

(M

(11)

Crystal data
Chemical formula

Na'-C,¢H,,CINO,S -2H,0

Na'-CyeH»,CINOgS - H,0

M, 478.83 460.81

a, b, e (A) 18.5318 (9). 5.9396 (3). 17.4426 (10) 18.2222 (2), 5.9486 (1), 16.9361 (2)
B () 95.528 (4) 92.037 (1)

V(AY) 1911.00 (17) 1834.66 (4)

Radiation type Mo Ko Cu Ke

 (mm ") 0.39 3.59

Crystal size (mm)

Data collection

Diffractometer Stoe IPDS II two-circle
Absorption correction
Tine Tax 0.513, 1.000

No. of measured, independent and observed
7 > 20(1)] reflections

ot 0.035
(sin 0 )ae (A1) 0.609
Refinement
R[F? > 20(F*)). wR(F?). § 0.051, 0.123, 1.13
No. of reflections 3587
No. of parameters 300
No. of restraints 6

APmass A Pin (€ A7) 0.44, —0.41

0.19 x 0.09 x 0.02

Multi-scan (X-AREA; Stoe & Cie, 2001)

13702, 3587, 3009

0.33 x 0.03 x 0,02

Siemens CCD three-circle

Multi-scan (SADABS; Sheldrick, 1996)
0.556, 1.000

12502, 3314, 3049

0.046
0.610

0.054, 0.145, 1.09
3314

284

5

0.48, —0.89

Computer programs: X-AREA (Stoe & Cie, 2001), APEX3 (Bruker, 2012), SHELXS97 (Sheldrick, 2008), SHELXT (Sheldrick, 2015a), SHELX L2016 (Sheldrick, 2015b), Mercury
(Version 4.0; Macrae ef al, 2020), XP in SHELXTL-Plus (Sheldrick. 2008) and publCIF (Westrip, 2010).

Temperature-dependent powder X-ray diffractometry con-
firmed the phase identities of monohydrate (II), dihydrate (I)
and anhydrate (IIT). DTA-TG were in agreement with the
phase assignments also. The exact temperatures of the phase
transition from (I) to (IT) and finally (IIT) seem dependent on
the enclosure of the sample. This is probably a kinetic effect of
the limited diffusion of water vapour from the sample.

A list of selected experiments performed is given in Table 1.

2.2. Materials and methods

All chemicals were obtained from TCI, Acros Organics or
Sigma-Aldrich and were used without further purification, if
not stated otherwise. Powder X-ray diffraction data were
obtained on a Stoe STADI-P diffractometer, equipped with a
Ge(111)-monochromator and a line-focus X-ray tube using
Cu Ke, radiation, and a linear position-sensitive detector. All
samples were prepared in 0.7 mm glass capillaries. DTA-TG
curves were collected on a Setaram TGA-92 under an inert gas
flow (argon), with a heating rate of 5 K min~'. EDX data were
obtained using a SEM/EDX Amray 1920 EcoSEM set-up,
cquipped with an Oxford Instruments Si(Li) detector,
controlled by an IXRF Systems controller Model 550i.
Elemental analysis was performed on an Elementar vario-
MICROcube.

2.3. Refinement

Crystal data, data collection and structure refinement
details are summarized in Table 2. All H atoms were initially

located by difference Fourier synthesis. Subsequently, all H
atoms bound to C atoms were refined using a riding model,
with the methyl C—H distances constrained to 0.98 A and the
aromatic C—H distances constrained to 095 A. Their
isotropic displacement parameters were set at Ug,(H) =
1.5Uc4(C) for methyl H atoms and at 1.2U.4(C) for aromatic H
atoms. For the H atoms of the methyl groups, free rotation
about their local threefold axis was allowed. The coordinates
of H atoms bonded to N atoms and to O atoms were refined
with the N—H distances restrained to 0.88 (2) A and the
O—H distances restrained to 0.84 (2) A. Their isotropic dis-
placement parameters were coupled to the equivalent
isotropic displacement parameters of the parent N and O
atoms, with Uio(H) = 1.2U.4(N,O). The coordinates of the H
atoms of the water molecules were refined also, with the O —H
distances restrained to 0.84 (1) A and the H.--H distances
restrained to 1.4 (1) A. Their isotropic displacement para-
meters were coupled to the equivalent isotropic displacement
parameters of the O atoms, with Ui,(H) = 1.2U.4(O).

2.4. Validation of the composition

Samples of (I) and (IT) were analysed by DTA-TG. The
DTA-TG was calibrated to a sample previously identified as
the dihydrate by single-crystal X-ray diffraction.

Elemental analysis was performed on samples of phase ().
Results were highly dependent on the handling of the samples
(heat or moisture) but yielded no insight contradictory to the
hypothesized monosodium salt. Measurements are given in
Table 3.
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Table 3

Elemental analysis (%) of samples from experiments listed in Table 1.
Sample C H N S

D [phase ()] 4545 2.96 6.35 6.70
G (PR.48) 46.65 1.79 6.62 6.94

A sample of the monosodium dihydrate was analysed by
EDX (20 keV) to confirm the sodium content. The ratio of
sodium to sulfur and chlorine in the structure was 1:1:1 within
the precision of the measurement. The monosodium salt was
therefore accepted as confirmed. The oxygen to sodium ratio
was not analysed because of the high vacuum applied to the
sample for measurement (dehydration) and for sensitivity
reasons.

3. Results and discussion

Our efforts to solve the structure of Pigment Red 48 (P.R.48)
yielded two previously unknown derivatives. Both were
synthesized by recrystallization and structurally characterized
by single-crystal X-ray diffraction. In contrast to PR.48, which
is a disodium salt, both derivatives proved to be monosodium
salt hydrates. Phase (I) is a dihydrate and phase (II) a
monohydrate monosodium salt of P.R.48 (Figs. 1-4). Both, the
dihydrate (I) and the monohydrate (II) of PR.48 crystallize in
the monoclinic space group P2,/c. The lattice parameters of (I)

Figure 1

A perspective view of (I), showing the atom-numbering scheme.
Displacement ellipsoids are drawn at the 50% probability level. Dashed
lines indicate hydrogen bonds.

Figure 2
A partial packing diagram of (I). showing the (100) layer arrangement.
Dashed lines indicate hydrogen bonds.

and (II) are quite similar (Table 2). The unit-cell volume of (I)
is 1911.00 (17) A® compared to 1834.66 (4) A* in (II) and the
difference matches the spatial need of four additional water
molecules per unit cell in (I) with respect to (II). The two
crystal structures are characterized by a coordination chain
parallel to [010] which is further extended by a hydrogen-
bonded network along [001], yiclding a layered structure

Figure 3

A perspective view of (II), showing the atom-numbering scheme.
Displacement ellipsoids are drawn at the 50% probability level. Dashed
lines indicate hydrogen bonds.
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Table 4 . rel. Intensity
Hydrogen-bond geometry (A, °) for (I). 200 yyppm (il
D—H..-A D-H H--A DA D—H.-.A
N1—HI--.02 087 (1)  203(3) 2720(3) 135(3) -
NI—HIL.--04 087(1)  190(3) 2570(3)  132(3) £ 150
O5—H5 --02W' 085 (1)  186(1) 2702(3)  172(5) o
O1W—HIWA. ..03" 084 (1)  201(2) 2808(3)  159(4) E
OlW—HIWB- - -06% 085(1)  195(2) 2762(3)  162(4) g
O2W—H2WA. . .03" 085(1)  1.93(1)  2.761(3) 167 (4) o
O2W—H2WB---O1W™  085(1) 201(2) 2818(3)  159(4) E 00
Symmetry codes: (i) %,y + Lz (i) —x+ 1, =y +2, —z+ L (ill) —x+ Ly —§ -2 +5% 2 () -> (I o
(V) =x+1,=y+1,-z+1. E

3

1060

Table 5 . A
Hydrogen-bond geometry (A, °) for (II).
D—H---A D—H H---A D---A D—H --A 0w
06—H61A4- - -O1W' 0.84 (2) 1L72(2) 2549 (3) 169 (4)
N1—HI--.04 0.86(2)  1.93(2)  2615(3)  136(3) . .
NI1—H1.--02 086(2)  212(3)  2747(3) 129 (3) Figure 5 ‘ ,
O1W—_HIWE- . .0O1¢ 0.34 (1) 1.96 (1) 2761 (3) 158 (3) Temperature-dependent powder X-ray diffraction on a sample of PR.48
O1W—HIWA.-.05 0.84 (1) 1.94 (1) 2748 (3) 159 (3) monosodium dihydrate. The temperatures of the phase transitions are

Symmetry codes: (i) —x+ 1,y — %‘ -z +1i: (i) —x+ 1. —y, —z+1.

parallel to the (100) plane in each case. In (I) and (II), atlom
N1 forms two intramolecular hydrogen bonds to atoms O2 and
04 (Tables 4 and 5). The water molecules are coordinated to
the Na* ion Nal in both crystal structures. In (I), each water
molecule forms one hydrogen bond to an atom within the
same coordination network, ie. OlW—HIWA...0O3" and
O2W—H2WA. ..03", and one hydrogen bond to the adjacent
coordination network, ie. O1W—HIWB. . .06 and O2W—

shifted slightly compared to the DTA-TG measurements, most probably
as a result of the sample container (glass capillary).

