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(&1$5%$7,21

7KLV LV WR FHUWLI\ WKDW WKH ZRUN , DP VXEPLWWL
VXEPLWWHG IRU DIQRANHKHDVGBOQUNHUVLW\ &ROOHJH &R
HIWHUQDO UHIHUHQFHY DQG VRXUFHVY DUH FOHDUO\ DF
FRQWHQWY |, KDYH UHDG DQG XQGHUVWRRG WKH UHJ’

FRQFHUQLQJ SODJLDURSHDYGE LQWHOOHFWXDO SU



SEVWUDFW

7KLV WKHVLV GLVFXVVHV WKH V\QWKHVLV FKDUDEW!
FRPSRQHQW FU\WWDOOLQH PDWHULDOV RI DEWLYH SK
HPSKDVLV LV SODFHG RQ FRFU\WWDOOL]DWLRQ ZKLEK
RI DJJUHJDWLRQ Rl WZR RU PRUH GLIIHUHQW FKHPLFL
WKURXJRYDROMHQW LQWHUDFWLRQV 7KLV \UWHWMHDUFK K
FKDSWHUYV

&KDSWHU JLYHV DQ RYHU YL HERPIS REHQWR Q PIOS W HR |
PDWHULDOV DQG FRFU\WWDOOL]J]DWLRQ ZKHUH WKH Gt
DQG DSSOLFDWIOR/QDRIHFREVRVIMQFOXGHG

&KDSWHU GLVFXVVHW XDRRIP §¥ RGFMQMMWIDWO RRUPV RI L
VXOIRQDPLGHVXOABR RO RABK FRFU\WWWDOOL]DWLRQ D
FU\WWDO VWUXFWXUH ODQGVFDSH RI VXOIDVDOD]LQH
IOOXVWUDWHG EHWZHHQ FRFU\WVWDOV DQG VDOWV RI
+LUVKIHOG VXUIDFH DQDO\VLY DQG IURQWLHU PROHFX
&KDSWHU LQYHVWLJDWHV WKH K\GURJHQ ERQGLQJ
IJUHTXHQWO\ XVHERRFSRXRGD PVWCOHED JEKPWY K GHLISH ULPHQW
PHWKRGY DQG WKHRUHWLFDO FDOFXODWLRQV LQFOXG
PROHFXODU HOHFWURVWDWLF SRWHQWLDO VXUIDFHYV
PROHFXOHV

&KDSWHU IRFXVHV R @MKIDULRDF B RVWIF® 6 MDR[LFDP ZL
EDVLF RUJDQLF FRXQWHULRQV UHVSHFWLYHO\ 7KH VI
GUXJV LQ VRGLXP SKRVSKDWH VROXWLRQ ZHUH FRQG X

LWV VDOWYV H[KLELWHG GLIIWKXYWWIKAHP GQ HARHQW SOKH
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PHFKDQLVPV ZHUH GLVFXVVHG

&KDSWHU HISORUHV FRRODWWDEDMJARDWHRIR®Y ROQG ER
HQDQWLRPHUV RI IRXU SKDUPDFHXWELKBARURBWHR®®Q\
RI GLDVWHUHRPHULF RU HAHWDH WLRO/FRBHHFG | XV VMQY WDIPPN [ D
RI WKHLU K\GURJHQ ERQGLQJ PRWLIV
&KDSWHQYHWW.KBWIHRUP DGLIDRMW HRUHRPHSDRE UWVRRU\VWD
6PDQGHODPNIGHERWK HQDQWLRPHUYV RI PDQGHOLF DFLC
,Q DGGMMLFQ\VWDO VWEBRRWXOBWPORGHODPLGH DQG
HOQDGWURFKHG PDQGHGDRZIH&®HM GHWHWBDLEHE&G FU\VWD!
VWUXFWXUDO DQDO\VHK\GWRKIH WKAHL@DRDK BY. H GKREX W
&KDSWHKPPDUL]J]HV WKH PDLQ ILQGLQJIY FRUIQMKAHUHQWLU |
ZRUNXFK DV WKHUQRHDWVH G LVDR UDWEBIHMWE QEXISL UD O

VHSDUDWLRQ SURFHVVHYV



$SFNQRZOHGJHPHQWYV

7KLV WKHVLV LV Glpéerisob V6IDE HENMDRY U L H Qe V

W U H P H QG@pporadd@ndncouraged me throughout my PhD time.

JLUVW DQG,IRBHMPBVWLNH WR VLQFHUHO\ H[SUHVV P\ |
V X S H UDriSindilLawrence The memory of the first time | stepped into his

office upon arriving in Ireland remains vivid in my mind. His warm smile and kind
introduction immediately alleviated my anxieties about embarking on my PhD
journey. 7KUR XJKRXW 'R&imon LawrenceKDV FRQVLVWHQWO\ SUI
XQZDYHULQJ VXSSRUW SURPSWO\ DGGUHVVLQJ DOO
ORUHRYHUVEXHEIDMDVYQLILFDQW DPRXQW RI WLPH WR UHY
RITHULQJ FRQVWUXFWLYH IHHGEDFN WHR HQ KZRWHNH QUK H
GXULQJ HYHQLQJVY DQG ZHHNHQGV :LWKRXW KLV JXLG
ZRXOG QEWHKD FRP)XQWAMWKHE& KBPWYHSURYLGHG PH ZLWK HJ!
RSSRUWXQLWLHY WR SDUWLFLSDWH LQ LQWHUQDWLRC
FRPXQLFDWLRQV +H KDM UDOXMED\WQEHHDKRQHYHU , SUH
SUHVHQWDWLRQ RITHULQJ LQYDOXDEOH DGYLFH D¢
SUHVHQWD WIIRRQYJ HWHVIWHRPHWD VXSSRUWLYH ZHOO GRQH
FRQVLVWHQWO\ ERRVWAROV ERQULBWRPO|I H{IWUHPHO\ IR
KLPV P\ 3K' VXZIHEKIRVAAHEG PH SDWLHQFH PRWLYDWLRQ
DV ZHOO DV VKDUHG ZLWK PH+ KWW HRMRQUWH LNSQ R D ¥ HKC
SURIRXQG LPSDFW RQ P\ SHUVRQDO DQG DFDGHPLF JU
, ZROXG OLNH WR H[WHQ¥X P 5 KMKHD\QINR QALRVDIO TR G ' U

IRU EHLQJ P\ DVVHVVPHQW SD QBSU RYHNFRBEXMQUIXFEWS Y RIJ

IHHGEDFN RQ B'SBBRBIFVWWRRI $QLWD 0DJXDWH DQG 'U
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9HQDEOWKSEIRRIHV VLR Q DYOD D &BDEWDHI B AYUIHYW R U F K

| am deeply grateful to the ROORZLQJ SHRSOHH[EBH UMOWH DB WKHL
'‘DO\ RBUHYICRO®DWH DQG D JSHBWLGUHICGHFEBQWLQXRXYV
WKURXJKRXW P\ 93K)BRNKRDHPOHWOD JHQHURXVO\ VKDUHG K
ZLWK PH DQG SURYMWKH® KHFSLEHRW MADUCON H DEDHRKOIDGV L R Q V
YDOXDEOHQDBOORPRKMN GQREHQ , MRLQAHGLWKHPHRURKERQL
DVVLVWHGNRH MWDK . QLQJ RI WKHXDB® DD QIBIXE® H
SURYDGMGVALIVMYEM 5 DQG +3/& WUDLQL QIUDEDAN®IHR XV V L
/IXVL DQG 'U &KLDUD &DBGEMBGR VR Q DHHFSRULYPWDO GD)
WKH &29,SDQGHPUWKHUPRUH , ZRXOG OLNH WR H[WHQ
P\FROOHDJXHV DQ ® W HWFKRR &DOFOP V WVRAUINVKKHHD 8§ G
WHFKQLFDDKBRSISRRXWWR WKHOPKXEBBEWXRILWKHFLHQFH
7HFKQR®WRSDUWPBQW D 6B HOQAHR W& HLU LQYDOXDEC
VXSSRUW DQG H[SHUWRR B WXX $IO®EK HEUMIUHIDQFH DQ!
NQRZOHGJH KDYH VLJQLILFDQWO\ FRQWULEXWHG WF
GHYHORGRMHQDO WKBQHWLRRVPDWOGE FPORMIPY WZ Q H \
HLWK $Q®UBDXIXKQHVV\ DQGRAL WRRHLMBO VXSSRUW IUR
EHJLQQLQJ WR HQG

, DP LPPHQVHO\ JUDWHIXO WR P\ GHDU IULKRDB® 'U 7LCLC
6X:DQ\XQ /L .H\L /LX 4L 7DQJ 'U 6KHQJ\X :BQJ 'U 4L«
;LDRMX =KRX IRU WKHLU XQZDYHULQJ ORYH VXSSRUW
P\3K'MRXUQH\ 7KHLU SUHVHQFH KDORDOEOHYEHNWHG W
HQULFKHG P\ OLIH ZLWK H[FLWHPHQW DQG MR\

, ZRXOG OLNH WR DFNQRZOHGJH 663& DQG 6FLHQFH )}

P\ UHVHDUFK DQG SURYLGLQJ RSSRUWXQLWLHV WR



FRQIHUHQFHVY ZKLFK VKDUSHQHG P\ H[SHUWLVH DQG F
/IDVW EXW ,QZFO/Q W HBR/ WS GHHSHVW JUDWLWXGH WR P\ |
WKDQNV WR P\ PRWKHU IR UGHKHSISRIUQSE RHEL (DL WW RABY Q.
RI VWUXJJOH IDHQGBDGRXBWRVW VROLG VXSSRUW DQG JL°
KDUG IRUHYHU DQG FR QANV.MQKX A\ PFROYLLHDH Ul ®WQZD 0G| H

7KH SDVW IRXU \HDUV Rl SXUVXERD GHRIKN B DY\ KEH 8IQL \
WKH PRSWUIHDQWG LQ P\ OLIH 7KH FKDOOHQJHV , IDF
IJULHQGVKLSV , IRUJHG DQG WKH NQRZOHGJH , JDLQHG
WUXO\ XQSDUDOOHOHG &RUN ZLOO IRUHYHU KROG D
PHPRULHV , FUHDWH® XHi WR 2LGOMB ERIY DQG JXLGH PH D

HQGHDYRXUV



'LVVHPLQDWLRQV

3XEOLFDWLRQV

1. 6KDQ +X®IQID\ . 5 &KHHPDUOD 'DYLGH 7LDQD DQG
([SHULPHQWDO DQG 7KHRUHW L RAROQ @LYHV VO B WD RV® L
LQ &RFU\VWDOV REBX\OWD FXRQWKLQH +

2. 6KDQ +XTH®X 6 9HQDEOHV D Q G3&IDRRPD F HAMVE UFHDEF 18 D
RI 3LUR[LFDP DQGWHK QR JIDRDLFF BRX\YWHBURQWK 'HV

+

3. 6KDQ +X®IQID\ . 5 &KHHPDUOMDQ GDLLRRIQ7LDI@ZUHQFH
([SORULQJ WKH &U\WWDO 6WUXFWXUH /DQGVEDSH RI
OXOMRP SRQHOMWEDOWW *URZWK 'HV =

4. 6KDQ +XOCHQUEKLOH )LW]J]JHUDOG 6WXDUW * &ROOLQ
6LPRQ ( /DZPSHOBHWEH &U\VWDO /DQGVFDGH RI 0DQ
5HYLVLRQ

5. 6KDQ +XO@W 6LPRQ ( MMVHQAIH QDQWLRVSHFLILF &RF
'LDVWHUHRPHULF &RFU\$PLD® $BLGV BRW ZHHKHQDO &R

JRUPHQVSUHSDUDWLRQ

&RQIHWBHA¥HQWDWLRQV

6KDQ +X®IQID\ . 5 &KHHPDUOD 'DYLGH 7LDQD DQG ¢
([SHULPHQWDO DQG 7KHRUHWLFDO ,QYHVWLJDWL
,QWHUDFWLRQV LQ &RFU\VWIRRWY JRIH ¥ X ODIIX DEQ QG
$VVHPEOH Rl WKH ,QWHUQDWLRQDO 8QBRQXRMWEU\VW

OHOERXUQH $XVWUDOLD >3RVWHU@



6KDQ +XTH®XR 6 9HQDEOHV DQG 6LPRQ ( /DZUHQFH 3
RI 3LUR[LFDP DQG OHOR[LFDP ZBW& @IJUDQLF &RXQW

ODUFK ,QGLDQDSROLV 86% >2UDO@

6KDQ +XBIQD 6 9HQDEOHV DQG 6LPRQ ( /DZUHQFH 3
RI 3LUR[LFDP DQG OHOR[LFDP ZLWEKQM/HDQDW BRXDG
&RQIHUHQFH RQ WKH &KHPLVWU\ Rl WKH 2UJDQLF 6R

2KULG ODFHGRQLD >3RVWHU@

6KDQ +XDB)Y 6 9HQDEOHV DQG 6LPRQ ( /DZUHQFH 3k
RI 3LUR[LFDP DQG OHOR[LFDP ZLWKC2WUDIKQLF &R
8QLYHUVLWLHYV &KHPLVWU\ 5HVHDUFK &ROORTXLXP

>3RVWHU@

6KDQ +XRRUDUD &DSSXFFLQR M DODW KRUMK VEQ L1V D CG6D
ODJXLUH DQG 6LPRQ ( /DZUHQFH 3KDUPDFHXWLFD:
OHOR[LFDP ZLWK 2UJDQLF &RXQWHULRQV 6), 6FLHQF

,JUHODQG >3RVWHUG®@



SEEUHYUDWWRQ

Abbreviation
ACQ
APls
BCPs
BCS
CAB
CSD
CSP
CSP
DFT
DSC
EFSA
ESIPT

FDA
FMO
FTIR
GAS
GRAS
HOMO
HPLC
ICCs
LAG

LUMO

Full name

AggregatiorCausedQuenching

Active Pharmaceutical Ingredients
BondCiritical Points

Biopharmaceutics Classification System
ConjugatedAcid Base

Cambridge Structural Database

Crystal StructurePrediction

Chiral StationaryPhase
DensityFunctionalTheory

Differential ScanningCalorimetry
European Food Safety Authority
Excited-StateIntramoleculaProton Transfer

Food and Drug Administration
FrontierMolecularOrbitals
FourierTransforminfraredSpectroscopy
GasAntisolvent
GenerallyRegardedas Safe
HighestOccupiedMolecularOrbital
High-Performance.iquid Chromatography
lonic Cocrystals