H2WB- - -O1W' (Table 4). In contrast in (II), the water
molecule forms two hydrogen bonds to atoms within the same
coordination network, viz. O1W—HIWB- --O1" and O1W—
HIWA---O5 (Table 5). In both crystal structures, the
carboxylate group was found to be protonated. While in (T)
atom OS5 is protonated and coordinated to the Na" ion Nal, in
(II) atom O6 is protonated and the carboxylate group is not
involved in the coordination network. Instead, atom O6 in (IT)

Figure 4

A partial packing diagram of (IT), showing the (100) layer arrangement. Dashed lines indicate hydrogen bonds.
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establishes a hydrogen-bonded connection to the adjacent
coordination network via O6—H61A---O1W' (Table 5).
However, the most remarkable observation is the protonation
of the carboxylate group which has not been observed in

RNy
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I L T L I O AT AT CRT LT LT [
-10 r T - T T T T >
5 10 16 20 25 30 3b 261"
(a)
af Monohydrate (ll)
=1
8 4
o~
21
504
404
30
20 4 1
104 J 3
I
0 = P L v Vi LAY ,..W
| [ L 1 N (AT MU TR AR I A i
-10 r T - T T T T -
5 10 16 20 25 30 a5 2681°
(b)
a4 Anhydrate (lIl)
=1
8 4
o
24
504
EDE B
COE
0]
L
104 Ji ﬂ ﬁ !
"M
U_
=10 T T T T T T -
5 10 15 20 25 30 a5 261"
()]
Figure 6

Excerpts from the temperature-dependent powder X-ray diffraction

experiments at 20, 90 and 150 °C representing forms (1), (1I) and (I1I),

respectively. Forms (I) and (II) are compared to the simulated PXRD
patterns from single-crystal structures at —100 °C. Experimental data are
shown as black dots, simulated data as red lines and reflection positions as
vertical bars.

similar compounds before. This indicates a previously
unknown sensitivity of the synthesis of this pigment towards
pH and solvent environment.

This is reflected in the results of experiments A—-D (Table 1),
in which the pigment was treated with the nonpolar solvents
dibutyl phthalate, toluene, mesitylene and dichlorobenzene,
respectively, in the presence of aqueous hydrochloric acid.
Experiments A-D yielded exclusively powders of dihydrate
form (I). From water-containing acetic acid, form (I) was also
obtained (experiment E in Table 1). In contrast, in experi-
ments F and G, where no acid was present, neither the organic
solvent nor the minor water content of the undried solvents
induced the transformation of PR.48 into one of the mono-
sodium forms.

In order to study whether a reduced amount of water
present during the crystallization has any impact on the
formed phase, attempts to recrystallize P.R.48 from hot glacial
acetic acid in a sealed container yielded monohydrate form
(II) (experiment H in Table 1). In contrast, in an open
container where water could be resorbed from the environ-
ment, the dihydrate was formed (experiment E in Table 1).
This demonstrates that the phase formed indeed can be
influenced by controlling the water content in the atmosphere
during crystallization. We also performed experiments to
study the stability of crystalline forms (I) and (II) towards the
loss or uptake of water. Storage of powders of the mono-
hydrate (IT) in contact with air yielded the dihydrate (I) after
10 d. On the other hand, heating of powder samples of the
dihydrate (I) to 363 K for 14 d yielded a mixture of the mono-
and dihydrate (experiments J and L in Table 1). Furthermore,
on heating small amounts of the dihydrate on the powder
diffractometer, the transition to the monohydrate could be
observed, as well as the emergence of a third uncharacterized
phase (Fig. 5). Phase (I) and (II) could be identified in the
temperature-dependent measurement by comparison of the
powder diagrams to the simulated powder pattern from the

8- - 60
{n 1 50
=) {10y
o B
o - 40
=
2 o
E. \ 430 ?:L
g A\ g
= — | ~—o 20 =
o /,/" =
= BT @
£ 3
w 40 et 410 T
@ >
~
= pd d0
NS
| / (decomp.)
56 N i I
T

T T U T 1
50 100 150 200 250 300 350 400

Sample Temperature (°C)
Figure 7
DTA-TG measurements (calibrated to SCXRD data) of a sample of
P.R.48 monosodium dihydrate. The TG curve is depicted in black and
shows two mass losses (of comparable quantity), each time corresponding
to the loss of one water molecule per formula unit.
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single-crystal structures (Fig. 6). These transitions were
observed in the DTA-TG curves as well (Fig. 7).

Other crystal structures of PR.48 compounds are not
available yet, neither with sodium nor with other metal ions.
As mentioned before, the carboxylate group is protonated (R-
COOH), while the sulfonate group is deprotonated (R-SO; ).
This is in accordance with the pK, values which are roughly 1
for the sulfonate and approximately 5 for the carboxylate
group. This situation of partial protonation has not hitherto
been reported for any metal-containing hydrazone pigment.

As with most other hydrazone pigments, the molecules
display the keto-hydrazone tautomer. The organic anion is
planar except for the sulfonate group in both cases and for the
carboxylic acid group in the monohydrate crystal structure
(IT). In (II), the carboxyl group is tilted with respect to the
mean plane of the naphthalene moiety, forming a dihedral
angle of 30.0 (2)°.

Compounds (I) and (IT) have not been reported before. The
protonation, as well as the type of hydrate obtained by crys-
tallization of PR.48, scems to be more sensitive to tempera-
ture, solvent environment, and also to the pH value, than
previously known. These findings are valuable and instructive
for ongoing experiments and possibly even for the manu-
facture of PR.48 and its derivatives. In the broad range of
applications of this pigment and its use as a precursor, the pH
value and solvent environment are subject to strong variation.
In order to clucidate the crystal structures of the laked forms
of PR.48, knowledge of these influences is assumed to be
highly desirable.
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ARTICLEINFO ABSTRACT

Keywords: The industrial synthesis of perinone results in a mixed crystal containing an isomer mixture of trans- and cis-
Perinone perinone. The isomers are separated by treatment with alcoholic KOH, which leads to a pale yellow precipitate
rlgmentd()range 43 and a yellow solution. The precipitate is subsequently hydrolyzed to produce pure trans-perinone (Pigment
ntermediate

Orange 43). The yellow solution is treated with dilute acids to give cis-perinone (Pigment Red 194 ). The chemical
structure and the stoichiometry of the intermediate pale yellow precipitate has never been determined, although
this intermediate has been produced on a multi-ton scale for more than 80 years. The intermediate was assumed
to be a “potassium hydroxide addition compound”. X-ray single-crystal analyses reveal that this assumption is
wrong. The KOH/ethanol treatment actually causes a double ring-opening of the perinone. This results in the
tetra-potassium salt of 4,8-bis(benzimidazolato)-naphthalene-1, 5-dicarboxylate. Two phases were isolated: The
a-phase, K4[CoeH12N404]-3CoHsO0H-6H20, from the industrial synthesis and the p-phase, 1.5(Ka[CaeHy2N404])-
5C3HsOH-4H30, from a recrystallization in KOH/ethanol. The molecular and crystal structures are confirmed by
solid-state NMR spectroscopy through combination of 'C CPMAS and MAS experiments, which revealed that the
solvent layers in the crystals show a highly dynamic solvent disorder in the solid state. The intermediate of cis-
perinone, which is formed in the isomer separation step, has been isolated as well. Also this intermediate has a
ring-opened molecular structure, as revealed by single-crystal X-ray diffraction.

X-ray structure determination
Solid-state NMR

1. Introduction and the chemical composition of this intermediate are still unknown.

The yellow filtrate contains the other isomer’s intermediate (4) whose

In the chemical industry, there are astonishingly many compounds
which are produced on a multi-ton scale for decades, but their molecular
structure and chemical composition are still unknown. Two of these
compounds are the intermediates in the industrial separation of the
perinone isomers in the production of Pigment Orange 43 (trans-peri-
none, P.0.43, 1, see Fig. 1).

Perinone has been industrially produced for at least 80 years [1]. The
industrial  synthesis starts from  naphthalene-tetracarboxylic
mono-anhydride, which is condensed with two equivalents of 1,
2-diaminobenzene, see Fig. 1 left [2,3]. The reaction yields a mixed
crystal (solid solution) [2] of two isomers, trans-perinone (1) and cis--
perinone (2) in a ratio of nearly one to one. The mixed crystal is regis-
tered as Vat Red 14 (see Figs. 1 and 2). The two isomers are industrially
separated by treatment with hot KOH/ethanol (see Fig. 1); cooling or
dilution causes the precipitation of a pale yellow intermediate (3),
which is isolated by filtration. Astonishingly, the molecular structure

* Corresponding author.
E-mail address: m.schmidt@chemie.uni-frankfurt.de (M.U. Schmidt).

https://doi.org/10.1016/j.dyepig.2020.108442

structure is unknown as well.

The precipitated intermediate (3) is subsequently treated with water,
to give the pure trans-perinone, Pigment Orange 43 (1). The yellow
filtrate is treated with diluted acids, resulting in the formation of the red
cis-perinone, Pigment Red 194 (P.R.194, 2) [1]. Industrially, the inter-
mediate (4) is handled only in solution. Nevertheless, this compound (4)
can be precipitated from a hot, concentrated solution by cooling.

The molecular formulae of cis-perinone and trans-perinone are known
since long [4,5]. Also the crystal structures of cis- and frans-perinone, as
well as of the mixed crystal are known [2,6-11].

In contrast, the chemical composition or even the molecular struc-
ture of the intermediate 3 have apparently never been elucidated,
despite of it having been synthesized on a multi-ton scale for more than
80 years [4]. Also the isolation of 4 as a solid and its chemical structure
has apparently never been reported.

In the literature, the intermediate 3 is denominated as “potassium

Received 10 February 2020; Received in revised form 9 April 2020; Accepted 10 April 2020
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0143-7208/© 2020 Published by Elsevier Ltd.
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Fig. 1. Industrial synthesis and isomer separation of trans-perinone (Pigment Orange 43, 1) and cis-perinone (Pigment Red 194, 2). The structures of the in-
termediates 3 and 4 are investigated here. (For colour see online version).
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Fig. 2. Chemical structures of the perinone isomers and depiction of their colours. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

hydroxide addition product” [4,12]. The hitherto assumed molecular
formula is shown in Fig. 4. However, it remains obscure which analytical
methods were employed to establish this formula.

Here the intermediate 3 was investigated by single crystal X-ray
diffraction, amended by powder X-ray diffraction (PXRD), solution and
solid-state NMR and IR spectroscopy. Thereby, the molecular structure,
the chemical composition and the crystal structure of 3 have finally been

determined. Additionally, the intermediate 4 has been isolated. Its
molecular structure and crystal structure have been determined as well.

The perinone isomers can also be separated by two other processes:
(a) dissolution of the isomer mixture in concentrated sulfuric acid and
fractionated crystallization of the trans-sulfate (5), whereas the corre-
sponding cis-compound (6) remains in solution; (b) reduction of the
isomers to their leuco forms (7 and 8), with subsequent oxidation, see
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Fig. 3. Different approaches for the isomer separation of trans- and cis-perinone.

structures of 3 and 4 were determined.
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Fig. 4. Previously assumed structure of the intermediate 3 as "potassium hy-
droxide addition product” (3) [13].