Liquid-AssistedGrinding
LowestUnoccupiedMolecularOrbital
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MCCMs

MEPSs
NCE
PAT
PXRD
QTAIM
Raman
SAS
SCCs
SCXRD
ssNMR
TGA
TPDs

TSE

Multi-ComponenCrystallineMaterials
MolecularElectrostatidPotential Surfaces
New ChemicalEntity

ProcessAnalytical Technology

Powder X-Ray Diffraction

QuantumTheory ofAtoms inMolecules

RamanSpectroscopy
SupercriticalAntisolvent

Salt Cocrystals

Single Crystal X-Ray Diffraction

Solid StateNuclearMagneticResonance

ThermogravimetriAnalysis
TernaryPhaseDiagrams

Twin Screw Extrusion
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&EKDSWHUWURGXFWLRQ




SKDUPDFHORWLENO

6RLMBNDWH GUXJ VXEVWDQFHYV RU DFWLYH SKDUPDFHX
HYHU LQFUHDVLQJ DQG LPSRUWDQW UROHHMVEKDUPDF
RI V\QWHKRZX IPMSOWLHQW FRPSOLDQFH VXLWDELOLW)\ IR
DQWBKH SKENHPLWDEEREZWYHU WKH GHY H/ORBRH @GW XRIVV F
DOVR KDV FRHEW WBRNHYUFK FXUUHQKDON BERXRDWHRI
DSSURYHG ®BSINRDEOGWHO\ RI GHYHORBPHQWDO S
H[KLELW VROXELDHMV%ESBREDHPBFHXWLFV &ODVVLILFDYV
FODVVLILHV $3,V LQWR IRXU PDMRU FDWHJRULHV DF
SHUPHDEHIORYRNR IKRZQ LQ BRIGXELOLW\ DQG SHUPHDE
UHOHYDQW WR WKH GHYHORSPHEWORH S§RRHGL VR B XU
SUHVHQW D VL]HDEOH FKDOOHQJH HVRKRWEH CSKD B P D PH .
ELRDYDLODELOLW)\ ZKLFWK KRBHDNHOAWLF| QXWGERROW RV KHHW
LPSURYLQJ WKH HIITHFWYKRR®G G \E R | PRUDIK BPRIRAM G RQ W
RIWKH VROXELOLW\ DQG ZEDLWRERIDI D@\ W \ , RD Q0GR 79
GUXDWDQZKLOH VROLG GUXJ IRUPV PD\ BIOVRRIQJIHFW
K\JURVFRSLFLW\ DQG D QXPEHU RI RWKHWBORGHUWL}
VWDWH BBURKDIRY EHFRPH D PDMRU FKDOOHQJH LQ WK

GHYHORSPHQW LRWWZEGMHIRUPXODWL



JLIXUH6FKHPH RI ELRSKDUPDFHXWLFVY FODVVLILFDWLR!

BUHIRUPXODUM MQSKWXB\LQ GUXJ GHYHORSPHQW WKD
GLVFRYHU\ RI D QHZ EKHPIRDX/ HIWR\FKDUDFWHUL
HVWDEOLVKLQJ WKH SK\VLFRFKH P L FADKD ®URBXQGV DH M
WKH GUXJ SHUIRUPDQFH FIQI> G\RWD T HRIBDERFSPBIMWIL R Q
VWXGLHV LQFOXGH VHOHFWLRQ RI WKH GUXJ FDQGLG
FRPSRQHQWY HWF LHRKL OHK HV RAHR SXEXKGRDY SRWHQWLI
SRO\PRUSKV K\G U DRN H\BDRIGIS FURIBEDWHYUHDW LPSRUW

LQ WKLV VWDJH

6ROIRAWPV RI $3,V

6ROLGY FDQ EH FERIWFRABVHEDYR® R QVORQHDLQIKBHIUHH

RUGHU DHARUG KRXWWDOOGVQEHSLFWHG LQ )LIJXUH
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J)LIXUH7KKA Y HURNRWIR® PRVDRYGILVRD @ 3,

$PRUSKEHROLGV

$PRUSKRXVFEWQYRQOLQH VROUGQJIDPROMAXWDKHRIUR/UG H
XQOLNH D FU\VWDOOLQH/JDROH GRUIBKIHHE K D M H BQAR COURQI
FXUUHQWO\ LQ XVHDYAWH JB RRARRBKRKRKXY VROLGV KDYH

VROXELIOAMRO XWLRQ UDWH DQG ELRDYDLODELOLW\ WKI

)LIXUH"HJUHRHRW GHW 2M 1) \ V W DROUPPOIBR U S KIRXI\P
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+XVVDLQ ZRUNKBY VKRZHG WKDW DPRUSRROULIQEIXSURI
ZLWK DQ H[FLSLHQW BROKRS GO+ 3DEKDQFHG NLQHWLF \
DQG GLVVROXWLRQ UDWH FRP-SPAHYG WRDWRHSKRYXWD@A:
DUH XVXDOO\ OHVV VWDEOH SK\VLFDOO\ DQG FKHPLFL
VROLGVYHXSURDWIRK H[DPSOH ZDV D WUDQVGHUPDO G
URWLJIRWLWKH WUHDWPHQW RI 3DUNLQVRQVTV GLVHD'
5RWLJRWIMWHGFDVWOWRQOLQH IRUP LQ WKH SDWFK KF
FU\WWWDOV DSSHDUHG LQ WKH IRUP RI VQRZXKIOAIKNHV G X
FDXVHG WKH GHFUHDVH RI VROXELOLWAHXGBR WV HIIL
SDWFKHV ZHUH ZLWKGUPZQNHWRPD@WKHQRW DYDLODEC

UHIRUPXODWLRQ LQ IL@QPAERNV K H\B BMEH BDKFRV X U H U

JLIXUHS5RWLJRWLQH ZDV FU\VWD O OH XM&FRDXWAKHVWKH V
&RQVHTXHQWO\ FU\WWDOOLQH PDWHULDOV KDYH EHF
RZLQJ WR WKHLU JUHDWHU WKHUPRG\QDPLF VWDELOL\

WR EH LVRODWHG LQ D KLIJIKHU SXULW\ WKDQ WKHLU D

15



&U\VWDBROLQH

$ AVWREQ\VW DO QDQRIGMIBOHGLDO ZKRVH FRQVWLWXHQW:
PROHFXOHV RU LRQV DUH DUUDQJHG LQ D UHJXODU U
GLPHQVLRQYUPNOmMOGWA MHUHQW FRPSRQHQWY DQG GLI
SDFNEM@PHVXOW LQ GLIIHUHQW SK\VLFRFKHPLFDO SURS
WKH SK\VLFRFKHPLFDO SURSHUBNRXURE BHQFEBIOWD L QF

PRGLILHG E\ DGMXVWLQJ WKH &®OQR/IWAROHFXWOW\D QG DR

FU\WVWDO

JLIXUH3RVVLEOH FU\WWDOOLQH IRUPV IRU BPQ $3, D
VROYRWHIDGVHVD-OWROHFXODU ARRUILNWHREWRQY DO

VWRLFKLRPHWULF L QFRDPONRIQ FRAKIRMEHOY DRVGIWY/D W HV

VROLG VROXWLRQV PL[HG FU\VWDOV

16



6LQFRHPSROQUHWQYWDOOLQH PDWHULDOYV

W LV TXLWH FRPPRQ WKDW PDQ\ VXEVWDQFHV H[LVW
KHQFH GLIIHUHQW SRO\PRUSKV RI D FRPSRXQG SRVV
SURSHUWLHY GXH WR W¥YRI GRIQN U BD@\WR PD/U B D QRIRIM H XD |
D DQG E HPOPSDW PHWKYOQLWURSKHQ\O DPLQR(
WKLRSKHQHFDUERQLWULOH D SKDUPDFHXWLFDO LQWH
LWV UHG RUDQJH DINGIUHW ARZZS ENUWY\\W DADAASQ ¥ H
FU\WWDO YWY N FENMHCH G L \GAHR Y W URYKEDQRIDFAN HAK L B €
WH VWUXFWXUH IRU D WKKIDW HHBQ kS BRE B REFGH RELHIWK
E H H)QOFCKIDD F W H U IS\H @/ I8HR O \ P RGJISIKMWM KIHR UVLRQDO DQJOH
WKH GHEBRBMXJIDWLRQ H[LVWLQJ EHWZHHQ WKH WKLR
ULQIYLITHUHQW UHVXOWLQJ)XQ VEKHUBRRQNVERQ@RP RUS|
PRVW VWDEOH ERWK WKHUPRG)QDBPIRD R®AKB Q GS R DQRR
NLQHWLF VWDELOLW\ DSSUR[LPDWHO\ IROORZV WKHU

HQHUJ\ SRO\PRUSKYV WHHGWR EH VKRUWHU

JLIXUH7KH PRDUHRXYWOUXFWXUH RI 52<

$V DOUHDG\ PHQWLRQHG WKH VROXELOLW\ DQG ELRD
PD\EHGLIIHWBH@WRQDYLU PDUNHMHG®RIOEB XQGHU WKH
QDPHRUYEZDV DQWLUHWURY XWBG PHRIFDIMMVRIQ RWKHU PH

WR WPHDPW +RZHYHU WKH GUXJ ZDV ZLWKGUDZQ IURP
17



XQGLVFRYHUHG PRUH VWSRO0 FIRUGS 10 D VRYAMONE QK
VHRIROLG FIDBV X O BNXMHWKHU UHVHDUFK DOGGDWHYHORSF
UHPDUNHWHG FDXVL0QORWRYSBEERWW /DERHANDHVRULHV
H[DPSOHV VKRZ WKDW LQYHVWLJDWLQJ WKH VROLG
LPSRUWSKIFRUDPSKHQLFRO SDOPLWDWH ZKLFK LV D
K\GURO\]HG E\ DFLG DQG HVWHUDVH LQ WKH KXPDQ JX
WKUHH SRO\PRUSKKH VRMDEOH IRUP $ WKH PHWDVWD
XQVWDEOH,WRUF EHSRUWHG WKDW IRUP % KDV D IDVW
PXFK KLJKHU VROXBLOKMUMWRLG | RRWPRCRFED I$ RBRUV
GHYHORSLQJ GLIIHUHQW SRO\PRUSKV W RN LVFRSQUXREYLFHD WK
RI D PHOW®\ORDEPRUSK LV NLQHWLFDOO\ KLJKHU WKDQ
PRUH VWDEOH +RAHPRUSKHQHUDOO\ WKH UDWLR RI VR
GLIIHUHQW SRO\PRUSKYV LV OHVW WK HQWHIRN KR ZK VAK

FDQ DOSMHULWRHKHPLFDO SURSHUWLHV Rl $3,V YLD SR

OXOMRPSRUHQYWDO @AW PDWHUL

&RPSDUHG ZFWRRSR@HOW FUAR RNV \FPWEWW HQHD OV
0&8&0VKDYH PXFK PRUH SRVVLELOLWLHV Rl PRGLI\LQ

SUR SHUW L BIR/DRIJIPESF, 81 & &\OLb&MTHhe defined as multiple component

crystalline materials in which at least one component is a drug substafeg or

and they have the potential to profoundly impact the subsequent research of the

drug.

+\GUDWRI®OYDWHYV

+\GUDWHV DQGLMREGEMDWH FU\VWDOOLQH PROHFXODU D

ERWK WKH KRVW PROHHMRX®@® JXB,VRUPH[GHSE XIO@IW-ZDWHU
18



RWKHU VROYHDWAR USROUDVPIMWHE @ Q WKH FU\WWWDO ODW\
K\GUDWHYV DQG VRGOMDWHWHRIFWWYQ YIKSK\VLFRFKHPLFDO
DV VWDELOLW\ K\JURVERSLCXWUHWFO)SEIHG [HMXE DRIO R
'LRQJ DQBRUNHUV FROQBWREWHG DQBHVWLIJDWLRQ RQ WI
VROYDWHYV RI UHEDPLSLGH 5%0 DQG IRXQG WKDW 5
VWDELOLW\ DQGOGNKREWEHL DO WVROWBWERY L H GLPHWK\O °
GLFKORURPHWKDQH VROYDWH D®RLG DPHRIFH Y KB Q R OR K MWF
GUXJV IRU WXEHUFXORVLY WUHDWPHQW KDV D PRQR
VROYDWH\NDPE&®WLGRQH VROYDWH &RPSDUHG ZLWK LWV
S\UUROLGRQH VRRWWUWRIPOEOWKIBWH EXIIHU VDOLQH |
ZKLOH WKH GLK\GUDWH LARXBBRKRYPDWRKH E@VW 0 +&
VRO XWLHRIOQW GBOPRQVWUDWHG WKDW VL[ HPRGLQ VROY
IOXRUHVRKHWOWEBOCHHOLHYHG WKDW WKH VLIJQLILFDQW
WKH GLITHRHYO@OW HQORW LOQWHUDFWLR GY W H WKSNYIBIVWHIO Y D \
DUH RQ WKH PDUNHW $RAU BIPBHIMGLAH. EO'HE2 QIRAW DWH -
&DED]LWD[HO D F HDRD H JIWREDD YOI IKWD Q R GHIWAEH
However, hydratesor solvates along with nonstoichiometric inclusion
compounds (Figur#.4g), are the last choice for the screening and development of
crystalline drugs. This is because hydrates and solvates are often less stable over
time, due to solvent loss. In addition, some solvates are not suitable for

pharmaceutical applications due to $pafssues of the solvent.

6DOWYV

7KH VDOLILFDW)IRXWE DY KH PRVW FRPPRQ DSSURDEF

LWV SK\VLFREREBRUMIEGHQBI WINDEOH VDOW FDQ EH IRUPI
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GLIIHUHQFPHERWB3HHQ DFLG DQ&EBMHHRZRRHH WLKBHQ W
GLIIHUHQFH LV VPDOO D FRPSOH[ PD\ EH IRUPHG EXW
DTXHRXV HQYLURQPHQW EDFN LQWR LWV FRPSRQHQW V
GUXJ SURSHRMW MWHKH SHUVSHFW LY&H3R5I12 \DIEEWDMAHI HH QL Q.
PRUHHTXHQWO\ XVHG WR IRUP VDDDRV&DLIO REJDQLF E
.2+ DUH FRPPRQO\ XVHG WR IRUP \ODOMAH BMN & HRADIDH\L |
SKDUPDFHXWLFDO LQGXVWU\ LQFUHDVLQJO\ XVHG WKL
DQG ELRDYDLODELOLW)\ BFISRIRU®3I, V REEKODDIHR WHEKHIOV H R
VIQW K H ¥ UVVDVD®/X HM VDIGRDK H V L ] H GR WKKHHGIDYR®\W VG L Q H
D ORFDO DQHVWKHWLF DQG DQDOJHVLF GUXJ WKDW E
DFL&K\GUR[\SKHQ\O RRHDNFIEKDNWE GRMQGLIVRDREALOLW\

HQKDQFHP HQWSKRHRBOWHCH W S S K \MLFRGEKHPLFDO SURSH
DQG ELRSKDUPDFHXWLFDO SURSHUWLHV LQFOXGLQJ H
VWDELOLW\ RUJDQROHSWLF SURSHUWLHY DQG PHFKD(
REWDLQHG E\ VDOW IRUPDWLRQ )XUWK H&®RWUIHR OKDHOGN
UHOHDVH RI D GUXJ WKURXJK WKH FRQWURB® RI WKH
SUHVHQW PRUH WKDQ RI GUXJV FXUUHQRWD\ RQ WK
H[DP SORIQWLYRWDSD[DU VXOIDMMERFLFOLE YXRFLQDWH
2IHY1LQWHGDQLEHWW\OORZHMYHU WKH ZHDNO\ DFLGLF F
VRPH $3,V DUH QRQLRQL]DEOH QHDU SK\VLRORJLFDO S
VDOVWVDGGYRAQAR® VRO XW KR WD YH BUWH FXOW\ LQ WKHLU
UHSURGXFAKLRKLWLIKW OLPLW WKHI)RUIXWKHAHU $B S\S O L
FRFU\WWDOOL]DWLRQ LV HPHUUIQQW KH/ RS RFFIDM. DR @ R

GXULQJ GHVLIJQ DQG GHYHORSPHQW RI GUXJV
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&RFU\VWDOV

7KH ILUVW UHSRWXWHERRMHU\DWDBO®RODU UDWLR FRPSRX
DQG K\GURTXLQRQH GLVFRYHUHG ELWKLWGHLBRSIKO
GHYHORSPHQW RI VXSUDPROHFXODU FKHPLVWU\ DQG F
VFLHQWLVWY DSSOLHG WKH WKHRU\ LQWR WKH GHVLJ
FRFU\WWDOV )&RFUMVINIHO PRRPBRQHQW FU\WWDOOLQH
DVVHPEOHG YLD K\GURJHQ ER @EENWHFORQHQ ZHKR @G\
SKDUPDFHXWLFDO FRFU\VWDOMIDWH R R/GRH FXOR P HMNGG X
RQH FRPSRQHQW LV D QHXWUDO $3, DQG WKH RWKH!
DFFHSWDEOH, GRDBGRMWULRQ DQ LQWHUHVWRQIFVXEVH\
FRFU\WWDOV ,&88KLAKXHBEWXUHYV DQ $3, DQG LQRUJDQ
RU D VDOLILIFBIRINRWEAK B VDPH XQLW FHOO
&RFU\WWDOV UHSUHVHQWI ROWSQRPUVS QR SHIUSVIRDF KR | |
FU\WWWDOOLQH $3, E\ VH®RRVUAHIFKQFD S IRRUSPU KDGWR J |
ERQGY DQG RRAVWOIIHQW QAL QWHUDFWLRQV WR SURGXFH I
VWUXFWXUH +HQFH FRFU\WWDOV RIIHOWD®@) S8S@WW
VROXELOLW\ GLVVROXWLRQ UDWH ELRDYDLODELOLW\
Rl $3,V7KHVH SURB®UUWHAHWO\ RU LQGLUHFWO\ LPSDFW
$3,GRVDJH 'MRUPQGRAUAHUV V\QWKH YV ERFAW \MXDO P RRIH C
DJRPHODWLQH DQ DQW L GHBQXVMBDLOW ZANKK ORIH 2 D W
LVRQLFRWLQDPLEHGDA@P EFPHWRDOWH 7KH VROXELOLW\ V
WKH VROXELOLW\ FPO\XKMM @YV WRHSKR XU SKRVSKDWH EX
DSSUR[LPDWHO\ WLPHVDIQMGODUJH DV WKDW RI DJRI]
IRUP IRUP ,, )XUWKHUPRUH WWRERI\R GALFEIQYKHWD W H G

VROXELOLW\ PD\ GLVVROYH IDVWHU GXULQJ GLVVROXMW
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FRUUHVSRQGLQJILFREUSYWHOMW RQH RI WKH HIIHFWLY}
GUXJV \HW VXIIHQWGXFRB SKIFWRSRVLWLRQ SURFHVVH\
DQG LQ VROXMRIRY DGMMRHWK LVRQLFRWLQDPLGH WKF
FRQIRUPDWLRQRDO@HE D GPKDQBHQWHK H SWKRBVER O LW\
SURSHUWLHYV ZHUH LPSURYHG

&XUUHQWO\ WK BIH PFHH X WY A D6 SIREYW® W BQ\. W H G
6WDWH )RRG DQG 'UXYJ$$G PRQ LV\N P 6B IDIDXEW MV R

YDO VDWW D®DIBU D J O L | SURR|Q GWHJODHMWWRIOLIOR]LQ

SURJOXWDPRPHFRWLXIV6 ZHUH PDUNHWHG DV VDOWYV D\
SUR® WKDW WKHVH GUXJV H[LVWHG BW FR¥FLNOREDO WV
R[DODWH DGGYHESHOWROWKP FRFU\WWDO ZLWRWDOSURL

VKRZQ LQ )LIJXUH

JLIXUH&KHPLFDO VVBXNX® BWDHY IRWRQDQB /HIDSUR

HWFLWDORSUDP R[DODWH

'"HVLJQKRIUPDFH&RNFIURD @&/ 060 © VDD G

7KH 1REHO 3UL]JH LQ &KHPLVWU\ ZDV DZDUGHG WR .

&UDP DQGD-WHIDH/HKQ PDUNLQJ WKH HPHUJHQF\ RI D QH
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WKDW LV VXSUDPROHRBRXODU HAKKPLVAQWURBXFHG WK!
S3VXSUDPROHFXODU FKHPLVWU\" DQG GHILQHG LW DV 3
L H WKH FKHPLVWU\ RI PROHFXODU HQVHPEOHV DC
7UDGLWLRQDE (FKUBPQ OW IRFXY B HRWVWERH GLQJ WR FUH

PROHF X0 WX SAKD RO H F X ODHUO E IWBRY\U D8 WYWUDFWLRQV

VXFK DV KEROROMIPP HOHFWURVWDWLF LQAWBODFWLRQ

PROHPX®R HDNUHPEOH LQWR PROHRBXODBURXD\GDREOLHYV

VXSUDPRPKHXISIMDAY D IXQGDPHQWDO DQG PDMRU URC
LQYHVWRORAWMRDVHG X FR® QRQW LQWHUDFWLRQV
&U\WWDO H@DWHHUVRJ LQWHRIGXFMG LED QBKH Q
LPSOHPHQWHGRBE\ WRKPLGYHVWLIJDWLRQ Rl SKRWRGLPH
,Q '"HVLUDMX UDWLRQDOL]HG 6FKPLGW{V REVHUYTC
Rl FKORURDURPDWLF FRPSRRP®H VXD @& WK BVKHT XGH) W@l
FU\WWWDO HQJLQHHULQJ L HXQBHWWWWDIDQKQ DLIQRIHIUQ WY B W
LQWHUDFWLRQV LQ WKH FRQWH[W RI FU\WWDO SDFN
XQGHUVWDQGLQJ LQ GHVLJQ RI QHZ VROLGV ZLWK
SURSHUWLHYV
,Q  &RUH\WSXW IRWEBIUBHUP 2V\Q WKW L IKIRFEKDIOW \ X V'
UHSUHVHQW NH\ VWUXFWXUDO IHDWXUHV LQ D WDU.
6XEVHTXHYMWIDMX SURSRVHG WKH GHILQLBANRQ RI VXS
VWUXFWXUDO XQLOW EX /I LZX IDF ¥ XFCHE B RD VRHPHE® D@ & \
NQRZQ RU FRQFHLYDEOH V\QWKHWLF RSHUDWLRQ
LOQWHUDFWER®RXEWHGO\ WKH LQWURGXFWLRQ RI WK
VIQWKRQY LV RI JUHDW LPSRUWDQFH LQ WHUPV RI WK

FRFU\VWDOVDLQBGDRRMOWH F X O
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JLIXUH&RYDOHQW DQG VXSUDPROHFXODU VIQWKHVLV L

JRU FU\VWDO K& IDHOH HMZR JGWV W LRIFWX SDIWMRAHEX® D
VIQWKRRSUDPROHFXODU ZKIRPKRVDQWK FRP SRVHG RI
FRPSOHPHQWDU\ IXQHWPBQD CL H G RBE FARERVP BIDG
DPLOALBRARR. PHU )LJXMUMG VXSUDPROHFXQ@BUFKHWHUR Y
DUH FRPSRVHG RI GLITHUHQW EXW RRFEKODIWY FMMHDIIE LI
DPLGH DQ®UDELGH V\QWKRQV PRWKH KRPRB

KHWHURV\QWKRQV KB ®R LEWFHREUXY \G BB WQ REH WK H

SULPDU\ GULYLQJ IRUFH IRU FRFU\VWDOOL]DWLRQ

JLIXUH([DPSOHV RI VXSUDPR O HFX® D& BF L@NLIGRIQ V D

FIPLGALGWQGFIGEBULGLQH

24



(WWBKXOWHV*DOGKHWWDWLRQ

%DVHG RQ WKH WKHRU\ Rl VXSUDPROHFXODU FKHPLVW
WKH PRVW LPEERMDODIGYWHUDFWLRQV UHJDUGLQJ WK
SKD U P D FHRMUL K DV®D OLW [KQ G BRDIWAMMHIOH O\ (WMAM U
DOSURSRVHG WKUHH K\G URZJKILHKERO®EMWDWHXOKY GHV
K\GURJHQ ERQGHG VROLGYV

i. $00 JRRG SURWRQ GRQRUV DQG DFFHSWRUV DUH XV
i. 6LPHPEHUH®) LQWUDPROHFXODUP K\G USRIHH @ UBRQFGIV V
LQWHUPROHEXODU K\GURJHQ ERQGYV

i. 7KH EHVW SURWRQ GRQRUV DQG DFFHSWRUV UHPDLC
ERQG IRUPDWLRQ IRUP LQWHUPROHFXODU K\GURJHQ E
,Q DG G LW HRIDEWRV HQYW U R &/¥AH @ WIDMD ISIROQV EQMEHP IR U
DQG ODRBEURJIHQ ERYEQMEWL K/ WKH VI SKVWHP IRXU
SULQPIRSMIAOYV DUH XVHGLQW UD P\RHOGHIF XIRFDOQG K\G UR J & Q
FKDLQ IRU LQILQLWH FKDLQV LLL 5 ULQJ IRU LQ
GLVFUHWH IRU |5QPW HVVS\LU7BRWXUBNBE W LRQV DUH JLY
JLIXUH %DVHG RQ WKHERIQGLQURUKIQHRUPDWLRQ RI
VXSUDPROHFXODU VIQWKRQV DQG K\GURJHQ ERQGV EH

$3, DORRRUPAHDLD EH GHVLJQHG DQG SUHGLFWHG
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JLIXUH([DPSOHV RMHWISXKWDWLRQV

SXOHIRUHH

,Q L HF K HWWDXF FHVVI® WG HARKR F U\ V WD\ OW G
LQYRGYUQGLQH DQG IRUPDMWREE® L R RHW W ILKAKGHD W L R
FRFU\WWDO WGWED OMRIRW UHFHQWO\ /RVHY DQG %ROG\U
VIVWHBODQLWBUWDUWKHDALB FRFU\WWDO DQG D VDO\
VWRLFKLRPHWULF UD W BRI DQGIL QRIU B/ LBAWBHBGIULQ G L G
UHVSHFWLFRPYU\VWDOV DU HRRPSRGIEQDW VFR@MEY FRQWDI
QHXWUDO VSHFLHV DQG VDOWV FRQWDLQ DQLRQV L
VIQWKHVL]HG 0&&0V DUH FORFUA \DVP EDDBR R/K VDO G D G
FKDUJHG VSHFLHV PD\ EH SUHVHQW L QKWWK I$ FRE O HWPW D 1
LV QRW RQO\ D VFLHQWLILF FKDOOHQJH EXW DOVR R
LQWHOOHFWXDO SURSHUW\ LQ WKH SKDUPDFHXWLFDO
2QH VWUDWHJ\ WKDW FDQ EH XWLOL]JHG WR SUHGLFW Z
WKH GHJUHH RI SURWRQ WUDQVIHUWBH®EHRIQ7 WKHHF R P

ZKLFK VWDWHYV WK h#® DW KGHH D \&W WRVIFRRAW KYRWXOW V
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LQ VDOWVIZRLOGHDQ IRUP HLWKHUIR D VEKIHPD3&K H U H
SDDFLG @

ORUH UHEHBMWBMN]D SHUIRUPHG F D O FoXOMWHREFW WHR DV V
SUHB@GEWYDOXHV DFURVYV FU\WWWDOOLQH FRPSOH[HV
QRIORQL]JHEDDM. GBDLUV VRXUFMBULGRA BWHXFWXUDO '
&6' DQG GHPRQVR\PHDWHE®D SR/ DWA VD WD REVRIUY H G
GSD ! 0SD i ZDV REVHURBI@LGOQRED¥MVWHPY FRFU\VWDO
ZKLDMWLQHDU UHODWLRQVKLS EHWZHHQ WKHDSUREDELC
YD@OHW HVWDEOLVKHG IRU ¥&KH V\VWHPV ZLWK
)XUWKHU WR MOKMHNVBIHWWVLQJ VX EVRIGWF FFIR FREVWDONVO V
DQBDOW FREYEVWHKOQFK KDYH DWWUDFWHG LQFUHDVLQ
\HDYWVJXUH ,&&FWRQVID/HB,RDQG DQ LQRUJDQLF DONDOLC
HDUWKQVW®W VDPMXFELDE ORM®O 6&&PBUH FU\WWDOOLQ!
PDWHIKIDOWDPDDILHG BR|RURM®OYLFH YHUVD DUH LQ WKH#
FHOOLRWDEG®RQMXJEWHWBE RESYS FRIERUS RAID®KH $3,