Fig. 3. We tried to elucidate the structures of the intermediates 5-8, but
could only obtain very limited results.

1.1. Historical

Perinone was first synthesized almost 100 years ago in the labora-
tories of 1.G. Farben (formerly Hoechst AG) in Frankfurt-Hachst, Ger-
many. The corresponding patent was filed in 1924 [3]. The inventors,
Wilhelm Eckert and Heinrich Greune noticed, that the reaction of 1,4,5,
8-naphthalenedicarboxylic acid with 1,2-diaminobenzene (ef. Fig. 1)
leads to alucent red powder ("leuchtendrotes Pulver"). The authors were
surprised that the product was so deeply coloured, although the starting
materials, as well as the imides of 1,4,5,8-naphthalenedicarboxylic acid
are colourless. The product could be dissolved in concentrated sulfuric
acid, giving a yellow-brown colour. Upon reduction, the product turns
green [3].

In the original patent, no statement was made about the constitution
of the product. Actually, it was a mixture of cis- and trans-perinone in a
ratio of about 1:1. The industrial production of this mixture started in
1926 [14], ie. only 2 years after the first patent application.
(Apparently, in 1926 the official approval for starting the production of
a new chemical compound could be obtained much faster than today).
The product was at first sold under the name "Indanthrenscharlach 2G"

Hitherto, the molecular structure of all intermediates 3-8 were not known. Now, the

(Indanthrene Scarlet 2G) [14] and from 1929 as "Indanthrenscharlach
GG" [15]. It was used as a vat dye for the colouration of cotton and
rayon, and for printing on cotton.

In 1926, Eckert and Greune described alternative procedures for the
synthesis of the perinone mixture [16,17]. Again, no structural formula
was given.

The orange trans-isomer was apparently isolated first in 1928.
Heinrich Meresheimer from Ludwigshafen and Willy Eichholz from
Mannheim described the treatment of the perinone mixture with 320
parts of 60% HyS80, and 20 parts of chromic acid at 120-125 °C for3 h
[18].

The first method for the separation of the two perinone isomers was
invented in 1929 [1]. The approach used a fractionated crystallisation
from sulfuric acid. The isomer mixture is dissolved in concentrated acid;
subsequently, ice is added stepwise, which causes the orange isomer to
precipitate as an orange sulfate. The red isomer remains in solution.
Alternatively, a hot solution of the isomer mixture in HySO4 can be
cooled to room temperature, whereby the orange sulfate precipitates.
Hydrolysis in water leads to the final orange product. This patent con-
tains, for the first time, the structural formulae of the two isomers. The
molecular formula and the chemical constitution of the "orange sulfate”
is not known until today; see section 3.8.

In 1930, the separation of the isomers by fractionated crystallization
from KOH/ethanol was invented [1]. The isomer mixture is treated with
KOH/ethanel (1:7) at 70-80 °C, and subsequently cooled to room
temperature. The resulting precipitate (which is the intermediate 3) is
then hydrolyzed to give the orange isomer.

None of these patents state which isomer is the red one, and which is
the orange one. This was described by Fierz-David and Rossi in 1938
[14].

The orange trans-isomer was sold as Indanthrenbrillantorange GR,
whereas the cis-isomer was described as "bluish-red, quite dull vat dye,
which did not gain technical importance™ [14].

The perinone isomers were industrially produced at the Hoechst site
in Frankfurt am Main. From the spying activities of the US and British
secret services in Germany after 1945, it is known that the perinone-
isomers were separated using the KOH/ethanol process: "400 kg of po-
tassium hydroxide are dissolved in 2000 kg of 90% alcohol, and then

! The brand name "Indanthrene” was used for many polycyclic pigments, not
only for indanthrene derivatives.
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200 kg of Indanthrene Scarlet GG base P [i.e. of the isomer mixture] are
added. This is helt for 1 h at 75° and then cooled to 20°, and the sepa-
rated potash? addition product is filtered off [...]. The nutsch cake is
then added into 420 kg of 83% alcohol and 200 kg of potassium hy-
droxide solution are added and again warmed to 75° for 1 h and cooled
to 20°, and again filtered off on the nutsch.” The resulting intermediate
was subsequently hydrolyzed with water at 60 °C to give the orange
trans-perinone [4]. Later, the cis-isomer was sold as Indanthrenbordo 2R
(1948) [19] and Indanthrenbordo RR (1953) [20].

For many years, both isomers, as well as the mixture, have been used
only as vat dyes for cotton. After 1950, the perinones found recognition
as pigments. Today, both isomers are produced by Clariant (formerly
Hoechst AG) in Frankfurt-Hochst. The trans-isomer is sold as Hostaperm
Orange GR, and the cis-isomer as Novoperm Red TGO02.

Despite being such an old product, the synthesis of the perinones is
still subject to research. This includes attempts to enhance the yield of
the economically interesting trans-isomer from 50% to about 60% [21],
or to perform the synthesis in a "green", hydrothermal way [22].

The molecular structure and the chemical composition of the inter-
mediate 3, which precipitates from the KOH/ethanol solution, has never
been determined, hitherto. In 1929, the inventors described the inter-
mediate as “KOH compound of the orange isomer”, but the authors
explicitly state: “Whether this alkali treatment leads to salt-like com-
pounds, or to addition products, or to molecular compounds, cannot be
said".” This statement remained true for 87 years. The description “KOH
addition product” is in use until today [12]. A corresponding molecular
formula of a KOH addition product is also used in internal documents of
the producer Clariant, see Fig. 4 [13]. However, a search in the archives
of Clariant and its predecessor Hoechst AG, did not reveal any analytical
investigations supporting this formula. Internally, at Clariant the prod-
uct is called “Trennsalz” (separation salt), “potassium salt” or “potas-
sium addition product™.

In the following, we show that the intermediate 3 is not the assumed
"KOH addition product”, but a salt-like compound of a different mo-
lecular formula. A similar structure is also found for the cis-intermediate
4.

1.2. Application

P.0.43 offers a bright orange shade and excellent fastness to heat,
light and weathering. Trans-perinone thus is a high-price pigment,
which is especially used for outdoor applications in plastics, such as
tents and awnings. It is also used in paints [2]. P.0.43 is approved in the
EU [23] for cosmetic applications except for applications on mucous
membranes. It is used as colourant, for example, in soap [24] and nail
polish [25]. Its off-label use in inks for tattoos and permanent makeup is
also reported [26].

P.R.194 and V.R.14 have a duller shade and a good, but not excellent
light fastness. Consequently, they are of less commercial interest. They
can be used, for example, in paints or as vat dyes.

2. Materials and methods
2.1. Materials

Samples of P.0.43 (1), P.R.194 (2), V.R.14 (142) and of the inter-
mediate 3 from the industrial production were provided by Clariant.
Solvents and other reactants were obtained from Carl Roth, Fisher
Chemical and Sigma-Aldrich and used without further purification.

? The expression "potash" is apparently an error in the FIAT report. The
process does not contain potash (KzCO3).

? "Ob bei dieser Einwirkung von Alkalien salzartige Verbindungen oder
Anlagerungsprodukte oder auch Molekiilverbindungen gebildet werden, kann
nicht angegeben werden",
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2.2. Recrystallization and sample preparation of the intermediates 3 and
4

Five different samples of the trans-intermediate 3 and two samples of
the cis-intermediate 4 were prepared and investigated. The samples of 3
are denoted as A to E, the samples of 4 as Fand G.

2.2.1. Trans-intermediate (3)

Sample A is the industrial product 3, obtained from Clariant. Sam-
ples B to E were synthesized in-house.

Sample B was prepared by heating 1 (0.7 g) in a solution of KOH (2
g), ethanol (5 g) and water (0.5 g). The mixture was stirred at 78 °C for 2
h. The resulting yellow precipitate was isolated by filtration and dried in
vacuum at room temperature,

Samples C, D and E were obtained by recrystallization of A from a
solution containing KOH, water and ethanol in a ratio of 1:2:9 (in the
following referred to as “1:2:9-solution™). This solution was used by the
German industry before 1945 for the isomer separation of 1 part of
perinone [4].

Sample C was obtained by recrystallization of sample A (2 g) in
“1:2:9-solution™ (5 mL). The suspension was heated to reflux for 3 h,
wherein after one and after 2 h additional “1:2:9-solution™ (30 mL each)
were added. This resulted in a yellow solution from which a predomi-
nantly fine, pale yellow powder precipitated on cooling. The inhomeo-
geneous crystalline powder was filtered off at room temperature and
analyzed by means of powder diffraction. A single-crystal suitable for
structure determination could also be picked from the sample.

The filtrate was kept at 4 °C for several months but yielded neither
crystals suitable for single-crystal diffraction nor a sufficiently crystal-
line powder for powder diffraction. Only some thin and very fine deposit
on the wall of the vessel could be observed.

Sample D was prepared for NMR experiments in solution. A
deuterated and more dilute analogue of the “1:2:9-solution” was pre-
pared. KOD was synthesized in situ by mixing potassium dioxide (KOg,
80 mg) and Dy0O (0.25 mL) under stirring for 10 min. Subsequently,
ethanol-dg (0.75 mL) was added. The solution was stored overnight to
allow all side-reactions to subside (e.g. formation of deuterium peroxide,
which in turn decomposes in alkaline solution to D0 and oxygen [27]).
About 0.5 mL of this solution were used to dissolve a few grains of
sample A and used for solution NMR experiments.

Sample E was prepared from the already fairly good crystalline
sample A in order to obtain good single-crystals. A was cured for several
hours as suspension in a saturated solution in the *1:2:9-solution™ at
room temperature, giving single crystals suitable for X-ray analysis.

2.2.2. Cis-intermediate (4)

Sample F was prepared by reaction of pure 2 (1 g) with KOH (4 g) in
water (2 g) and ethanol (36 g) under reflux. On cooling to room tem-
perature, a yellow powder precipitated.

Sample G was prepared by storing a part of sample F (yellow sus-
pension) in a sealed vessel at 50 °C for 30 h. The solution turned reddish.
Upon cooling to room temperature, fine needles of 4 precipitated, which
were suitable for single-crystal X-ray diffraction.