DQG LWV VDOWDRRRQYWHDFIMHE PDMRU DWWHQWLRQ EF
DFDGHPLDBHFDMWMEOLY QRW 3GLOXWHG  E\ DQ\ H[WULGC
3HUX PIDV\M@BPRQVWUDWHG WKDW &$% FRFU\WWDOV RI
DFHWLF DFLG S SHKVWIARFXGWDERQLW\ FRPSDUHG ZLV
FRUUHVSRQGLQJ VDOWY UHINUBOGYQ ®WEERH RKRF W\Y WA

PDOQXIDFWXULQJ VKLSSLQJ DQG VWRUDJH RI WKHVH F
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J)LIXUH 5 HSUHVHQWDWLYH PROHFXODU DUUDQJHPHQWYV

PLGGOBRSBFRFU\VWDOV ULJKW

TKBHOHFWIRRQ UWRPIHUV

2QH RI WKH PDLQ FKDOOHQJHV LQ SKDUPDFHXWLFDO
VHOHFWIRRRURMWKDW FDQ VYRISR DPREOM/AXODU VIQWKRQ
SDUWLFXODU $3, DV ZROQWLRQHGE W P\SKHRIPIVO JXLG
LOQWHUPROHEXODU HIWHIKMHMWY UPG IER PBDBIR DSISU R D F K
VHOHFWLRQ LV E\ *WULDO DQG HUURU ZPRMLQWDQG/FU
ODERRQVXFK®UHIRUH WRVUBWXBHHWKH WLPH DQG HIIR
WKH QHZ FRFGWYSBERQWUPUH YRHF HY VOBD\FDH EH
DSSOLHG WR LGHIQMLUREERBPRQHFXODU VIQWKRQ IRL
7KHVR VW D W R INMDAHIBERM/OKEH. V FIRRIARP P RQ UD QYRPHQW
K\GURJHQ ERQGLQJ ZAKWK LFQR PFSLR Y WM VO DWW K L RO V
OHUFXWBIWSHBROPRUSK DDORRALPNQYWOSGRYLEM LQ
GHSWK XQGHUVWDQGLQJ RI H[SHULPHQWDOO\ GHWHU
LQVLIJKW LQWR WRUH HOKDAHRR QHZ0 E® P SRXQE& RQ D

VRSKLVWLFDWHG DVVHVMBQAWWHSPROHUFXIEBG® W QW WB U
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QXPEHBRX\ND\EDRBARW PHWHHQLQJ PHWKRGV KDYH EHH
LQ WKH OLWHUDWR O H FEX@®HDRML/RAWDAZRML IPISHREWH Q W L D O
FDRURYLR\BW RPLVLQJ ERQGREMGUDFWLRQ VLWHY DQG F
LQWHUDBWLBRQULMQH U J\ G LD QHNLHERRIY H B B WK IQHF R

&RR DG ZRRINHUV HVWDEODLWHKG ® DPSGBWPK RI SUHGLFW
IRUPDWLRQ ZKLFK FDQ EH XVHG WR UHGXFH WKH QXI
REWDLQ QHZ FRI UBWIDNON WKHURRCIRDPERQEKFWRU
VFUHHQLQJ PRGHO IRU UHBO D\ROLPHEDWMPHQ@WHR LQ
&2602VKHUPIWXKDWHEHHQ GHPRQVBVUIXWB® HVR QEH HIQLFL
DS S UR DWKU BRQR WPRIW FRFU\VWDODRKDQE RRRINH UV
GHYHPRDFHKEQH OHDUWOR YAPRENWOYG | RX$QUWMKALDO
1HXUDO 1WKRZEMMW D PFXKQWDIFZKYEFWRRRQ@ ULEXWH WR D)\
DQG PRUH DFFXUDWH F RFKB B WIDXQ/BRRBYGHBRAGHPEHIQHAQ W
PRGHOV WR SHOGLRN WRHQW F 0D OFIEHIBEMDNB\
VROXERIOEWKU\VWDOBFKYQ®J GHILQLFRIDO 1HXUDO 1H)V
DSSURQ FIXG G L W LIRRG HMDR/H ¥ BKRZV W R BRUWE U X F VX U H
LQIOXHQFH WKH WDUJHWHG SK\VLEDO/VBDA SWHW WX FHW X}
SUHGLEBBDBGURRBKHVEHHQ WR YIH @QRIMSHVFIQUHW DO
VWUXFWXUH RI DQ RQUGY @ PH BIRMABFXSIOH P H QWM U\ WRRC
VROLG IRUP NRAWHHMLQQNLI\L K HHRPRISQQODLMIFDO O\ [HD
SRPRUSKVLVRUIWLIQLILFORW WKSRIUKDUPHHHKWLFDO L
FKDQJH LQ SRO\PRUSK FDQ FKDQJH WKH NRIOXEOO LW\ L
&63 PHWKRGV KDYH DOUHDG\ EHHQ DBEEDARIGLYR WRHU
FRPSOHWH VSDFH RI FU\WWINE FS VERUQ 8 FRWVP\SIRELHDQ WV F

FRFU\VWDOV DQGWH) SRWD/QAEDWIIHRQHRIHWLF JDLQ RI FR
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JRBKDUPDFHXWLFF® RYPEIHF R WHRGEVWMIGHQREBD O O\
UHJDUGHG DV VDSKEOR¥K HGE D/QWKQ@HHBRWRHBIRLD O

GUXJ SURKDXWYWDMWUH DFHXWLFDQGRWYRFIHSWDEOH

&SRFU\Q\WQWXBMMWKRGRORJ\

'LWK WKH UDSL® GG DHORGPHOBY EQF B\WMD®S D ZLGH
RI PHWKRGV IRU VIQWKHVLV RI FRFURD®Y CEGV EKIRYDHG B M H
FDWHJRUL]H® WIRMMNW R RG® R O XBADLWRHG P HAMRPPR\D

WHFKQLTXHY DUH OLVWHG EHORZ

6 R OaWsDONHW KR GV

6ROV\E PWWYKRAXHUHL QR W WRIBLY HQW L i DYEHT KR P H GD
JURZLQJ WUHQG LQ FRF U HGNBREDBE\DWHGE V L V AXBAH @Y W
LPSDFRZ H YKL K HQH U DUHQ BXAWFWVVDU\ WR IDFLOLWDW

PLIJUDWLRQ DRWGPHOIWREBRFWQG FU\VWDO ODWWLFH GLVL(

6SRQWDORHRBEWLRQ

$OWKRXJK VSRQWDQHRXV FRFU\WVWDO IRURBDABMRD LV C
PHWKRGV TXKAUHHPURHEORIKX P HOWEEBEWHUDWXUH &RFU\
FDQ EH V\QWKHVL]HG VSRQWDQHRXMQWELQSBK\YLFDOC
VWRLFKLRPHWULF UDWLRV RI WKH SPRRW PRXOMKHS$3, DC
UHDFWLRQ LV WKHUPR G\ QIDFIRHXIBHGU DIGREU G H G RWLF® O O
FRRERUNBYWVWYSRWW® QHRXV IRUPDWLRQ RI FRFU\VWD
ZLWK IRUP , QLFRWLQDPLGH RU VDFERBUH® VIDIQIG C

WHPSHUDW XN RLGEWHOHDO QGRY LG XDOO\ PLOOLQJ UHEL
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DFFHOHUDWH FRFU\VWDO IRUPDMWL)RQRQQNMDID G ULQJ
LQYHVWLIJDWHG FRFU\WWDO IRUPDWLRQ RNVRAMWH QH D
UHDFWLRQ XQGHU ORZ HQHUJ\ PL[LQJ RI WKH VROLG
UHODWLYH KXPLGLWWMHDOLQJ WKDW SUHFRO@OQWY WKE
VHSDUDWHO\ ADWKBIF SHEFHBMVL DQG | RRQG HW KONV

WKHRSKQDPRWHQDPLGH FRFUWRPDOKEDIOFED FRUWNKGH R
WZR FRP SROWK@RWW DQ\ PHFKDQL¥W® WIFIML Y60 WL & R UGDX U
FRQF O D\EIRRA@W YV & & D HDRUL WIREPOG HWHUPLQLQJ WKH VSR
FRFU\WWDO DRWGP DWLRQFUHDVLQJ WQRMSH DMYWHH RDOFF

WUDQVIRDEP B W DRI U HHRRGHQ WRENQWHRRRIVO X VLR Q V

OHOWLQJ FU\VWDOOL]DWLRQ

OHOWLQJ FU\WWDOOL]DWLRQ D JUHHQ DOWHUQDWLYH
RI FRFU\VWD ®&WDWGRRVDADWO PL[W XU H BRIUBPEQMBL D Q G

WK R H ORAR R@YO L J KDAQABD L Q W DLV LD IV H PESHHQMIV YMKH PHOW
WHPSHMRWXOHWKH FU\VWD G R P EOWKRQGE BR FH WO WKR X
VROYHQWY DUH QRW QHHGHG WKLV DSSURDFK FRXOG
FRPSRXQGV ZLWK DSSURS KD BIWHDROHPHWIM X CBIR\L © WH/S D |
PHODVBRPHQLF DFLG FRFU\WWDO YLD PHOWLQJ FU\VW

FU\WVWDOOL]DWLRQ ZLWKLQ D VSHFLILF WHPSHUDWXUH

OHFKDQRFKHPAKEPLOT X HV

7KH WHHPKEIPQRFKHRALNWWJWR FKHREIKARFE QUEWKIEYRY
VXVWDLQHG E\ PHP®D®IQFD® WRHWERHDWLYH DSSURDFK \
FRFU\VWDRXVH S MWWKHKHPLFDO WUEMRWRHRDWWRR

FRPSRQKGWWFHG E\ PHFKDQLFDO HQHDOQWKHUMHIRGHQJ F
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UHTXLUHYV OLPLWHG 6RROWYERD WRIOKFBIQQMEHOQMSOLW LQ WR

JULQGLQJ DYE LVIWKGEULQGLQJ

J)LIXUH 6FKHPDWLF RI FRFU\VWDO IRUPDWLRQ PHFKDQI

UHDFWGR@WHG IURP UHI

1HDW JULQGLQJ

IHDWLQ®UQGU\ JULQBRQYHV PL[LQJ WKRARSRUWHBXODU
WRJHWKHU DQG JULQGLQJ WKHP WKURXJK PDQXDO PRI
PLOPHWKRGWKRXW WKH DGGLWLRW GRUUBEYVPHION HQW
FU\WWWDOOL]DWLRQ WLIH IV MWL R @ D UW ERD P DAVHHIH.® O V
WR FERIOWBMDQJ JULDQGRKURXV FRFU\VWQONWR EWDL®HE)
KDYH EHHQ ZHOO GRFXPHQWHG® FWRW BDYWFARVVH{DPS O+
VIQWKHVL]HG VHYHUDO FRFU\WWDOV Rl WKHRSK\OOLQ

LVRQLFRWLYXYURREpGHRIDHE L Q\GLUFIDAV SRV VLEQRUPHFKDQL
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FRFU\VWDPRQHFWDORPE@ GLIIXVLRQ PHGLDWHG YLD OLTX

DQ DPR USSKKIRXHV

JLTXDAGA/LVWHG JULQGLQJ

ILTXD@VLVWHG JULRWG IZGIWV /BU LQFRERQW L PGV VIRBDOYG Q W
GURS JULQGRQYHVY WKH DGGLWLRQ RI D VROYHQW W\S
WR WKH GU\ VEB8LRGURADWH ®GDQ W K RKKH KWR S\TKEDQWY W
FDWDO\WLF UROH LQ DVYVE\D¥IEQDRREBA P QO RIG UFDWH

DQGBHT XD WHWHIHV W WKH FAREHS BOHQYWY VROXEOH LQ WKFE

([ WUXFURQVDOOL]DWLRQ

&RFU\WWIQRRUERBUHZ H[MWEWADDDEAH ISHRFURTYHQW
ZKLFK RSHUDWHY DW WHPSHU D/WNXWDPEWER Z DNDK/H DRHO
WDNHV SODFH LHJWUWBH@HWHIFEQRORJ\ ZDV ILUVW XW
VIQW KW KERJFHU\WWDO RI FDIIHLQH DHW BB IV \EN DBIBK. Q D

JURXS VXEWQWHHQWERESBOGFDWLRQ RI 76( LQ WKH PD¢
FDIIHR[@®LF DFLG QIUIRQWL BD@QBPALF D ADEF FKDWE QP D]H

DQWKHRS KRIOWMWIBAR BBL\GW D OV

+RPMHGW UXVLRQ

+RW PHOW B[WHKNQR@\ GHYHORSLQJ E UMW EHRHPHFKL
JDLQLQJ LQFUHDVLQJ LQWHUHVW IDRPDERRVKWLQ®RXW
SURGXFWLRQ WRRO I|RUKERS S5 WA N BRMXKHVDQ HR X V
PHOWLOU[DQS BB WERER IR UPLHKBDWHG VFUHELA[LWQWGH U

PLILQJFEDRGZH PDWHOHD@E GROWQRERGE VXUIDFHWKRIQWDFW
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$3, DERBIRURMHWV XOWLQJ LQ WK HKGELERIFWMVOKFO HDWAL R B
DOORWIKBRFU\WWPDMUXGH IURP RMRGWH QXRIEY DU

FRFU\WWDO RI LEXSURIHQ DQG QM RRMAKIRANMRRY M 8Q W K H
WKH HIIHFW RlI SURFHVV SDUDPHWHUV VXRKRDEHEDUUH

LOQYHVWLIDWHG

6RO XWDRIPE WKRGV

, Q VROEXIWIHRPHWKRGY KLJK VROYHQW FRQVXPSWLRQ
FRFU\WVWDO FRQVWLWXHQWYV ,Q DGGLWLRQ WKH FKRL
FRFU\WVWDOOL]DWLRQ DV LW FDQ FKDQJH WNKH LQWHU
DOQFRIRYVPOIUHOWKIBOH DUH WZR VVDSEWHN GH § WWKHDWIL HD (
FRFU\VWDOVEB\VHREOXMM.RRG V

(1) ZKHQKH VWDUWLQJ PDWHULDWWHRDY H/@EWRRHDMNW V R (
PL[WXWKHH FREUO\OWDBEIR/XIUDWAK) W O\

(i) ZKH@KH VROXELOLW\ RI WKH VWDUWLWKHPDWHUL
FRFU\WWDO VWDELPR®JUXHILRQ\ X EVRYDADIQQ E H/ R
DFKLHYHG E\ WKE& RVXOY PDOMIQR) RHDMWDQW FRQFH

ZVRWKHUPDO WHUQDU\ KHEHN 8 GEKBDWWHRARHOEMNK D Y LR

RI WKH VROYHQW VWDUW L @XQpBoidasthguick@vely QG FRFU\

determine the cocrystal compositiobn QG VWDEDOLXWH SUHWHQW

GLITHUHQW 73'V LQ WKH DERYH WHBRLNEHQBRBPRVL\6IBY

XQGHUVDWXUDWBDE WROQWVSLRQY % DUH WKHBVRWDEOH V

DQGUHVSHFWHIMR@YV DQG UBUHRKINO BRDGMHNWQLQJ PL[\

RI'$ RU % DQGHRBHPMIWVIMMIBOKO FRFU\VWDO LV WKH VWDEO

UHJLRQU WZR FRFU\VWDO UHDFWDQWY $ DQG % ZKLFK
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VROYHQW )LJXUH OHIW VROXWLRQ FRFU\VWDOOL
FDQ UHVXOW LQ WKH IRUPDWLRQ RI WKH FRFU\WVWDC
UHDFWDQWWS$CGLQYE L% LKIDDEIgW&R1A X #ghtD MVWKIFHVDPH PHWKRG
PD\ OHDG WR WKH FU\VWD O ONGtellW, PRIQRRevedls DPd OH FRPS
evolution of solution composition when adding reactant B to solutions at close to

saturation with B12 113

J)LIXUH 73'V ZLWK WZR FRPSRQHQWY KDYLQJ VLPLOD

VROXELOLWLHYV ULJKW

6R O Y H'DMS R B BI W/ KR

7KLV PHWKRG FRPSULVHV WKH BRNMURBQNI LMVRXQ VRD BVOKIH
VROYHQW IROORZHG E\ HYDSRUDWLRQ RI VIWRLFKLRPF
ZKLFK KDV EHHQ WKH PRVW EDNTXGH @ M\WOK X H B UV RRKXU
VIQWIGKKHLWR LWV VLP SO ZKHWARDQY® GIM LHFY. BIREWD W LR Q +
FDQ EH FRQGXFWHG E\ RUFROWDW \LIQYD FRQDWRDOHG HQ
DV DQ LQFXBEMPMRKRAW LD FU\VWIKGIVGXYPHDLRQ RI VRO®
UHPRYDO PD\ UDQJH |URM DHIHEGEPY. @X WMKMN W WH DQG
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WHPSHUDWXUH RI HYDSRUDWLRQ FDERUIQWOL.GED Q\RO\ I
H[DPSEBEW WOLHG WR V\QWRH\VRIQER FIUGVIVD® FXUF XF
ERWKORZ HYDSRUDW DR Q SRIBWKRGY BR & ARFZDWIO O
ROQ®REWDLQHG XIVEIQE WRKGIY HPGIWY KIRHP RIY@GIHF DD WG R |
VROYHQW HYDSRUDWLRQ ZDV D FULWLFDO SURFHVVLQ
SXULW\ Rl WKH FERODYWRNEWD @RBURNBHRRQVWUDWHG WK
HYDSRUDWLRQ DW D U D WLHQ\WHDW U IGF \§ XIGHRER B U \R/W D C

GLITHUHQW V\VWHP

SHDFWURQVDOOL]DWLRQ

7KHROYHQW HYDSRUDWLRQ PHWKRG PD\ OHDG WR WKH
WKH VLQJOH FRPSRQHQWY ZKHQ WKH FRFU\WWDOOL]JI
VROXELOUWDRWLR® |FWHED®WIHSOIRWG WKLY WWXDWLR
LQYRDEBYQJ UHDFWDQW V6 SWRR [ WIDW/HKQEDBKNE. RQ R |
UHDFWRPQWMW) EHFRPHVY WKH VDWXUDWLRRKMBEBXWLRQ
FRFU\VWDSIURIAPDRER O WKH UR X WIH % UH7 K K\R PGIWR R G
LV RQFUHDPS@UWRQMHDFWEBXBYVLQEW LV EDVHG RQ
WKHUPRG\QDPLFD ORR QG IVBERKPSUW WEDNOLQHG WDGDOD
PDORQLF DFLG FRFU\VWDOWEPWWKREGRK VSQEW KW V L M
ODPRWQLBR@H QPP DQK \G&igMe ZDV DGGHG WR WKH

nicotinamideDTXHR XV VRO XWLR D/Q & R/BN IHWUWH &/ HRBHUD W X L

&RROLQJ FU\VWDOOL]DWLRQ

&RROLQJ FU\VWDOOL]DWLRQ LQYROYHV FKDQJLQJ WKF
VI\VWHR DFKLHYH FU\WVWDBKIRDVPDBEMIHRQH [ WIHD WIKHH O\ HP

SKDUPDFHXWLAD K DY ®OMRUE HRRF X\W WDIO BKRGXFWLR
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FRFU\WWDOOL]DWURE VERETRONEG®\RQ BRCRYONHD WL [W X |
DIV KLJKHU WHPGEBDWXWDHD V Z L O ON SHROPUFIRPGIVEH ZKH Q
VXSHUWENXUHBXFLQJ WK A3WH R EWMDWYXWHHG WR GHSLFYV
UHJLRQV RI WKHUPRG\GRRIOAL YW BEE OXQUWVBIODRD W LR Q
UHYHHWRH FRPSOH[ FBEMK®BFORXURW LR QRREMHY VRD 6

DFLG DQG LVRE\LRR®HQWBING B 1.3 V\DIVDIOPS & G D WXD® V

XVHG MWWEHRROLQJ SURILOH

$QWLVREWHKRS

$QWLVROVYWHOMOOL]DWLRQ LV RQH RI WKH PRVW SRSXO
FU\WWDO@KHUWHIRIWLVROYHQW LV DGGHG WR UHGXFH \
IRU JHQHUDWLQJ, QXS bifly \WIKMWEXVURDOWLHRIDW DQG WKH DQWL
PLVFLEOH WR UHDFK D KRPKL\H Q/HHEXQ ISKWOHV KDV EHHQ L
D VXEVWLWXWH IRU HYDSRUDWWR G KRULRRWEKR DBRF U\
KHDWLQJ DQG FRROLQJ SURF&R MM TROHD & \D WRUG/HDBS
FDQ EH XWLOL]JHG RQ WKH FRFWPMWD aION fWWAR@ RH KH
HPSOR\HG DV DQ DQWLYR ®YNGWE GXHM R WK/ VRPH RU.
VXFK DV PHWKD Q RDX RHQ WK ® VR KEBDHRR YU X ELO LW\
'DQJHWOREWDL QX UKMI\K FD U NDEFKBULIQH FRRU\VWDO
DQWLVROYHQW PHWKRG DQG GHPRQVWUDWHG DPRQJ
ZDV WKH RQO\ RQH WKDW SHUIRUPHG VXFFHVVIX0OO\
ORUH UHFHQWO\ V>XDSHIJRDVW LEBDQIQREGWDRUQJIO\ HP ¢
W KR FU\V W D CBXL] D WD RIHXBMH B BONVW LFDO DHFKOR T XHQW
LQYROYHV VS UBRIQQN DD VIRDIX WRIO XW LR Q ISUIRPV B XQR{]OH

YHVVHO FRQWDLQLQJ7 KN SWWXSHUULWOLWROD&RLRQ DQG FU\
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RFFXU DV WKH LQWHUGLIIXVDRO®: SHREHRAWRANDQLF VR
DOQOWLVROYWQOWKFEPSUBYMWGDGGHG WHWR QWDRQXQY/H

VROXWLRQSIWHWDV XU HKWHKNHHWOVROYLQIWIR&&ZKH OLTXLC
VROYHYWOYWKHF\ SRZHU GRH FW\K D WRFBLY MYWO ZLOO DSSH
VXEVHTXREWO\DQG *XSWD VIQWKHVL]HG WKH FRFU\VYV
VXFFLQLF DFLG E\ *$6 WHFKQQRTWR XFEQR YSUHWUDFR|®II

GLVVROXWLRQ

60OXBHWKRG

7KHOXUU\ WHFKERAKRQLPHWKRG RI VFUHHQLQJ EFRFU\
HPSQRUPL[WRUMMKBUIHW BRBRIRUPB D IL[HG PRODU UD)
VXV SHPGVIPDOO DPROVIAGMK H VIRDOULMBVD OO0\ GLVVROYHG
V R O YBHRP\S D U HRBWZKLHALK D S\& B/RODXFUKUH WP '@ RDIOREIRQ W H Q VL Y H
DQGXNMWDWDHMXOWY LQ WKHUPRG\QDPREDDIOY VDWD BVKHH ¢
IRUPDWLRQ RZLARELKVSXDEHO O WERIAFXQHWH FRQYHUVLR
WKH VWD UW IDQQIGPW WH WIFDODXVELOLWLHY RI WKH FRPSRQ
VIVWHPV LW LV SRVKHEDEOWRSURBRDWW ZLWK SUXGI
H[SHULPHQWDO FRQ®RIUWHPPBOH 6R DU MYWKHE BJBIGQ H L
FDUEDPDQHSR@H QDPLB H 6 RBU\RGDABWE U LQ IRXU GLIII
WHPSHUD®® URBXWYE FRFU\VWOORENWDN @HG KWJIKHVW
WHPSHUDWRUH RI

$VXPPDU\ RI WKH DGYDQWDJHY DQG GLVDGYDQWDJHV |

URYLGHG LQ 7DEOH
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/rDEOH $GYDQWDJHV DQG GLVDGYDQWDJINVYORN KGHMLWUHQW PHWKRGV RI FRFU\VWELC
THFKQLU &DWHJRUL $GYDQWDJHYV 'LVDGYDQWDJHYV
6ROAWH 6SRQWDQHRX| 1R RU OHVV HOHUDXLUWUKYE 7KH UHDFMHERWEHVRVKHUPRG\QI[

NLQHWLPOE@\OBNWKS® FRUUHF)
FRQGLWLRQVFRODY R @1 PH

OHOWLQJ FU\\

$ JUHHQ DOWHUQDWLYH
1R VSHFLILF LQVWUXPH

IRWSSURSULDWH IRU WKHUPD(

*ULQGLQJ

*UHHQ WHFKQLTXH GX
VROYSYRL GV IRUPDWLR
6LOQMWHS SURFHVV

3RRU FRQWURO RQ FUMNRXIDW ¥
WLPH PRQIKMHR UHYXOWLQJ FRUR
DPRUSKRXV LPSXULW\

7ZLQ VFUHZ H

VF
U

$Q HITLFLHQW
HQYLURQPHQWDOO\
SURFHVV

+LJKHU FDSLWDO FRVWY DQG K

+RW PHOW H[!

(DVH R XS5DSHG DQG F
SURFHVVIRQLWRULQJ
&RWHWWMHFEWLYHQHVYV

1RW DSSURSULDWH IRU FRPS]|
WKHUPDO GHJUDGDWLRQ

6RO XW
EDVH(

6ROYHQW HYL

+LJK SXULW\ FHRBH\VIW
FRFU\VWDOV IRU 6&;5"

7LPARQVXPLQJ VROYHQ®RWHQH
VLQJOH FRPSRQHQW FU\WWDOC

SHDFWLRQ FU

/IHVV SRVVLELOLW\ WR
FU\VWDOV

73'V FDQ EH FRPSWILAFIRQN & RXY
JHOHUDWH DPRXQW RI VROYH(

&RROAWYWDO

6 XLWDEOH IRU VFDOH X

73'V FDQ EH FRPSOLFDWHG DQ
PXORRIP S R @ HQWH P V

$QWLVROYHQ

$GDSWDEOH IRU FRQ®&W]
UHGXFWLRQ E\ DQWLVR

THQGHQF\ IRU RUJDQLFL®GRRY
DJJORPHUDWH DV ILQH SDUWLF
VWUXFWXUHV

60XUU\ PHWK

+LJK HIILFREQROYHQW

ODWHULDO ORVV G XH.MRWKHV V
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&KDUDFWHUL]DWLRQ

&RFU\WVWDOV DQG RWKHU FEXDVUDCEG W/IHPHR FPHEVEHBVDICRY F
Rl DQDO\WLFDQQWERKEQMXIKHWYDO WHNRMK RGN GLITHUHQWI
VEFDQQLQJ FDORULPHWU\ '6& DQG WKHUPIRJUDYLPH
VSHFWURYV F R SLG@LH®IKIEE \spectroscopyFourier transform

infrared spectroscopyYFTIR) and Ramarspectroscopy(Ramar] and solid state

QXFOHDU PDJQHSNMR)Uahd(iR QOLQFHD FWLR QVWIHK KIQL T X H V
SRZGHUD) GLIIUDFWLROYLQEOHW DI GLIIUDFWLRQ 6&;5'

DV VKR)ZQ X\H
7KHUBROO\VLYV

7KHUPDO WHFKQLTXHV SOD\ D YLWDO UROH LQ SURYL
FKDUDFWHUL]LQJ FU\@YAMOXLQYHSRMDWAHRILDIOW FRFEU\VW
DQG ZKHQ XVHG WR GLVWLQJIXIDWR B SYXRDBAICOLQE IRUPV
7*$DUMZR PDLQ WKHUPDO FKDUDFWHUL]DWLRQ WHFKQL
7KH WHFKQLTXH Rl '6& LQYROYHV PHDVXULQJ WKH DF
UHOHDVHG E\ D VDPSOH DV LW LV KHDWHG FRROHG RL
HQHUJ\ FRUUHODWHY WR WKH GLIIHUHQéfétenc®O KHDW 10
standard ,QWHJUDWLRQ Rl WKH DUHD XQGHU WKH KHDW 10
HQWRHUPLF SHDN UHSUHVHQWYV ®HDYRVOYIWLRHQ W QGH K
FRQVXPLQJIGWXKHN®RWLRQ HWF ZKLOH H[RWKHUPLF .