2.3. Determination of solubility and stability

Solubility experiments were carried out with the sample A in several
solvents at room temperature and under heating to reflux.

2.4. NMR in solution

Perinone is insoluble or almost insoluble in all common solvents,
such as CDCly, benzene or DMSO. The intermediate 3 is either insoluble,
or decomposes in solvents. Hence, D3804 and KOH/ethanol were used to
record NMR spectra in solution.

For 'H and '*C NMR measurements of the intermediate 3 in solution,
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Fig. 5. Atom numbering for NMR assignment of 1. Symmetry copies not
labelled. For the assignment of the signals, see also [28].

the sample A was dissolved in a solution of deuterated ethanol/KOD as
described earlier (sample D, section 2.2). Measurements were carried
out at room temperature on a Bruker AV500 spectrometer operating at
500 MHz for the "H nucleus.

Additionally, sample A was decomposed with deuterated sulfurie
acid and measured directly.

Spectra of solutions of 1 in deuterated sulfuric acid were collected as
well. For this measurement, a sample of 1 was synthesized from sample
A by hydrolysis with water, washing and drying.

Measurements in D;SO,4 were carried out on a Bruker AV500 or on a
Bruker DRX600, the latter with a 'H frequency of 600 MHz.

NMR-Signals of 1 in D3SO, (for atom numbering see Fig. 5):

"H NMR (D3804 500 MHz): 9.85 (d, J = 7.8 Hz, 2H, H1/H14), 9.69
(d, J = 7.8 Hz, 2H, H1/H14), 934 (d, J = 8.2 Hz, 2H, H9), 8.60
(d, J = 8.1 Hz, 2H, H6), 8.53-8.46 (m, 4H, H7/H8) ppm.

B¢ NMR (D,S04, 126 MHz): 154.3, 141.1, 131.7, 127.8, 127.6,
127.4, 126.5, 125.3, 122.8, 122.5, 116.8, 113.6, 111.5 ppm.

NMR-data of 3 directly reacted with DySO4 are given in the ESI.

NMR-Signals of 3 in KOD/EtOD (sample D)

'H NMR (500 MHz, KOD/EtOD): 873 (m, 4H, naphthalene), 7.66
(m, 4H, H atoms corresponding to H6/H9), 7.07 (m, 4H, H atoms cor-
responding to H7/H8) ppm.

3¢ NMR (126 MHz, KOD/EtOD): 176.64, 163.67, 145.61, 140.07,
135,73, 131.00, 128.47, 126.33, 118.75, 115.78 ppm.

2.5. Infrared spectra

Infrared spectra of 1 and 3 (sample A) were measured to confirm the
NMR results. A Shimadzu IRAffinity-1S spectrometer with a Specac
diamond ATR-setup was used. Details and spectra are given in the
electronic supporting information (ESI).

2.6. Elemental analysis

Elemental analysis of sample A gave a composition of

41% C, 3.7% H and 6.6% N.

Calculated for the “KOH addition product” shown in Fig. 4:
CogHyaN402-4KOH: 49% C, 2.5% H and 8.8% N. Calculated for the
chemical composition of «-3 (sample E) as determined by single-crystal
X-ray analysis (see 3.5.3): K4[CosH12N404]-3CoHsOH-6H,O: 45% C,
5.0% H and 6.6% N. Calculated for the chemical composition of (-3
(sample C) as determined by single-crystal X-ray analysis (see 3.5.5): 1.5
(K4[C26H12N404])‘5C2.H50H'4 HzDi 49% C, 4.7% H and 7.0% N.
Calculated for 1: 76% C, 2.9% H and 14% N. The differences between
calculated and experimental values may be caused by the reaction of the
hygroscopic intermediate 3 to 1 during the elemental analysis.

Additionally, the chemical composition of 3 was assessed gravimet-
rically: Sample A was hydrolyzed by water. The resulting orange powder
of 1 was filtrated off, washed with water and dried. A weight loss of 52%
could be observed. The expected weight loss on hydrolysis of a-3 was
51%. The difference is attributed to impurities in sample A (K,CO5,
ethanol) and incomplete recovery of 1 in the filtration step.
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2.7. Powder X-ray diffraction

Powder diffraction data were collected on a Stoe Stadi-P diffrac-
tometer equipped with a focusing Ge(111) monochromator and a linear
position-sensitive detector. Cu-K,; radiation was employed for all
powder measurements. Samples were prepared in glass capillaries with
a diameter of 0.7 mm and measured under rotation at room temperature
in transmission unless remarked otherwise. The measurement covered a
20 range from 2 to 80° in steps of 0.2° with 150 s per step. Indexing was
performed using DICVOLOQS as implemented in the program DASH [29].

2.8. Single-crystal X-ray diffraction

Single crystal X-ray diffraction data of 3 (samples C and E) were
collected on a Stoe IPDS II diffractometer equipped with a Genix
microfocus source and mirror optics at 173 K. Mo-Kyj-radiation was
employed. The data were scaled by the frame-scaling routine in the X-
area package [30]. The structure was solved by direct methods using
SHELXS and refined by the full-matrix least-squares method using
SHELXL [31]. All CH protons of the main melecule were found by dif-
ference Fourier synthesis. The hydrogen atoms at the ethanol and water
molecules were set to chemical sensible, idealized positions. In -3 and
f3-3, all non-H atoms were refined anisotropically. In the case of 4, data
were collected on a Siemens Bruker three circle diffractometer equipped
with an Incoatec microfocus source. Cu-K,-radiation was employed. The
data were scaled by use of SADABS [32]. The structure was solved by
direct methods using SHELXS and refined by the full-matrix least-square
method using SHELXL [31]. All CH protons of the main molecule were
found by difference Fourier synthesis but due to limited data, all
H-positions were set to chemical sensible, idealized positions. The
crystal quality was quite poor. All non-H atoms were refined isotropi-
cally with only one displacement parameter for each ethanol molecule.
The atoms linking the main residue with the substituents were con-
strained to the same displacement as well,

2.9. Solid-state NMR

Preliminary solid-state 'H MAS, 1°C and >N CPMAS NMR spectra of
sample A were recorded on a Bruker (wide-bore) Advance III spec-
trometer operating at 850, 214 and 86 MHz for the 'H, 15C and N
nuclei, respectively. Samples were packed in 4 mm diameter cylindrical
PTFE rotors and spun in a H/C/N-sensitive probe. Different magic angle
spinning frequencies were utilized to identify rotational side bands.

Conclusive solid-state NMR spectra of sample A were acquired ona
Jeol ECZR 600 instrument, operating at 600.17 and 150.91 MHz for the
"Hand "c nuclei, respectively. The powder samples were packed in 3.2
mm diameter cylindrical zirconia rotors with a volume of 60 pL and spun
at 20 kHz. *C CPMAS spectra were acquired using a ramp cross-
polarization sequence (contact time of 3.5 ms; 'H 90° pulse of 2.1 ps;
optimized recycle time of 2.54 s; 4500 scans). 13C MAS (direct excitation
magic angle spinning) spectra were acquired with a 3¢ 90° pulse of 2.15
ps, recycle times of 2 s for 10000 scans. In all spectra, the two pulse
phase modulation (TPPM) decoupling scheme with a 119.0 kHz radio-
frequency field was used. '*C chemical shifts were referenced to glycine
('3C methylene signal at 38.48 ppm) used as external standard.

2.10. Theoretical approaches

Density functional theory has been used with the aim to investigate
possible ordered structures and tautomeric states with the program
package CASTEP [33]. DFT-D calculations were executed employing the
Perdew-Burke-Ernzerhof  generalized  gradient  approximation
exchange-correlation density functional and ultra-soft pseudopotentials
(cut-off 520 eV; the Brillouin zone is sampled by 1 x 2 x 2 k-points) [34,
35]. Dispersion correction was done by the Grimme06 model [36].

The Dreiding force-field [37] was used for model generation for
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structure determination from powder data and for fast preliminary ge-
ometry optimization to locate protons.

Infrared spectra were calculated with Gaussian 09 on B3LYP/6-31G*
level [38].

3. Results and discussion

The industrial intermediate 3 has been investigated for its solubility
and stability. X-ray powder diffraction revealed the existence of two
different crystal phases of 3, the industrial a-phase (a-3) and the -phase
(B-3) having a slightly different chemical composition. Single-crystals of
both phases could be grown. The crystal structures of both phases were
determined by X-ray structure analysis. NMR in solution as well as solid-
state NMR provided further information on the intermediate 3.

The crystal structure of 4 could be elucidated by single-crystal
structure analysis as well, resulting in a structure similar to that of 3.

3.1. Solubility and stability

Samples of 3 and 4 are relatively stable as crystalline powder in dry
air." Suspensions of 3 and 4 in ethanolic KOH are stable as well.® In
contact with moisture or COg, the pale yellow intermediate 3 is con-
verted to the orange trans-perinone 1. Analogously, the nearly colourless
powder of 4 is converted to the red cis-perinone 2 in contact with water.

Keeping a suspension of the trans-perinone 1 in KOH/ethanol at
room temperature leads to slow conversion of 1 to 3 within several days.

Samples of 3 tend to be inhomogeneously coloured with shades from
pale yellow to almost colourless. The yellow colour presumably arises
from minute contamination, e.g.,, with traces of 1.

According to literature, the intermediate 3 should have a modest
solubility in ethanol [12]. Apparently, this is only valid if the solution
contains a significant amount of KOH. In most solvents, 3 easily reacts to
1 in the absence of potassium hydroxide. Even pure ethanol® or meth-
anol seems sufficient as reaction partner, as a bright orange to red colour
develops in mixtures of these alcohols with 3. The observed reaction in
“pure” alcohols could also be attributed to traces of water in the solvent
or admission of moisture from air.

In a mixture of ethanol and KOH (5:1 by weight), 3 has a solubility of
6-10 g/‘L at room temperature.

The measured solubility of 3 in KOH/ethanol is adulterated by im-
purities from the crystallization process (e.g. excess potassium hydrox-
ide or solvent). Adsorbed ethanol on the crystals increases the apparent
solubility. The solubility is reduced by the presence of CO, which reacts
with KOH and results in K;CO3. The potassium carbonate sometimes
even forms fairly large crystals, especially in aged samples or samples
that were not handled with all of the appropriate care.”