UHOHDVH HYHQW VXFK DV FU\VWDOOL]DWLRQ RU GHFF
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J)LIXUH 6ROLG VWDWH FKDUDFWHUL]DWLRQ WHFKQLTXHV IRU FU\VWDOOLQH PDWHULD
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1R FKHPLFDO LQIRUPDWLRQ FDQ EH REWDLQHG IURP '6.
H[SHUVFD@WEH VLJQLILFDQW D PSIMGFI/SHE LEH QWKBIO
FROQGLWURQWDPSOH VL]H DQG LWV GLVWULEXWLRQ SXLU
DQG WKH KHDWLQJ)RH[PRRO M®J KBIDRERIR@IL §KI DLYBIW H
EHHQ XVHG IRU P HMDFUMLDR ¥\ W Bl OWMANIRRL YKL WIKMU H LV D
RIl EHWZHHQ VHQVLWLYLW)\ DQ® RUGESOHR DM L CDO/O W K H
5HFHQW \HDUV KDYH ZLWQHVVHG WKH DSSOLFDWLRQ
DSSURDFKFWRZDMNGD/O VWK HRYB@ILB QR IEMKIB YLIRKWP D O
RI SK\VLFDO PL[MRELHVIEG\QRKZNWND DQG :HVRORZVNL F
'6& H[SHULPHQWV RQ SK\VLFDO PL[WXUHV RI HLJK\
FRUPMUDQG GHPRQWWHDWHBDWKB® R| SRMEHHQWLDO F
GHWHFWHELB\LRQDO HQGRWKHUP £ R CREWHDROBMGHW PLF St
DPHWKRG IRU GHWHUPLQLQJ WKH | RAKFHIVBEMRICD B © WH\D O
RI PHOWLQJ DENH' &RV B UAHRG UNVK\W DSK\D/QED O PL[W XUH
7*$ LV DQRWKHU LPSRUW RPW DAVKIHIY P DIOWRVBIRNK®IL T X H
VDPSOMHLQJ RRBWHIQ@PLQLQJ WKH G HFR D SRVE VWR Q LRI OV
*UHMQBRRUNHQYH VW HILW WG O RD/MYIHRR R O H Q W

EXW\OSKHQRO FRFU\\DMOEO |IRQIBHIKAWEHQIRVY RI
FRUUHMBR®G WKH HYDSRUDWLRQ R/WEXWKXESBLKPHDYRLAR Q

WKHRUHWLFDOO\ RI WKH RYHUDOO PROHFXODU ZF

6SHFWURXPR®PIFWHUL]DWLRQ

6SHFWSRWIHFKQLIMRYLGLQJ LQPROAAXOMDQY RRELOLW\
LOWHUPROHFXOBRLDYHQEMHHID ZWGRQV XVHG WWDGHINHUP I

|RURPI WD UJHWVB R A/ REK\QIBUWOQIR@E VW U XIPVOIOYRYZ IRU WKH
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VWXG\ Rl VPDOO DPRXQWNURI \GHRQZ BLKMWIZY ERIER) G
HQYLURI®PG @RFDO FRQIRUPDW LK Q DI BIOMIEVLVKHG
WHFKQUKDRRR ZV ERQG Y L E LDDQ/GL RIDIDXIVIPQR Y HDO FKDQJ
HQHURYLEUDW L RDPRR &G QEWRRVGDKMHH HQYLURQPHQW
6LPLODUO\V SHPWQRW IR KW BQYRFHVY DQDO\WLFDO WH
337 WRROLGHQWLI\LQJ PROHFXODU FRPSRVLWLRQV IU
Rl WKH PROHFX®MDUPERQBMPHQWY LQ RSWLFDO ILOWHI
H[WUDFW VPDOO 5DPDQ VKLIWV DQG GLUHFWO\ GLVV
DGGLWLRQ WR LQ®\ D)RRIOHERIBHBRRIQHGR DQG FR
ZRUNHUV PWRHWR U PBMNLRIP BQH § RQH BRI\ A
D5DPSQUREHUHDO WRAPHYGDPDQ PD\ QRW ZRUN VHQVLWL!
FRQFHQWWDWIHRW®W RRPSRXQG LV OHVV WKD®H5 RI WKH E
FDRFFXUDWHO\ GHWHUPLQHYWRHERQFSQM BD WQ R/® UK VE
V105 DQD QD O\W L F DG HW H F& BB DWHH FMRWSIXEEWX U H
DQG G\QDPLFWHOWRSURWYWGHY LAERHPEWRAQW\SHV RI
FRQWIDHFOMWHG WR D ORF D OGKRIDW R XOOELWD HVWP Y WURR QPRI B
QLWURJHQ DQG K\BKLAEKH G DIMWRHP \HP S O R\GIA | MURH Q /D O \]

FU\VWD O O L\QRHONRBDRWH RADWHULDOV

;s UD\LITUDFWERQLTXHV

X-raydiffraction techniquesiclude PXRD and SCXR[@xndhave been employed
asone of the most reliable and powerful technigtmsthe identificationand
determination ofcrystalline forms ofsolid-state materialsSCXRD is the main
techniqgue for the determination of crystal structuves, cell dimensionsrelated

space groupand threedimensional molecular arrangemeMWhether proton
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transfer has occurred can also be revealed by this method. TheS8EXRD is
UHJDUGHG DV WKH pJROG VWDQGDU GAym&mhs VWUXFW X
cocrystals, salts, hydratesand solvates etc. However, thesize and quality
requirements of cryats for SCXRD is relatively high, which is a natural limitation

of this techniqué: * *As it is easy for mostolid-statecrystalline materials to be
prepared as microcrystalline powders, PXR&3 been utilized as a predominant
technique toquickly determine the crystalline forms of the samplEsch
substance will produce a specific pattern depending on the structure of its unique
crystal lattice, hus, PXRD can provide 31L Q JH U falttdri® @f “specific
crystalline forms of differerdolid-statematerials One of he main sourcsof error

in PXRD techniqués the préerred orientation of crystals, which can be minimized

by transmission mode analy$is> 2 In addition, there is increasing use of
structure solution usingXRD datawith Rietveldanalysis forthe determination

of crystal structure$or thosecases wheimigh quality single crystals cannot be

obtained*®

$SSOLFDYKIRUP BF HXRWFIUR D @/ 6D © VD) G

&RFU\VWDOOL]J]DWLRQ FDQ PRGLI\ SURSHUWLHV RI GUX
WKH LQWULQWVILF BEDFEMDLFROR GXH WRVIWKSD QWZ U \VW
QHASK\WWLFDO SURSHKUWMVMHWHOWLQJ SRLQWY VROXEL
PHFKDQLFDO SURW HUSADWNRQHFWRKWLFDO ARFE \W WHIOWN D C
DSSOLFDWH RRRQWRQXGRHV R/ KFBVRIWHQWLDO SX\VLFDO S
L P SURY HeBrHeg&y physicochemical properties of pharmaceutical cocrystals

are summarized dollows:
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0HOWARQD W V

7KH PHOWLQJ SRLQW LV D IXQGDPHQWDO SURSHUW\ R
WHPSHUDWXUH DW ZKLFK WKH VROLG EHJLQV WR FKD¢
KDV D GLVWLQ FAK LPAHKOXWDQRIOSOR LEDMYDHUUWV ILLQRIPP\B MVHH U L D O V
KDYHDWH®YHO\ GLIIHUHQW FU\VWDO SDFNL@®J DQG LQWH
3HUO WKW XS DQFMWBERVH HOWLQJ RRFPSSHUHDQWK U H V
FRFU\WWDPRFU\VWDOV [FRE SIRDBIQWE & R B OR XWK HWV K D W

PHOWLQJ SRLQWWRH FRFWVWDOVEHWZWKEWKHRUDQJ
FRPSRQHQWOWKLIKHU DQ@AMRZHUKH PHOWLQJ SRLQWV
RQO\ SOD\ DQ LPSRUWDQW UROH LQ FKDVKEFOWMRUL]DWL

FRUWAOWKY GUXJ VROXELOLW\ DQG GLVVROXWLRQ UDWI

6 RO XEL O'LW\V B Q®WLH Q

W LVNAZHRY@® WKDW WKH VROXELOLW)\ Q¢ DQW WHIVLF
SDUDPHWHUV DIIHFWLQJ SWKIHRW EDREKDKRRAMMWLPDQ
FXUUHQWO\ LQ XVH DQG 1&(V EHORQJKWRH%KBREODV \
VROXELORW\GDQBROXWLRQ UDWH ,Q DR3BQWGR PNVWRQVR
FRPSOH[DWQRBQRWKHU PHWKRGVY FRFU\WWDOOL]DWLR
WHFKQLTXH WR FRQTXH U1 NRIOXELM@LQV\ DS WQFRDEDXHPIVO |1
FRPSRXQG KROGV D SRRU VROXELOLW\ DQG WKHQ KD
FRFU\WWDOV RI QDULQJHQILEU IZ{RV K/ RROQMEDL.QEMG B DBL ¢
GLVVROXWLRQ UDWH ZHWHDSU FIIS KUK KOE\) K WBGIWKHLU

IRU IXUWKHU SBS8CDFBIWWRED O
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%LRDYDLODELOLW\

%LRDYDLODELOLW\ LV D PHDNWUZHDRF 8K H RBFRKH \D Q G |
VIVWHPLF FLUAREDWORY LPSURYHPHQWY LQ VROXELOL
ZRXOG UHVXOW LQ HQKDQFHG VWVEHBRDEBRRQ ¥ WWIDML @ J
FRFU\WWDOOL]DWLRQ FDQ EH XWLOL]HG WR LPSURYH
VROXEOH GUXJ=DXBPIURBW@WERQ FROOHDJXHV LQYHVWLJ
SKDUPDFRNLQHWLFV RI TXHUFHWLQ FRFU\WWDOV 7K
LVRQLFRGAH. QR B TPOH UHFLHOMLBRFWHVVWPBO R YIRR® G\D Q G

IROG UHVSHFWLYHO\ FRPSDUHG ZLWK SXUH TXHUFH

6WDELOLW\

7KH LPSURYHPHQW RI VROXELOLW\ GLVVROXWLRQ UD
VXEMHFW RI PDQ\ WHAWHD UREKRXW \K DE X BOHIQV WILY B @/ LQR
LP S URHGIWAWWIDEALWD D B/AD YW WDV IDFWRU WR HYDOXDWH W
1&( DQG LWV IRURKEBDARIR/HTXEIGFHY RI GUXJ LQVWDEL
WR[LFLW\ DQG V DHMUV\RKBQFHHWRIVUHG W BR\RRFID\W@AD O V
DQG FKHPLFDOO\ X QWKDE QB WREMBHERQ M GV K DXSHIGH

K\GURERQGLQJ VWUXFWXUH ZKLFK SUHVHQWHG VXSH

VWDELOLW\ FRPSDUBIGRAIWK YLWDPLQ '

OHFKD QIR SBHUWLHYV

7KH DELOLW\ WR PRGLI\ WKH PROHFXODU DUUDQJH]
FRFU\WWDOOL]DWLRQ DIIRUGY DQ RSSRUWXJILW\ WR F
GUXJV DIIHFWLQJ NH\ LQGXVWULDO VP IVQ XN XYL Q J

5HVYHUDW WK RRF'QHLRIWHQVLYHO\ VWXGLHG QDWXUDO
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KDV SRRU W VROHDQERIQRE HQ]DP RG@M® B KK WION EHW W H
WDEOHWDELOLW)\ KRDHY WKHHY YWADD WARFQ\VWDOV UHV Y
DPLQREHQ]DPLGH DIQ/R QG BYKRIUBDGVURIQLILFDQWO\ L
WDEOHWB®EUDEWWDPRONKIRZ @ BR @HRRUSKVZKIROUHP DQG
IRUP KDNBOIRW IXOO0\ FKDUMREIWHWDNG/XSHULRU FRPSI
SURSHUW\ FRPSDUHG ZLWK IRUP E EQ®G B & VADRH U W W UXF
EXW LWV ORZHU WKHUPRG\QDPLF VWDELOLW\ SUHYHQ
“RQHW \DXFFHV VI XO®DR SDRGX FRRE P RDY BOG/HPRQVWUDWH
WKDW WKHVH FRFUX$WOORFOHWRPESDH®WE WR IRUP D

VLPLWDBEHOHW®WDW L DRKWMNU PR G\QW B HE@@WRP S WEHRR VR Q

IXPLQHVIHRGWUWLHYV

IXPLQHVFHQW SURYMDWHWWRIDQRPDLEDWHULDOV KDYl
LOQWHUHVW RZLDS 3OR MDRHURIQXLGAH RSWRHOHFWURQLF C
OLIKPLWWLQJ GLRGHYV RUJDQLF SKRWRQLFV DQG
&RFU\WVWDOOL]DWLRQ KDV EHHQ HVWDEOLVKHG DV DQ
luminescent propertieR | WKH RUJDQERHRIHVWHHDRYWLFDO SURS
FRFU\VWDOV DUH DIIHFWHG E\ GLIITHUHQW LQWHUPROH
PRGHV FKDUJH WUDQVIHU DQG F U\OVRMWOHOUSHDIFHNLVDO \ D WK
WHFKQLTXH KDVWHH I6Q XDS ¥ BKWEHDN Y HVWLIDWHG W
IOXRUHVEHKDMMRR OIYLSLUDPYULQ@R EHQ]JRLF DFLG FRFU\V
LOOXVWUDWHG IOXRUHVFHQFH FRXOG DOVR EH XWLOI
FRFU\VWDOV EHFDXVH RUVWKRIQ| @ORNDHMFHQW) LWURJHC

QXFOHRVLGH 7DR DERRRURMWBIOGVRALMWWKL @LFRWLQDPLGH
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LVRQLFRWLQDPLGH S8KNNWWRWOEKE®HRRANNFAMEHEN ZLWK WK
VWDUWLQJ PDWHULDO ZKLFK FD®RERUWAKRDHCEXMWEH G W
D GLITHUHQW ORFDO PR OWKWOODIB VW @8 | UCE B IBHRBHEIVRNY R

FU\WVWDO SDFNLQJ DQG LQWHUPROHFXODU LQWHUDFWL

&EKLBLBIOUROXWLRQ

&KLUDOLW\ LV D SURSHUW\ SRVVHVVHG E\ D PROHFXOF
ZKLFKQRWXSHULPSRVDEOH ZLWKRWGWPLUBROHPOIHY L
QHFHWYBQMHVBKKEDWHU FKDQJHV WX FEUMDIFGLW L\DYIHF W
%DVHG RQ D GRFXPMYGI\WRSEWQWORHGLGRZVRPHULF GU:
SXEOLVKBGE\ LWDLMHTXLW R PHRO/M HFQL AIR@ XKV WL QJ
GDWQG FOLQLFDO WULDOV RI HDFK HQDQWLRPHU RI
XQQHFHVVDU\ VKB HHRIHF WIYDOQMHRMXWI KIJDWHRQ RI FKLUI
LQFUHDFRVWVKBRWVGY REPHWHG ZLWK SKDUPDFHXWLFDO
DUH ROYRUWXQLWLHV IRU P BN LDQ U HEHOMWVIHD BPOABBVLKFH. \DLHW
VHSDUDWLRQ SOD\ DQ LPSRUWDQW UROH LQ WKH UHVH
,Q WKH SKDUPDFHXWLFDO LQGXVWU\ WKH WHFKQLTXH
GLYLGHG LQWR WZR FDWHJRULHV FODVVLFDO PHWKI