At higher temperatures, the solubility in KOH/ethanol increases
slightly. No attempt was made to quantify this temperature dependency.

Both isomers of perinone (1 and 2) can be dissolved in concentrated
sulfuric acid under protonation. Both isomers give reddish brown solu-
tions [7]. The structures of the protonated species are not known (see
section 3.8).

3.2, NMR in solution

The C NMR spectrum of 1in D»SO, shows 13 peaks. This number is

4 Powder samples of 3 in a closed container in dry air exhibit a reddish or-
ange surface layer after about a year. Crystals of 3, stored in a sealed vessel
under argon, remain unchanged.

“ The suspensions remained unchanged over several weeks.

e “Ethanol, absolute” by Fisher Chemical (99.8+ %) and “Rotipuran®
Ethanol, absolute” by Carl Roth (>99.8%), both with comparable results.

7 Also the first single-crystal, which we found in a sample of 3 and analyzed
by X-ray structure analysis, turned out to be K;CO; instead of 3.

Dyes and Pigments 181 (2020) 108442

in agreementwith the inversion symmetry of the molecule containing 26
carbon atoms. The '"H NMR spectrum agrees with the centrosymmetry,
too. The NMR spectra of cis-perinone in D»S804 confirm the mirror
symmetry (Cy,) of the cis-isomer.

The NMR spectra were also used to establish the isomer purity of 1.
Signals of the cis-isomer were not present, confirming that our sample of
1 contained the trans-isomer only.

The intermediate 3 (sample A) was reacted with D,804. The result-
ing solution had the same reddish-brown colour as a solution of 1 in
D3S04. Both solutions contained similar peaks in the '"HNMR spectrum,
but the peaks were shifted. In the D,S0, solution of 3, additional signals
were observed, which were attributed to ethanol molecules and traces of
diethyl ether (which results from the reaction of ethanol with D,SO,).
Other impurities in the sample were not investigated in further detail.
The overall shift of the peaks results from dilution of the D,SO, by water
[39]. These observations indicated that the intermediate 3 contains
ethanol and water molecules in the crystal lattice.

'H, ¥c ("1 gated decoupling) as well as 'H/13C NMR spectra of 3
were recorded in KOD/ethanol-ds (sample D). The unusual solvent
rendered comparisons with literature data difficult. The '°C spectra in
KOD/ethanol contained only 10 signals (in contrast to 13 signals in
D3804), which is in clear disagreement with the assumed formula of 3
depicted in Fig. 4. These findings are interpreted in sections 3.5.1 and
3.5.2

3.3. Crystal phases

3.3.1. Crystal phases of the trans-intermediate (3)

The X-ray powder patterns of different samples of the intermediate 3
show, that there are actually two different phases, which we call a and .
The o« phase is obtained in the industrial production (sample A).

Sample B, which was obtained by heating P.0.43 in suspension in
KOH/ethanol at 78 °C (see section 2.2), consisted of poorly crystalline
o-3 and some impurities.

f3-3 is formed by recrystallization of sample A in a boiling mixture of
KOH, water and ethanol (1:2:9) (sample C).

In contrast to the phase transition on recrystallization from "1:2:9-
solution”, keeping powder samples of o-3 or erystals of a-3 suspended in
the "1:2:9-solution" at room temperature retains the a-phase (sample E).

3.3.2. Crystal phases of the cis-intermediate (4)

Sample F, which was obtained by dissolving P.R.194 in KOH/ethanol
at reflux, followed by cooling to room temperature (see section 2.2),
consisted of 4 and some impurities, as shown by PXRD. Most probably,
there are more phases of 4. The powder pattern of sample F shows peaks
not attributable to the single-crystal structure of 4 (which was deter-
mined from crystal needles from sample G). Furthermore, amorphiza-
tion of the sample F could be observed in dry air. This holds true for
crystals from sample G as well®, indicating a desolvatation and the ex-
istence of a solvate-free form or another solvate with lower solvent
content.

3.4. Attempted structure determination of 3 from powder data

The industrial sample A of the trans-intermediate 3 is a well-
crystalline powder, but did not contain single-crystals suitable for X-
ray structure analysis. Therefore, attempts were made to determine the
crystal structure from powder data.

The X-ray powder diffractogram of sample A (a-3) was of good
quality. The diffractogram was successfully indexed with a monoclinic

% The amorphization of G could be observed several times on the diffrac-
tometer, because dry nitrogen is used to cool the single crystals during the X-ray
exposure. The crystals decompose, but no red colour is observable. This in-
dicates a desolvatation, but no reaction of 4 to 2.
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Fig. 6. Sample A from industrial production (a-3, left), (slowly) hydrolyzed sample A (second left), sample E (a-3, third left) and crystals from sample C (B-3, right).
Upon hydrolysis, the grain shape is mostly retained (second left). The white bars in the images have a length of about 100 pm.

Fig. 7. Molecular structure of the intermediate 3 (right), and reaction from 1 to
3, with atomic numbering.

unit cell with cell parameters of a = 27.7 5, b=123 ﬁ, c=121Aanda
monoclinic angle of § = 107°. The systematic extinctions pointed to
C 2/c as most likely [40] space group. A successful Pawley refinement
confirmed the cell parameters and the space group [40,41].

Structure determination was tried by the real-space method with
simulated annealing [29]. Since the exact molecular structure of 3 was
not known at that time, different molecular models were tested. All of
them contained the molecule as “potassium hydroxide addition prod-
uct”, as depicted in Fig. 4, in the di-anionic or tetra-anionic state. All
molecular models were optimized with the DREIDING force field [37],
in order to assure a sensible molecular geometry. The structure solution
trials were run with different molecular models and varying numbers of
ethanol and water molecules. All attempts invariably failed. No crystal
structure was found which matched the experimental powder pattern.

After the structure had been solved by single-crystal X-ray diffraction
it became obvious, that the structure solution from powder data failed,
because the assumed molecular model was wrong. The actual molecular
geometry, described in 3.5.1, dissented too much from the model which
was used in the simulated annealing trials.

3.5. Crystal structures of the trans-intermediate (3)

The crystallization experiments, described in section 2.2, yielded two
different single-crystals, suitable for structure determination by single-
crystal X-ray diffraction. Both crystallizations started from the indus-
trial sample A (see Fig. 6 left). Single crystals of the a-phase of 3 could be
obtained by curing the sample A in a mixture of KOH, water and ethanol
(1:2:9) for several hours at room temperature (sample E). Recrystalli-
zation of sample A from the same solvent mixture at reflux led to the

Case I tetra-anion + ethanol Case IT- di-anion + ethoxide

Fig. 8. Possible protonation-states of 3.

formation of single crystals of the p-phase (sample C, Fig. 6, right).

The o-phase (sample E) corresponds to the industrial phase.

The crystal structures of both phases were determined by single-
crystal X-ray diffraction (for details see ESI).

Both crystal structures contain in their lattices the organic anion
(“perinone anion™), potassium cations, ethanol and water molecules.
The structures of the two phases (x-3 and $-3) differ in their water and
ethanol contents. The main common feature is the chemical structure of
the “perinone anion™.

3.5.1. Chemical structure of the trans-intermediate (3)

The single crystal X-ray analysis of the a- and f-phases of the trans-
intermediate 3 revealed, that 3 is not the “potassinm hydroxide addition
product” depicted in Fig. 4. In contrast, the crystal structures show that,
surprisingly, the conversion of 1 to 3 is accompanied by unexpected ring
openings (Fig. 7). The two lactam groups (N-CO) disconnect by cleavage
of the bond between C12 and N11, and carboxylate groups are formed,
see Fig. 7.

Upon hydrolysis of 3 with water or dilute acid, the lactam bond is
reconnected and the perinone is restored.

3.5.2. On the protonation state of 3

From the single-crystal X-ray data of «-3 and -3, no distinctive
conclusion on the protonation state of the organic anion (specifically of
N4 or N11) could be drawn. The crystal structures of the «- and the
p-phases of 3 contain four potassium cations per perinone anion.
Correspondingly, there must be four negative counter-charges. There
are two possible cases:

case I. The two carboxylate groups and the two benzimidazolate
groups are deprotonated, leading to the tetra-anion shown in Fig. 7 and
in Fig. 8, case L.

caseIl. The benzimidazole groups are not deprotonated, but contain a
N-H group each, leading to a di-anion. To compensate for the charge of
the potassium cations, two ethanol molecules per organic anion must be
deprotonated (see Fig. 8, case II).
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Fig. 9. Ellipsoid plot (50% probability) of a-3. Symmetry copies generated by
the crystallographic inversion centre at the centre of the molecule are not
labelled. For C11E and C12E only the major occupied positions are shown. The
O-H---N bonds are shown as dashed lines.

Table 1
Bond lengths (in R) between nitrogen and carbon in the benzimidazole system,
expected for case I and case II (CSD data), in comparison to the experimental
values.,

CSD mean values experimental
bond case [*  case II” o3 B3 frag. 1 p-3frag. 2 p-3 frag. 3
C3-N4 1.35(4) 1.36(3) 1.354(3) 1.349(8)  1.3397)  1.347(8)
C3-N11  1.34(4) 1.31(4) 1.341(3)  1.347(8)  1.357(7) 1.347(7)
A 0.01 0.05 0.013 0.002 —0.018 0.000
C5-N4 1.36(4)  1.43(5) 1.381(3) 1.389(8)  1.374(7)  1.390(8)
C10-N11  1.37(4) 1.45(5) 1.393(3) 1.391(8) 1.393(7) 1.391(8)
A —0.01 —0.02 —0.008 —0.002 —0.019 —0.001

* CSD-search fragment: qu—N"—C—N(H.D)—CCyd (223 hits).
b cSD-search fragment: substituted imidazole (139 hits).

From the viewpoint of an organic chemist, both cases look chemi-
cally reasonable. In such cases, a consideration of the pK, values should
be helpful. However, the pK, values of the perinone di-anion are un-
known. The experimental determination of the pK, values of 3 in solu-
tion is hampered by the instability and limited solubility of 3.
Theoretically, the pK, values could be calculated; but pK, values,
calculated in the gas phase or in solution, do not necessarily reflect the
situation in the solid-state environment. The same holds true for
experimental pK, values.

In the crystal structures, there is a short contact between the atom N4
of the benzimidazole and the oxygen atom of an ethanol molecule
(compare Fig. 9 and Fig. 17). Obviously there is a hydrogen bond. This
could either be aN~ - - .H-O bond (case I) or a N-H- - -“0 bond (case 1),
see Fig. 8.

From the X-ray data of «-3 and p-3, the position of the hydrogen atom
in question could not be localized in the difference Fourier maps because
of limited erystal quality.

In case II, the bond lengths C3-N4 and C3-N11 should differ by
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Table 2

Angles in the hydrogen bond betweenanN atom of the benzimidazole group and
an ethanol molecule for case I and case II in a-3 and $-3. Hydrogen atoms on
calculated positions.

phase  angle case | case I both cases
P 1E-0)/° HN-T1--0)/° H(N--0-C)/*
o-3 N4-H-O1E 179.4 1288 113.7(6)
p-3* NAA-H-O41E 173.6 155.4 104.7(6)
N4-H-021E 179.9 152.0 105.6(7)
N4B-H-051E 179.5 97.2" 109.1(8)
N11B-H-0O31E 179.7 120.3" 104.6(6)

* Three symmetrically independent fragments. In the third fragment both
atoms N4 and N11 have a close contact to an ethanol molecule,

b H atom either at N4B or N11B.

€ Not a reliable H bond.

about 0.05 A (CSD-Search with Mogul [42]), whereas they should be
about equal in length in case I. Experimentally, their two bond lengths
are equal within the precision of the measurements. This holds true for
a-3 as well as for all corresponding bond lengths of the three symmet-
rically independent fragments in -3 (see Table 1). This points to case L.
Similarly, the bond lengths C5-N4 and C10-N11 should differ by about
0.02 A for case I, whereas they should be roughly equal in case 1. Also
here, all experimental values point to case 1.

The geometry of the hydrogen bond was investigated as well. The H
atom in question was placed in a calculated position either at the O atom
(case I) or at the N atom (case II). For case I, the N”...H-O angle is
roughly 180°, which is a typical value for hydrogen bonds. For case II,
the N-H- . .“0 angle is between 120 and 155°, which is quite uncom-
mon for a reliable hydrogen bond (see Table 2). Hence, these angles are
a clear argument for case L.

The angle N...O-C, incorporating the CHy group of the ethanol
molecule, should be about 111 =+ 14° for case I°, and 119 =+ 14° for case
1'% which is no significant difference. The experimental values
(Table 2) are closer to 111°, which is a weak favour for case 1.

Another minute, yet productive argument in favour of case I is, that
all hydrogen atoms of the C-H groups of the perinone anion could be
located by difference Fourier synthesis, but no Hatom was found at the
N atoms. The hydrogen atoms of ethanol and water molecules could not
be located reliably from the X-ray data, because the ethanol and water
molecules are disordered, as visible from the larger thermal parameters,
from the reduced occupancies of several atoms, and from the solid-state
NMR experiments (see section 3.5.3.). Hence, the proton of the OH
group of the ethanol molecule cannot be expected to be found in any
case. Therefore, the inability to locate the proton of the N-H-O
hydrogen bond is an argument for case 1.

In the solid-state infrared spectra, no N-H-bands could be observed.
In addition, no ethoxide could be detected. Ab initio calculations were
employed to generate reference IR spectra, but the resulting gas-phase
spectra were not comparable to the measured solid-state spectra.
Hence, the IR spectra gave a fade hint in favour of case L.

The '"H NMR spectra of 3 in ethanol-ds;/KOD did not contain signals
of N-H, but also in case II these signals would not be visible due to a
rapid exchange of the H atom with the deuterated solvent.

The 1°C NMR spectra of 3 in ethanol-dg/KOD solution showed only
ten signals. This finding proves the magnetic equality of the atom pairs
C5/C10, C6/C9 and C7/C8 of the benzimidazole group. Thus, either
both nitrogen atoms (N4 and N11) are not protonated or a fast exchange

9 CSD search fragment: N---H-O-CH, with: N having aromatic bonds to two C
atoms), x = 2,3 and d(N---0) < 3.27 A. 2075 hits, CSD mean value 110.6” +
13.8°.

1% CSD search fragment: N-H.--O—-CH, with: N having single bonds to two C
atoms), x = 2,3 and d(N.--0) < 3.27 A. 6230 hits, CSD mean value 119.4° +
13.5°.



Eigene Veroffentlichungen (Volltext) [LT9]

103

L. Tapmeyer et al

x5

Intensity (arb.)

AR i,

Qi T
o

LR e LI LA e e e | T B |

|
T
5 0 15 200 25 30 35 40 45 50 55 24/°

Fou
e b b iant
—

!

Fig. 10. Experimental powder pattern of sample A (untreated industrial sam-
ple; black, upper, dashed curve) and simulated powder pattern of a-3 (red,
lower curve). Both measurements, powder and single crystal, were performed at
173 K. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

takes place since the attached carbons act magnetically equivalent.
Hence, the '*C NMR spectra show that the intermediate 3 has a ring-
opened structure not only in the solid, but also in KOH/ethanol solu-
tion. The protonation state in solution remains obscure.

Solid-state NMR ('H, '°C and '°N) provided no clear answer on the
protonation state.!

DFT-D calculations were set up to determine the protonation state of
«-3. Several attempts were made: (1) optimization of the whole unit cell;
(2) optimization of only the ethanol molecules; (3) optimization of only
the proton position of the N.--H:--O hydrogen bond in the otherwise
fixed structure. (4) Several approaches with different numbers of
ethanol and water and (5) approaches with super cells and different
numbers of ethanol and water. All approaches gave no decisive results or
were far too expensive in terms of computing time. The optimizations of
the whole unit cell did not converge, probably due to disorder or dy-
namics. Super cell calculations, set up to account for partly occupied
solvent positions proved not feasible. Calculations with a moveable
proton between O1E1 and N4 in an otherwise fixed structure favoured a
N.-H-O bridge rather than a N-H:--O bridge, but the energy difference
was rather small.

3.5.3. Crystal structure of the industrial a-phase of 3 (a-3)

Single-crystals of the industrial phase -3 have been obtained by
curing sample A in 1:2:9-solution (sample E, section 2.2). The crystal
structure has successfully been determined at 173 K (Fig. 9). This crystal
structure corresponds to the industrial product. This was confirmed by
comparison of a simulated powder pattern of a-3 with an experimental
powder diagram of the industrial sample (sample A), both measured at
173 K (see Fig. 10).

Compound «-3 crystallizes in the monoclinic system. A unit cell with
the dimensions a = 27.6799(16) A, b = 12.3372(5) A, ¢ = 12.0253(7) A
and f = 106.951(4)° (at 173 K) has been found, which corresponds to
the values obtained by X-ray powder diffraction. The unit cell volume is
3928.1(4) A® at 173 K. The space group was determined as C 2/c, as
already found by X-ray powder diffraction. Further crystallographic

11 Solid-state "N spectra were recorded overnight. The samples turned or-
ange, visually indicating a reaction of 3 to 1 during the measurement. Three
weak peaks were observable. They might be interpreted as two signals from 1
and one signal from 3, which is an indication for the magnetic equivalence of
the two N atoms of the benzimidazole group, which could, however, also be
caused by dynamical effects in case I or case II.
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Table 3
Crystal structural data of the intermediates -3, §-3, and 4.
Compound -3 (trans, industrial B-3 (rans) 4 (cis)
phase)

Chemical KalCapTTysN,04] 1.5 Kal[CagHyalN4 041

composition - 3CyH,OH -6Ha0 (K4 [CagH1aN4041) -3C,HsOH-3H,0
-5CoHsOH-4H,0

Formula CaoHaaksN4 045 Cag e7Hay 23KaN401p CagHaglyN409

CCDC number 1983275 1983274 1989666

M, 847.09 802.40 793.05

Crystal system monoclinic triclinic maonoclinic

Space group C2/c ri P2y/n

z 7z 4,05 3,15 4,1

T/K 173 173 293(2)

ask 27.6799(16) 9.7342(9) 6.586(2)

b/ﬁ 12.3372(5) 16.3726(15) 34.99(2)

/A 12.0253(7) 19.1558(17) 16.636(19)

a/® 90 68.834(7) 90

B 106.951(4) 84.851(7) 102.11(6)

1 90 77.963(7) 90

V.fﬁa 3928.1(4) 2784.0(5) 3748(5)

Peate (Mg - m ™) 1.432 1.436 1.405

Crystal habit block block thin flat needles

Crystal colour light brown light brown coloudess

Crystal size/ 0.28 x 0.28 x 0.25 0.26 x 0.26 x 0.23 1x 0.1 =x0.05
mm

Radiation Mo-Ky Mo-Ky Cu-Ky

A/ﬁ 0.71073 0.71073 1.54178

@ range/* 2.379-26.901 2.058-25.566 2.526-33.289

N2 of meas. 18813 25668 9272
refl.

Rin 0.0313 0.0611 0.2212

R[F*>20(F)] 0.0536 0.0946 0.0986

wR(F?) 0.1509 0.2725 0.2589

S 1.050 1.065 1.049

NZ of 4224 10220 1361
reflections

N2 of 294 685 204
parameters

N2 of restraints 84 134 16

A 0.770 1.063 0.626

ApPuin —0.532 —0.773 —0.746

details are given in Table 3.

The unit cell contains four perinone anions, which are situated on
crystallographic inversion centres. The asymmetric unit is composed of
half a perinone tetra-anion, two potassium cations, one and a half
molecules of ethanol and three water molecules. Hence the chemical
composition of the industrial intermediate is: K4[CogHjoN4O4]-
3CaHs0H-6H,0.