'LDVWHUHRPHULF VDOW IRPRQW\L KY HG/ PHUHKRB V!
DFKLHYH FKLUDO VHSDUDWLRQ ZKLFK ZLOO EH GHVFUI

$QRWKHU PHWKRG LV FDOOHG HQJ\PDWLF RU

VSHFLILF HQDQWLRPHUV RI UDFHPDWHY FDQ RQO\ EH G

ZKLOH WKH RWKHU HQDQWLRPHU UHPRR@V LQ VROXWL
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JLIXUH 'LITHUHQW PHWKRGV RI SKAVLFDO FKLUDO UHVR

JRWKH PRGHUQ WHFKQLTXHV SUHSDUDWLYH +3/& LV V
VHSDUDWLRQPHWKRG UHIHUV WR WKH VHBOWUDMOLRQ R
+3/&F ROXWPIQNKHU DFROBP&L WKDW L VW ISIDUFNG G/ VZ DWK RO C
SKDVH &63 RUHEKKDODNMEB PBELWLYHV WKDW DUH DGGHG
7KH IRUPHU PHWKRG LV PRUH ZLGHO\ XVHG DQG PRUH (
+RZHYHWB WK®R +3/& &63 WKDW FDQ EH XVHG IRU DOO
FKRRVLQJ DQ DSSURSULDWH FROXPQ IRU GLIITHUHQW
LPSRUWDQFH ZKLFK LV H[SHQVLYH $QRWKHU GUDZED
ZKLFK @BBNDWWUDFWLYH IRU WKH SKDUPDFHXWLFDO L
WHFKQRRORFKLUDO VHSDUDWLRQ LV FRFU\WVWDO IRUPD
DFKLHYLQJ FKLUDWHKURVRIOPOWMR @GRWHQWLDO IRU IXWX
ERWK DFDGHPLF UHVHDUFK DQG WKHPRKBHURIBD\WIB X WV AD(

PHWKRG VHH VHFWLRQ
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'"LDVWHUHRPHULF VDOW IRUPDWLRQ

$V PHQWLRQGIIGD DWRIWHHRPHULF VDOW IRUPDWLRQ LV W
PHWKRG IRU FKLUDO EBSHB UMHDERQ RTIKHQEOFR.GYHG LV EH
GUXJ DQG D SXUH VLQJOH HQDQWLRPHWZB®OVR FDC
GLDVWHUHRPHU LVE DLV VZEW® BHIREUHQW SK\VLFREKH
WKDW GLIITHUHQW PHWKRGY FDQ EH VHOHFWHG WR VHS
SDLU )RU H[DPSOH LI WKH\ KDYH GLIIHUHQW PHOWL
XWLOL]JHG WR DFKLHYZKLMOHSE DU DMK QV 2D WLIDAWY SRV \
VROXELOLW\ RU RQH LV VROXEOH DQG WKH RWKHU LV
WKURXJK ILOWUDWLRQ 6XEVHTXHQWO\ WKH VDOW LV
ILQDOO\ WKH HQDQWLRPHURUY\OBRHQ VB0 DE®LFHP LFD Q
GLDVWHUHRPHULE VD®KHGDOHWAKI\WEPLQH DQG WKH W
FKDUDFWHUL]HG E\ '6& DQG 6&;5' :KHQ REVHUYLQJ WKI
D JUHDW GLIIHUMQFEBOLQUREWK NLQHIWLFYIRM VREKH) G LD
ZKLMKOORZHRFHVVIXO RSWLFEDRR IUWKRNOX WILREGI O\ XVHG
VWDUWLQJ PDWHULDOV IRU SUHSDDBW)LRDOERKRDYPDG
GLDPLQHV ZHUH GK\GRIRDHEG HDL B ®EKWS BRVQ D O
IRXQG WKDW GHK\GURDELHWLF DFLG HFRYM® HG HD \DL
UHXVDEORYRURPOO WKIMPBWKRBOLNVOBIVY FRVWO\ SUR
WR FKLUDO +3/& EXW FDQ RQOZXKEH) WXKHHW D UJIGIO Pk

FRPSRXQG FDRUPBHDEWYV

&RFU\WVWDO IRUPDWLRQ

7KH PDMRYLWIDRN IXQFWLRQDO JURXSV VXLWDEOH IF

IRUPDW DROGR FU\VWD O KDREHPHEWRR € QHWRD@ DOWHUQDWL
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UHVROXWLRZKRHW PDRG WRRWSRFAHBREU\VWDO IRUPDWLRC
WZRRPSRQFIRNLWKHU IRUP D GRBPVYWHUIHR PSDUUF RU EF
HQDQWIERDB)\ELXUH 6WUXFWXUDO PRGLILFDWLRQ\
VXSUDPROHFXODU DVVHPEO\ LQ HQDQWLRVSHFLILF FRI
SDLWHWVXOW LQ WKBQEHW\WWRO ODWWLFH HQHUJ\ DQG |
SK\WLFRFKHPLFD ® QPERIPUWYHSDUDWLRIRVVKHOHIRUF
RXWFRPQQVEH XVHG WR GHYHORS D FKLUDO UHVROXWL
FUXFLDO VWHS LV WR VFWHHWQWKIGNIEQ QR FKUB OFR PR\Q M

WDUJHW FKLUWRKDAVR DIRXQPWVEOH IRU IXWXUH GHYHORS

J)LIXUH 7ZR SRVVLEOH VFHQDULRYV RI DFKLHYLQJ FKLUL

IRURDDGDSWHG IURP UHI

JH\WVHDUWAIXS GHYHORSMNG PKGXDO UHVROXWLRQ SURFF
LEXSURMNGOWLUDFHWDP V\VWHP 7KH UHVROYLQJ DJHC
FRFU\WWREXIWKHQ LQ DQ HQ D Q@KWH \RX/HS i B IDKEIEHRY TACRQ H U

HQD \QURFEPXYWHRH DSSURSULDWH SKDVH GLDJUDPV D
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UHVROXAMWRIQTXDQWHO 3=4KLDQOLBIXKUWRQWNVKH WUHI
JDVWURLQWHVWLQDO SDUDVLWHV LV FRPPHUFLDOO\ D
PLIWXUKIH ELRORJLFDOO\ D¥ 34X KLBRFHS EQWYWU WDV WH
DVVRFLDWHG Z16BK4 IRUP D GLDVWHUHRRBHWKF FRFU\V
PDOLF DFEG BDWGHFRPSRVLWBERQ4RI$ WRIFU\VWDO E\
WUHDWPHQWHRIDEK HHA WS D UG XYH RVERH G L O HXHRXW

VROXEHRWISBADVWHUHRPHULF FRFU\VWDOV

5HVHDUFK $LP

/KH RYHUDOO DLP RI WXYLNVWKHRAM-OWHVER RI WKH
SK\VLFRFKHPLFDO SURSHUWLHYV RI GUXJWMRBYQYDQFHYV
WKH SRWHQWERDUWEB DHERDHYAVLRQ EAKHRIHUDVWHDIRR XR U |
REMHFWLYHWRANKR DFKLHYH

i) WR LQYHVWLIJDWH WKH VIQWKHVLY DQG FKDUDFWHU
DQG vDOWY DQG GLVFXVV WKH GLIITHUHQFHY EHWZHHQ
(i) WR DVWVDION QD W ¥XRK RO HQRWY LOQWHUDFWLRQV HVSHFLE
ZLWKLQ FRAUWMXMWDXOWDOO\ DQG WKHRUHWLFDOO\

(i) WR H[SORUH WKH PRGLILFDWLRQ RI SK\VLFRFKHPLFL
E ‘crystal engineering.

(v WR VFUHHQ DQG V\QWKHVL]H GLDVWHUHRPHULF C

EHWZHHQ FKLUDO PROHFXOHNLDQ@QG GHYROR® PRHQVKR GV
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TKHVLV 6 WUXFWXUH

7 KHW K HKADLW V HRY AW KD & W Mitérature review omulti-component

crystalline materials UHV HD U F KWIXIHPAL \D QR D & A S IOHRAUKH
FU\WWWDO VWUXFWXUH ODQGVFDSH PRIOVRIECSRY B QW] LQH
FU\WWWQOWKLY VWXG\ 6KDQ +XDQJ FRQGXFWHG DOO W
DVVLVWD QD WMNRHPR /XMLKDWD &DSSXFFLQR LQ GHWHL

VLQBOWWDO V\WWUXFONBYHY 683 669' DQG
66pPDH&19LQD\ . 5 &KHHPDYD®HDTI® QD FRQWULEXWF

+202/802 FDOFXODWIBR®@RQ /DZUHQFHW XSBRYWS HX)

GHWHUPLQLQJ FWKHNVDWOLQYWH X FA\GBIBHERO DQG
66pB 3PNV 2+ DQRXYHUDOO DRIGCVFBEHYKDSWRIE WKH

HSHULPHQWDO DQG WKHR U HWLRYDDIOD H@W H I @AV HVD ERUQ
FRFU\WWDOV RI ¥XDODIXDQLGHYHRUPHG DOO WKH H[SHI
SDUW RI WKH WKHRUHW LFDWV K DHF® QEX\WERERDLQF O X G L
5 &KHHPDWODYDGB BURYDGHG KHOSLQ@AI$KOQGYV LQ \
FDOFXOWWGIRRRQ /DZUHQFH SURYLGHG RYHUDOO JXLG
&KDSWHWPLSKDUPDFHXWLFDO VDOWYV RI SLUR[LFDP LC
RUJDQLF FRKKDVHWKRQY FRQGXFWHG DOO WKH H[SHUL
PHDVXUHPHQWNDRMH/R®PGQHVFHQFH Rl SLUR[LFDP DQG
ZHUH SHUIRUPHG E\ FRPBHDRLDBR VROULEKNDGE D
&D S S X KA QKRG G WHRWRKLHY VALID\VONHD ® FRV X3 BH®/3 350
33= 0(/'03 DQG 033= "WIDQ 9HQDEOHV SURYLGHG DVVL\
IOXRUHVFHQFNW BOPRQVLDZUHQFH SURYLGHG RYHUDO
VXSHUWBRKLRWAYHVWLIRMWEWMRKHRI HQDQWLRVSHFLILF
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GLWMUHRPHULF FRIFL\@ R DIBQ&DEKNMUD O6 KRR U RB QY
FRQGXFWHG DOO WK HDM VS_H/B\L IPHIRMYWH RL VXK KN EDGI®
&DSSXFIRWRH FU\WWDO/ YMWXEWYXUBLRRQ /DZUHQFH
SURYLGHG RYHUDOO JXLG&KIFSW HDIEP L\EBW H © MMLIRD
GLDVWHUHRP WU ZERMBR BU\@ BROMEH + XDQJ SHUIRUPHG DG
H[SHULPHMQWEKLOH )LW]JHUDOG FRQWULEXWHG E\ V\
PDWHULDQMWXOLWOWM &ROBDQWDOQBIJXLUH SURYLGHG GL
DQG LQVLJKWYV WKURKIRPREY WHKH HWWPHGSURYLGHG V3
GHWHUPLQLQB UMKWMDDL @IDGEX R W B U Bl @ &K D)6 MEHRUDIF H

VXPPRUWKH SUHY LRU& WXDIS VERUWM

5()(5(1&(6

$OTDKWDQL 0 6 .DJL 0 $OVHQDLG\ 0 $ $KPDC
2UDO "UXJ 'H O)LLYRHQUW 3KDUPDFRO

ISKDU
.DOHSX 6 1HNNDQWL 9 ,QVROXEOH GUXJ GHOLY}
DGYDQFHY DQG EXYEWBV3KBURYV 8HEG W=+
&HUUHLD 9LRJOLR 3 &KLHURWWL 0 5 *REHWWR
VDOW DQG FRFU\WWDO IRUPV RI $3,W®YQGUKIDUDFW
'"HOLY 5HY =
3LQGHOVND ( 6RNDO $ .RORG]LHMOANLVDOWKDUF
DQG SRO\VPRUSKY $GYDQFHG FKSIEUD FWXU LHDWYR Q
5HY +
$PLGRQ * / /HQQHUQIV + 6KDK 9 3 &ULVRQ -

IRU D ELRSKDUPDFHXWLF GUXJ FODVVRIIGARDWLRQ

54



SURGXFW GLVVROXWLRQ DEXDUP YSIHAR ELRDYDLODE
+

'DKDQ $ %HLJ $ /LQGOH\ ' OLEHBHDELOIWH \

LQWHUSOD\ DQG RUDO GUXJ IRUPXODWLRQ GHVLJQ

$GY XU 'HOLY 5HY -

.DULPLIDUL O 3DGUHOD / :DONHU * 0 &URNH

&RFU\WWDOV $ 5HYLHZ RI 3KDUPDFHXWLFDO &RFU\

$SSOLFRWLRWQV*URZWK 'HV =

1JLED@ID - % 6DPVRGLHQ + FUBKWDBPDFHXWL

DOWHUQDWLYH VWUDWHJ\ IRU HQKDQFHG SK\VLFR

VIQHUDQR 6HOHFW =

7DPEH 6 -DLQ ' OHUXYD 6 . 5RQJDOD * -XO

ODRGL + . 1XNDOD 3 . %ROOD 3 . 5HFHQW $¢

6ROLG 'LVSHUVLRQV 3UHIRUPXODWLRQ )RUPXODMW

$GYDQFHPHQWYV DQG3&PDPDFWKWLFDMWLRQ

'XJJLUDOD 1 . 3HUUWVRQ/ 2 $O0PDIRURWNR 0

3KDUPDFHXWLFDO FRFU\WWDOV DORQ@IKWKH SDWK

&RPPXQ -

3DWHO 0 $ /XWKUD 6 6KDPEOLQ 6 / $URUD

/ 6 ,PSDFW6RVIDMARD L U PLROURBRUWLRQDWLRQ RI O

OHV\OODORMH 3KDUP +
SXURKLW + 6 7UbVvL 1 6 2VWHUOLQJ ' - 6 WR
*DR =KDQJ * * = 7D\ORU [/ 6 $VVHVVLQ.