The organic tetra-anion is composed of a central naphthalene system,
which is tetra substituted in 1,4,5,8-position by two benzimidazolate
and two carboxylate substituents. There is a strong intramolecular
repulsion between the neighbouring substituents, caused by steric re-
quirements and by the Coulomb repulsion between the negatively
charged carboxylate and benzimidazolate groups. This leads to a
distortion of the molecule in two ways: (1) a rotation of the four sub-
stituents against the naphthalene plane, (2) an out-of-plane bending of
the substituents causing a deformation even on the naphthalene system

i ST . g -
Jciz
o7

Fig. 11. Organic anion in «-3. Mean plane (light blue) of the six central
naphthalene carbon atoms depicted in white. The naphthalene system and its
substituents are nonplanar, which is well visible from the carbon atoms
depicted as grey balls. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 12. Distribution of torsion angles of 1,4,5,8-tetrasubstituted molecules in
the CSD. The inset shows the CSD query motif. The CSD search was restricted to
only aromatic substituents R'-R*. In the experimental structures of o-3 and f-3,
R! and R are the COO  groups and R* and R? the benzimidazolate groups.

itself.

Ad (1): The carboxylate group is rotated against the naphthalene
plane by 34.7(3)° as manifested by the torsion angle
¢$(017-C12-C13-C15). The neighbouring benzimidazole is rotated in
the same direction by 39.2(3)° (¢(N11-C3-C2-C15)), see Fig. 11.

Ad (2): The naphthalene system deviates by 0.035 A RMS from its
mean plane. The carbon atoms C13 and C2 are by 0.12 A below and
above the mean plane. The carbon atom of the carboxylate moiety (C12)
is 0.63 A below this plane and the bonding carbon atom of the benzi-
midazolate (C3) is 0.55 A above (see Fig. 11). The corresponding torsion
angles are ¢(C12-C13-C15-C1%) 157.2(2)° for the carboxylate
group, and ¢(C3-C2-C15-C15") = 160.7(2)° for the benzimidazolate
group (Fig. 12). A CSD search for 1,4,5,8-tetrasubstituted naphthalene
compounds was performed. In case of aliphatic substituents, the naph-
thalene system is almost planar (¢; = ¢» 180”). For aromatic
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substituted naphthalenes, torsion angles between 155° and 167° are
frequent (see Fig. 12). Hence, the perinone’s geometry is no outlier.

The benzimidazolate mean plane forms a dihedral angle of 44.5°
with the naphthalene mean plane. Similarly, the carboxylate plane
forms a dihedral angle of 46.2° with the naphthalene’s mean plane
(Fig. 14).

Those rotations are caused by steric requirements and by the
Coulomb repulsion between the negatively charged benzimidazolate
and carboxylate groups.

Because of the nonplanarity, the electronic conjugation between the
n-systems of the naphthalene group and the n-systems of the carboxylate
and the benzimidazolate groups is strongly hampered. The interrupted
conjugation explains the colour differences between the bright orange
perinone 1 and the almost colourless intermediate 3.

Also the n-stacking of neighbouring molecules, which generally
contributes significantly to the colour of organic pigments, is hindered

Fig. 14. Coordinative environment of K1 (lower) and K2 (upper) in a-3. C
atoms in grey, H white, O red, N blue, K viclet. Coordinative bonds depicted as
transparent green cylinders. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

b)

“ 4

Fig.13. Amrangement of ethanol and water molecules in «-3. (a) View along the b-axis. Only major occupied positions of disordered positions are shown.
(b) Arrangement of the ethanol molecules in the ethanol layer. View along the a-axis. The numbers show the short intermolecular distances between C and O atoms of
the ethanol molecules. O---O distances of 2.8-3.1 A are typical for hydrogen bends, but O---C and C---C distances of 2.5-2.7 Aare only possible between average
positions in highly dynamic or disordered systems. The minor cccupied atomic positions are drawn more transparent.

10
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Fig. 15. Crystal structure of @-3. View along the c-axis. The K ions, ethanol and water molecules are drawn as ball-and-stick model, the tetra-anions as capped sticks
only. The channels of water molecules are marked by a red ellipsis. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

by the strong out-of-plane bending of the benzimidazolate fragments.
Actually, the distance between neighbouring naphthalene centres is
more than 8 A,

The structure contains two symmetrically independent potassium
cations, both on a general position. The first potassium ion (K1) is
six-fold coordinated by the carboxylate groups (') of two anions, by
three water molecules and by the z-system of the naphthalene system of
one anion (Fig. 14). The second cation (K2) is six-fold coordinated as
well. It coordinates two-fold to the carboxylate (T]z) and the benzimid-
azoles 7-system of one anion, to the carboxylate group (n') of another
anion, and to two water molecules (Fig. 14). Astonishingly, the
potassium cations do not coordinate to the negatively charged N atoms
of the benzimidazolate fragments.

All water molecules in the structure are coordinated to potassium
anions. The water molecules are arranged in channels parallel to the
c-axis around the K' ions, see Fig. 15.

The most prominent hydrogen bond pattern in the structure is a
second level C4(22) chain, linking the carboxylate moiety of one organic
anion to the benzimidazole nitrogen (N4) of another via a water
molecule [43,44].

Both ethanol molecules are disordered. The ethanol molecule which
is H-bonded to the atom N4 of the benzimidazolate (O1E, C11E, C12E,
Fig. 9) is disordered on two orientations with occupancies of 70 to 30%.
The other ethanol melecule (containing O2E) is disordered around a
twofold axis, with an occupancy of 0.5 for all atoms. Thus, only half of
these molecules are present simultaneously, whereas the other position
remains unoccupied. This disorder results in an overall number of 3
ethanol molecules per perinone anion.

The ethanol melecules form layers parallel to the (100) direction, i
e., in the be-plane (see Figs. 13 and 15). This ethanol layer contains short
intermolecular C---C contacts of 2.5-3 A. Such small distances are
chemically unreasonable. They can only occur between the average
atomic positions in a highly dynamic structure or in a disordered
structure. In any case, not all atomic positions are occupied simulta-
neously. Most probably, both effects are present in «-3.

3.5.4. Dynamical aspects of the structure of a-3

The X-ray data reveal that both ethanol molecules in the structure
a-3 are disordered. The nature of the disorder, whether static or dy-
namic, was investigated by solid-state NMR spectroscopy. Depending on
the type of experiment, solid-state NMR can either highlight signals

.

CPMAS '

WJV»AMNJ LﬂJL' \memmmmvw
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[ IAN I M J |
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Fig. 16. Solid-state NMR spectra of a-3. 'C (150.9 MHz) CPMAS (bottom) and
MAS (top) spectra acquired at a spinning speed of 20 kHz.

Fig. 17. Ellipsoid plot (50% probability) of p-3. Symmetry copies without label.
One ethanol molecule and all water molecules and potassium ions omitted for
clarity. Hydrogen bonds shown as dashed lines.

arising from rigid or from highly dynamic parts of a structure. For rigid
structures, CPMAS (cross-polarization magic-angle spinning) experi-
ments are employed. Dynamic, liquid-like aspects were investigated by
MAS (direct excitation magic-angle spinning) experiments [45,46]. The
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Fig. 18. Crystal structure of fi-3. H atoms are not shown.

15C CPMAS and MAS spectra of o-3 are shown in Fig. 16.

The *C CPMAS spectrum shows aromatic and carbonyl resonances
(around 110-150 and 160-180 ppm, respectively), which can be
assigned to the rigid (in the NMR time scale) perinone tetra-anion.
Interestingly, no aliphatic signals attributable to the ethanol molecules
are present. Apparently, the ethanol is too dynamic to be seen in CPMAS
spectra. On the other hand, the '>C MAS spectrum is characterized by
only two sharp peaks (—45 Hz width) at 18.0 and 57.1 ppm, which can
be attributed to the ethanolic CH; and CHy, respectively. Since the MAS
experiments highlights resonances attributed to highly mobile moieties
only, this clearly suggests a very fast exchange between all ethanol
positions.

The crystal data show that such a fast exchange between all ethanol
positions is well possible. All ethanol molecules are crystallographically
disordered, leaving space at the respective momentarily unoccupied
positions. There is enough space in the ethanol layer for the ethanol
molecules to move from one position to another with only a small energy
barrier. This fast movement explains the solution-like lines in the MAS
spectrum,

3.5.5. Crystal structure of the fi-phase of 3 (f-3)

Single-crystals of the (-phase of 3 (sample C) could be obtained by
recrystallization of sample A from a boiling mixture of KOH, water and
ethanol (1:2:9). The crystal structure was determined from X-ray
analysis.

The compound -3 crystallizes in the triclinic system with unit cell
dimensions of a = 9.7342(9) A, b = 16.3726(15) A, ¢ = 19.1558(17) A,
a = 9.7342(9)°, f = 84.851(7)° and y = 77.963(7)°, resulting in a cell
volume of 2784.0(5) A at 173(2) K. The space group is P 1.

Like -3, also (-3 contains a ring-opened tetra-anion. Even the
conformation of the anion is similar. The carboxylate groups as well as
the benzimidazolate groups are rotated against the naphthalene p]anelzJ
and bent out of the plane (Fig. 12).

The unit cell contains three tetra-anions, with one of them on a
crystallographic inversion centre and two on a general position.

The asymmetric unit is composed of one and a half perinone anions,
six potassium cations, five molecules of ethanol and four water mole-
cules. Correspondingly, the chemical composition of (-3 is 1.5
(K4[CaeH;2MN404])-5CoHsOH-4H,0.

2 Torsion angles for the COO group: ¢(016-C12-C13-C15) = —150.0(6),
Pp(016A-C12A-C13A-C15A) — —132.6(6)", {{016B-C12B-C13B-C15B) —
42.6(8)"; for the benzimidazole group: ((N11-C3-C2-C15) = -37.8(9Y),
(N11A-C3A-C2A-C15A) = 53.7(8)°, $(N11B-C3B-C2B-C15B) — 136.2(6)°.
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Fig. 19. Crystal structure of p-3. Ethanol and water molecules are situated in
channels. The outer surface of the channels is drawn in red. The channels are
connected to a two-dimensional layer formed by ethanol molecules. View along
the a-axis. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

All potassium ions, water and ethanol molecules are situated on a
general position (see Fig. 18 and Fig. 19). The six unique potassium ions
have coordination numbers of 6-8. The phase -3 is another solvate form
(or, as some might say a “pseudopolymorph™) of «-3. Both phases
contain the same tetra-anions, but differ in the numbers of ethanol and
water molecules. In the a-phase there are 3 ethanol molecules and 6
water molecules per K4[CpgH12N404] moiety. The p-phase contains 10/3
ethanol and 8/3 water molecules per K4[CosHj2N4O4] moiety. The lower
water content of the p-phase is in agreement with the higher tempera-
tures during its crystallization, which generally hampers the inclusion of
water molecules in the crystal lattice [47].

In the crystal structure of (-3, the potassium cations and organic
tetra-anions form a coordination network parallel to (011). The water
and ethanol molecules are arranged in channels parallel to the a-axis, see
Fig. 19. The channels are connected by close contacts between ethanol
molecules, ' resulting in alayer of ethanol molecules parallel to (011), i.
e. between the coordination network of K™ cations and organic anions.
Within these ethanol layers, the molecules are probably mobile and
disordered, as it is evident from the large and anisotropic displacement
parameters of the atoms of the ethanol molecules. However, the limited
crystal quality of -3 does not allow detailed discussion of this disorder.

3.6. Crystal structure of the cis-intermediate (4)

Single-crystals of the cis-intermediate 4 have been obtained by re-
action of pure 2 with KOH in ethanol and storage at elevated tempera-
ture (sample G, see section 2.2). The crystal structure has successfully
been determined at 293(2) K.

The intermediate 4 crystallizes in the monoclinic system in the space
group P 2;/n. Crystallographic data are given in Table 3.

The cis-intermediate 4 has a ring-opened structure, like the trans-
intermediate 3, see Fig. 20.

The crystal quality was low, but better crystals could not be grown.
Hence, the protonation state of the anion could not be determined from
the X-ray data. In analogy to the investigations made on a-3 and p-3, one
should assume that the cis-intermediate, too, adopts the tetra-anionic
state. Like in «-3, there is a hydrogen bond from the atom N4 of both
benzimidazolate units to an ethanol molecule each (see Fig. 20b).

The geometry of the cis-tetra-anion in the structure of 4 resembles
the geometry of the trans-tetra-anions in the structures of a-3 and p-3.
Like in 3, the carboxylate groups as well as the benzimidazolate groups

13 d(C12E-C22E) — 3.727 A.
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Fig. 20. Structure of the cis-intermediate 4.
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Fig. 22. Crystal structure of the cis-intermediate 4. View along the a-axis. C
atoms in grey, H white, O red, N blue, K violet. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)

are rotated against the naphthalene plane,' and bent out of the plane.
This leads to a considerable distortion of the naphthalene plane, see
Fig. 21.

The asymmetric unit is composed of one perinone tetra-anion, 4
potassium cations, 3 molecules of ethanol and 3 water molecules. Hence
the chemical composition of 4 is: K4[CogH12N404]-3CoH50H-3H0.

All four potassium cations coordinate directly to the N atoms of the
benzimidazolate groups. This coordination is in contrast to a-3, where
the benzimidazolate groups only act as x ligands to the K™ ions. In p-3,
both coordination modes are present.

The organic tetra-anions and potassium cations form a two-

% Torsion angles: ¢p(C15-C2-C3-N11) = 55° and $p(C33-C19-C20-N28) —
58°,
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(a) Molecular structure. (b) Section from the crystal structure (coordinating symmetry copies depicted transparent).

dimensional coordination network parallel to (010), i.e. parallel to the
ac-plane, see Fig. 22.

In KOH/ethanol solution, the '>C NMR spectra of 4 show in total 10
signals, like for the trans-intermediate 3. This proves, that the cis-in-
termediate 4 has a ring-opened structure in solution, like in the solid
state. The protonation state of 4 in solution is not known, but presum-
ably, the intermediate 4 is a tetra-anion like in the solid state (see
Fig. 20a).

3.7. On leuco-perinones (7, 8)

Upon reduction, the isomer mixture of perinones turns green, as
described by Eckert & Greune in 1924 and 1926 [2,3]. However, the
molecular and crystal structure of resulting leuco-forms 7 (trans) and 8
(cis) are unknown till today. Reduction of the pure trans-perinone 1 with
potassium dithionite leads to a suspension of green colour. In the course
of our investigations, the trans-leuco-form 7 was isolated from this sus-
pension by centrifugation, and analyzed. As a solid, 7 exhibits a dark
green to black colour. All investigated samples of 7 were amorphous by
means of powder X-ray diffraction.

No NMR-data of 7 could be obtained, because all isolated green
solids (including 7, prepared by reduction with dithionite) were insol-
uble in the usual solvents for NMR spectroscopy (including D,O and
ethanol-dg).

A greenish substance of similar hue as 7 is obtained, when P.0.43 (1,
720 mg) is stored in ethanolic KOH (7.5 mL and 2 g KOH) for three
months at room temperature (in a sealed 10 mL flask). A powder X-ray
diagram of this sample only showed reflections of poorly crystalline 3
(o-phase).

Samples of 3 in KOH/ethanol, stored at 50 °C for several weeks,
produced a greenish solution and a slimy brown-reddish residue, which
was amorphous by means of X-ray powder diffraction.

Hence, the molecular structure of the trans-leuco-form 7 and the
chemical composition of the green suspension remain obscure. The
structure of the cis-leuco-form 8 was not investigated.

3.8. On the intermediates in the H,SO4 process

The dissolution of the perinone isomer mixture in concentrated sul-
furic acid leads to a yellowish brown solution, as already observed by
Eckert & Greune in 1924 [3]. From this solution, an "orange sulfate” (5)
of the trans-isomer can be precipitated by cooling or by addition of a
small amount of water [3]. According to our experiments, the solubility
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Fig. 23. Structure of the intermediates in the industrial separation of perinone isomers.

of perinone in sulfuric acid is quite high and moisture from air is suffi-
cient to precipitate the “orange sulfate” over the course of days. Without
the addition of water, a considerable amount of perinone remains in
solution at room temperature. The precipitate is rather complicated to
isolate from the acid.

The orange sulfate can also be obtained by reaction of 1 with a
vapour of sulfuric acid at 220 °C under reduced pressure.

Reaction of the obtained orange powders with water restores 1 and
releases sulfuric acid.

The “orange sulfate” is more yellowish than 1 and the powder
pattern of this (microcrystalline) substance strongly deviates from that
of the starting material. The powder diagram indicates more than one
phase; none of them could be identified (see ESI) and it was not possible
to determine the crystal structure by powder diffraction, despite various
attempts.

The '"H and *C NMR data of a D380, solution of 1 indicates, that the
molecule retains its centrosymmetric structure (at least in time-
average), and that no ring opening takes place (section 3.2). The NMR
data and the observed solubility can be explained by a protonated per-
inone molecule, However, the number of added protons and the pro-
tonation sites are not known.

Hence, the molecular structure of 5 and the chemical composition of
the corresponding "orange sulfate” precipitate remain obscure.

The corresponding cis-intermediate 6 remains in solution in HySOy,
presumably as protonated species. Its 'H and C NMR spectra are
similar to that of the trans-intermediate 5, but the signals are shifted.
Further structural investigations have not been made.

4. Conclusion

After more than 80 years of industrial production, the molecular
formulae of the intermediates in the industrial separation of perinone
isomers are finally elucidated. Hitherto, neither their molecular struc-
ture, nor their crystal structures, nor even the chemical composition of
the industrial precipitate of the trans-intermediate were known. In
contrast to earlier assumptions, the intermediates 3 and 4 are no
“KOH addition products”, but products of a ring-opening reaction of the
perinone skeleton (Fig. 23). The distinction between the cis- and trans-
isomers remains intact. The trans-intermediate 3 has alower solubility in
KOH/ethanol, which allows the separation of the isomers. The ring-
opening is reversible: Treatment of the isolated trans- and cis-in-
termediates, 3 and 4, with water leads to a ring-closure, restoring trans-
perinone (1) and cis-perinone (2), respectively. Thus, the different

solubilities of the intermediates 3 and 4 and the fully reversible ring
openings allow the separation of the perinone isomers in the industrial
process.

In both perinone isomers, the ring-opening is accompanied by a
rotation of the benzimidazolate moieties against the naphthalene frag-
ment by 43.5°-57.6° (-3 has a dihedral angle of 45.6°; B-3: the mole-
cule on a general position has dihedral angles of 43.5° and 57.6°, the
molecule located on a centre of inversion has a dihedral angle of 51.3°).
This rotation results in an interruption of the conjugation of the z-sys-
tems, which causes the observed colour change from the bright orange
trans-perinone (P.0.43, 1) and the deep red cis-perinone (P.R.194, 2) to
the almost colourless'® intermediates 3 and 4.

The trans-intermediate phase «-3, which precipitates from KOH/
ethanol in the industrial process, contains ethanol and water molecules
in its crystal lattice, and has a composition of K4[CyeH;2N404]-
3CyHsOH-6H,0, as determined by single-crystal X-ray diffraction. A
second crystal phase (§-3) of slightly different composition was syn-
thesized and its structure was determined, too. The cis-intermediate (4),
which is industrially handled only in solution, was isolated as a solid; a
single crystal could be grown, and its structure was determined as well.

In the crystal structure of a-3, the potassium cations are n-coordi-
nated to the benzimidazolate group, whereas they form a single coor-
dination bond to the N atom of the benzimidazolate in 4, and a mixture
of both in p-3. In all structures, the water molecules are coordinated to
the potassium cations, whereas the ethanol molecules occupy the voids
between the molecules. The ethanol molecules form layers. According to
solid-state NMR investigations of a-3 (ISC CPMAS and MAS) the ethanol
molecules are highly dynamic, whereas the organic anions are quite
rigid.

The protonation state of the perinone anions could not be deter-
mined from single-crystal data. NMR methods were used to identify the
intermediate as tetra-anion and IR spectroscopy confirmed this conclu-
sion. Besides the KOH/ethanol treatment, two other methods are known
for the separation of the perinone isomers: fractionated crystallization
from sulfuric acid, or reduction to the leuco forms. The corresponding
intermediates — protonated species or reduced species - were investi-
gated, too, but their structures could not be unravelled, despite of
various attempts.

> The yellow colour of the precipitate 3 and of the solution of 4 in KOH/
ethanol in the industrial process is apparently caused by impurities. The pure
compounds 3 and 4 as crystalline solids are almost colourless.
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