(QGRJHQRXVO\ '"HULYHG &U\VWDOOLQH 'UXJ RQ WK

$PRUSKRXV )RWROO BWDR®V +
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+XVVDLQ $ 6PLWK * .KDQ . $ %XNKDUL 1 ,
, B6ROXELOLW\ DQG GLVVROXWLRQ UPMHOHQKDQFF
ZLWK SRO\PHULRWH[FLSKBQWV6FL =+
=KX /RQJ / <X / (QKDIDFHG &U\WWDOOL]DWLRQ R
1LIHGLBRQH3KDUP +
BFKLWWQ\ $ +XZ\OHU - 3XFKNRY 0 OHFKDC
ELRDYDLODELOLW\ WKURXJK DPRUSKRXVHOR®LG GL
+
5LHWYHOG , % &HROLQ 5 B5RWLJRWLQH B8QHIS
3UHGLFWDEOH 2Y HAHXDY-ORR WR REGHLF
+
BWDKO\ * 3 'LYHWQ®H\0X@WRRREHQW &U\VWDOYV
6HDUFK IRU DQG 3UHYDOHQFH R& B\RO\PRILRSKVKD'BIG &
+
BWHSKHQVRQ * $ %RUFKDUGW 7 % %\UQ 6 5
$ 6QRUHN 6 9 <X / &RQIRUPDWLRQDO DQG &R
OHWK®O QLWURSKHQWKDRS®R@HFD UERMURY U6 BIH
+
<X /| B6WHSKHQVRQ * $ OLWFKHOO & $ %XQQF
%RZ\HU- %RUFKDUGW 7 % 6WRZHOO - * %\UQ
DQG &RQIRUPDWLRQDO 3RO\PRUSKLVP RI$P +H[DPRU
&KHP B6RF +
&KHQ 6 *X]JHL , $ <X / 1HZ 3RO\PRUSKV RI 52

IRERH[LVWLQJ 3RO\PRUSKV -RI$#REXKHE 66MRFXFW XUH

s
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/L ; 2X : B5RQJ + +XDQJ 6 1\PDQ - <X [ [IX
BROYHG BWUXFWXUH RI 52< 6LQJOH &U\VWDOV R
OLFURGURBS\WMRIWK 'HV +
&KHQ 6 ;L + <KXFORDWRNVNRQ EHWZHHQ $R< 3RO\PR
&KHP B6RF -
7DQ 0 B6KWXNHQEHUJ $ * =KX 6 ;X : 'RRU\KHI
'DUG 0 'KUD% =KX 4 52< UHYLVLWHG DJDLQ
VWUXFWMXOGD\ 'LVFXVV =
*XVKXUVW . 6 1\PDQ - %RHUULJWHU 6 ; 0 7K
RI 52&U\WW(QJ&RPP  *
IpPYHVTXH $ OBXHNMW 7- ' 52< 5HFODLPV ,WV &URZC
7R ,QFUHDVH 3RO\PRUSHPLF&KINPMUFR®\

+
OLWFKHOO & $ <X / :DUG 0 ' 6HOHFWLYH 1XFC

2UJDQLF 3RO\PRUSKYV WKQRXHK& (B NVWDRQ BREKXWWUDWI

&KHP ©6RF +
7\OHU $ 5 SDJELUVLQJK 5 OFORQDJOH & - ‘D
( 6WHHG - 7KDZ 3 +DOO 0 - SUREHUW

IDQRGURSOHW &U\VIYQIRIDLA B WH REP 0RO KHPOHF X O H\
+
1\PDQ - <X |/ (GHEWI]IKBO0 $FFXUDF\ DQG UHSURC
FU\WWWDO VWUXFWXUH SUHGLRWLRWYW ( QUKRFXULRXV |
+
%HUDQ * - 2, 6XJGUHHQZHOO & %RZVNLOO ' +

& $GMLPDQ & 6 +RZ PDQ\ PRUH SRO\PRUSKYV
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XQGLVFRXHPHGFL *

%DXHU - 6SDQWRQ 6 +HQU\ 5 4XLFN - ']JLNL

S5LWRQBYLUWUDRUGLQDU\ ([DPSOH RI &RQIRUPDWL

SKDUP ©5HV *

*DPEHULQL 0 & %DUDOGL & 7LQWL % 5SXVW

*DPEHULQL * 6ROLG VWDWH FKDUDFWHUL]DWLRQ

5DPDQWBRWFFRS\ DSSOLHG WR SKPUPDPGHEWURKB® S

+

$IXLDU $ - =HOPHU % HKDYRRBRBXWRR@KYV RI

&KORUDPSKHQLFRO 3DOPLWDWHDUFRG BKDHUUPDPLF $F
+

&HQVL 5 ‘'L ODUWLQR 3 3RO\PRUSK ,PSDFW RQ

6WDELOLW\ RI SBRRUBOHFARVEHIH 'UXJ\W

3XGLSHGGL O 6HUDMXGGLQ $ 7 TUHQGV LQ VR

SKDUP ©6FL

I+

+HDO\0$ :RUNX =XPDUODGILO $3KDUPDFHXWLFDO VRO
K\GUDWHY DQG DPRUSKRXV IRUPV W$GYHFURD HPSK

'"HOLY 5HY

I+

/L 0 =KDQJ 4 +H + :DQJ - OHL ; 9DSRU WU
FRORU FKDQJHY DPRQJ-VROWHWHYKRHP(PGLQ

+
LRQJ ‘X 4 =HQJ QJ +H -/L <b 6ROYDWHV
SRO\PRUSKYV R UHEDPLSLGH SUHSDUDWLRQ
SK\WLFRFKHPLFEB®& $@DO\VLYV *

+HQZRRG 6 4 J/LHEHQEHUJ : 7LHGW / 5 J[/RWWtE
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G &KDUDFWHWKHMHWWRREELOLW\ DQG 'LVVROXWLRQ
1HZ 5LIDPSLFLQ 3RO\PRUSKV 6RIXUDWMNV ,O®G +\(
3KDUP +
7LHJHU ( .LVV 9 3RNRO * )LQWD = 5RKOtpHN
0 5DWLRQDOL]DWLRQ RI WKH IRUPDWLRQ DQG VWD
&U\WW(QJ&RPP -
BHUDMXGGLQ $ 7 6DOW |RRUPDEEGRQ'WRILPHOURY H (
5HY -
8 5LHEHVHKO % 'UXJ 'HOLYHU\ ZLWK 2UJDQLF
'LVSHUVHG 6\VWHHPMUDFRWLFH RI OHGLFLQDO &KHP
(GLWLRIQPXWK & $OGRXV ' 5DERWVRQ 8S 5RJQ
+
7DR 4 &KHQ - OD / /X 7 3KHQD]JRS\ULGLQH &F
([KLELW (QKDQFHG 6RO %BLOWW ¥ IDRZGVEWB¥LOLW\
+
%DGDZ\ 6 , ) (IIHFW RI VDOW IRUP RQ FKHPLFDO
RI D JO\FRSURWHLQ ,,E ,,,D UHFHSWRUQMQWDJRQLYV
3KDUP -
7DQWDUGLQL & $UNKLSRY 6 * &KHBNDVKLQD
%ROG\UHYD ( 9 &U\VWDGQ UAWWRPWKIURHRIRDL F D FER
DFHW\OHQGLFDSFRRI\@UFVIVF L G +
+XDQJ 6 ;XH 4 ;X - 5XDQ 6 &DL 7 6LPXOWD
3K\WLFRFKHPLFDO 3UFRSHGBWUHWPDQ¥ROXWG %LRD"
RI $SLJHQLQ DQG 'RBUGYWLIOEBL]®RLRQ :LWK 7KHRS

SKDUP ©6FL *
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/IXVL 0 9IKWRUDEDO , - =DZRURWNR 0 - ([SDQG

OROHFXODU OL[HGO&IG\VEN DBV HBDEERPSRQHQW B6ROL

&U\WW *URZWK 'HV #

6LQKD $ 6 ODJXLUH $ 5 /DZUHQFH 6 ( &°F

IXWUDFHXUWYRDOWVRZWK 'HV =

XPLQHN * B5RBUQIKGIFELHGOHU 6 B5RFKD + 9 $

6 /| &DUGRVR 6 * +RZ FRFU\WWDOV RI ZHDNO\

FRIRUPHUV PLJKW PRGXODVWHKNROXERPX®/\ DQG VWI
+

6XUHVK . O0DQQDYD 0 . & VDOOI® DOORNRFHIV

QLWD]R[DQLGH HQKDQRHKGBKOIRPP¥X@NLQHWLFV

6DKD 6 'HVLUDMX * 5 8VLQJ VWUXFWXUDO PF
HQJLQHHU SURS HIKMIPPH \& RHP® X QW L F+ W\

<X 4 <DMBR - :DQJ - OHL LQGBPHGJRJKEDARLR
GHJUDGDWLRQ RI GLK\GURS\ULGLQH &KH®RYV WKUR
&RPPXQ i

'DL ; / &KHQ - 0 /X 7 % 3KDUPDFHXWLFDO
HITHFWL DIF KD WRURRGXODWH WKH SK\VLPRFEWRLFDO
GUXE8V\VW(QJ&RPP &

.DUDJLDQQL $ ODODPDWDUL 0 .DFKULPDQLV
&RFU\WWDOV 1HZ 6ROLG 3KDVH ORGLILFDWLRQ $SS
RlI $33KDUPDFHXWLFV

1DQJLD $ 6XSUDPROHFXODU FKHPKKWBEDQG FU\V

s
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BROGDWRY ' 9 7HUHNKRYD , 6 6XSUDPROHFXC
HQJL Q HHIUN Q&K WP 66

'HVLUDMX * 5 &U\WWDO (QJLQHHULQJ$PURP ORO
&KHP B6RF +

'HVLUDMX * 5 6XSUDPROHFXODU 6A@WKRQV LQ &l
2UJDQLF 6\ XQNKHEVEKHP QW (G (QJO:

7KDOODGL 9 5 *RXG % 6 +R\ 9 - $OOHQ )
'"HVLUDMX SUBPREXHFXODU VIQWKRQV LQ FU\VWDO |
VLPSOLILFDWLRQ V\QWKRQ UREXVWQHMHPQG VXSL
&RPPXQ .

4LDR 1 /L 0O B6FKOLQGZHLQ : ODOHN 1 'DYL!

SKDUPDFHXWLFDO FRFULQWABPDWP DQ RYHUWYLHZ

6KDWWRFN 7 5 $URUD . . 9LVKZHVKZDU 3 =DZ
Rl 6XSUDPROHF®®DWBHMDWKRHQW &DUER[\OLF $F
+\GURJHQ %RQGV LQ &RFU\VWDOV 7KD®UDWWR &RQV
*URZWK 'HV i
(WWHU 0 & (QFRGLQJ DQERGEFRBWQYHKQWURD HRQY
FRPSRXFEV &KHP 5HV -
(WWHU 0 & +\GURJHQ ERQGV DV GHVLJQ HOHPHC
3K\V &KHP +
'LHFKHUW ' ORRW] ' OROHFXODU %HVLGH ,RQLF
DQG D $GGXFW RRUBPULEGHEUME D K HP ,QW (G

+

IRVHY ($ %ROG\UHYD HKU9SYVABKEDOMU RVWD GF&RL]DW
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SURWRFR@WPDWWMHWKWRP P +

$DNHU|\ & % )DVXOR 0 ( RHVERMV -, W&RHFNOWW D (
ODWWRO" SKDUPDFHXWLFY¥

%XGGKDGHY 6 6 *DUDOD . & 22 3KBUFDHBXWLFD
SURFHHGLQJV

&UXIDEH]D $ #%D¥AH&U\VWDOOLQH &RPSOH[HV DQG
&U\WVW(QJI&RPP

2HUWOLQJ + 2UFLG & % $O]JLHX 7 :LVVHQPH\HI

)XPHDX[ 5 ,RQLF &RFU\VWDOV RI 6RGLXP &KOR
&U\VW *URZWK 'HV =

6RQJ / 5REH\QV . /IH\WVVHQV 7 &U\WWWDOOL]L
6WUXFWXUDO &KDUDFWHKDLYWRLRW &KWWIDAOL]DW

'"HYHORSPHQW RI &D&ILUBRRHFWODPRVDOOKIDWIWRQ 3UR

*URZWK 'HV *
1XJUDKDQIXPDODVDUL 5 $ $XOL : 1 +RULNDZD
6DOW &RFU\VWDO R "LIFOIRRBQOAHA 6ARVGU XPW X L

SVHXGRSRO\PRUSKLVP DQG SKDUPDFHXWLFV
SKDUPDFHXWLFV

*ULIDVL ) &KLHURWWL ORBEHWWROBLRWODLQL [/ %L
'LFKLDUDQWH ( &XU]JL 0 8VLQJ 6DOW &RFU\VWD
RI 1ILFORDPVYWH*URZWK '"HV +

SHUXPDOOD 6 5 6XQ & & 'HVLIJQ DQ& 3UHSDUD
2[DOLF $FLG &$% &RFU\WVWDO IRU ,PSURYLQJ WKH
SURF&E&VWW *URZWK 'HV +

SHUXPDOOD 6 5 3DXO 6 6XQ & & (QDEOLC
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'HYHORSPH®WRRIRF\WRVLQH E\ &RQMXWDWHN $FLG %
3K D USFF L +

3HUXPDOOD 6 5 6XQ & V& DWRS VRNDHEG OLROLBI \
FRFU\WWDOOL]DWLRQ EEMZAHRQI\MRAQRYXERWH DFLG

+

&KHQH\ 0 / :H\QD ' 5D®®DQO1 :RMWDV / =DZRL
0 - &RIRUPHU 6HOHFWLRQ LQ 3KDUPDFHXWLFDO &
BWXG\ Rl D OHOR[LFDP $VSLULQ &RFU\VWDO 7KDW (|

DQG 3KDUPDFRKDQHML FV

I+

ODFUDH & ) 6RYDJR , &RWWUHOO 6 - *DOHN 3
( 3O0DWLQJV O 6KLHOGY * 3 G6WHYHQV - 6 !
OHUFXU\ IURP YLVXDOL]DWLRQ WR BP@®\VLV Gl

&U\VW

I+

.KDODML 0 3RWU]JHERZVNL 0 - 'XGHN O . 9LUW
OHWKRGV DV 7RROV WR 8QGHUVWDQG WKH )RUF
&RFU\¥YWRBROVH 6WXG\ RI /LD ROHLGQWLEGHWHULDO
&U\VW *URZWK 'HV *
.UXHJHU ( / 6LQKD $ 6 '"HVSHU - $DNHU|\ &
SUHIHUHQFHWW® R RI FRQIRUPDWLRQDOO\ IOHJ[LE
&U\WW(QJIJ&RPP +
‘LFNHU - * 3 &URZOH\ / OH 5REVK®WRRHWVLWW3O
&RRSHU 5 | IDZUHQFH RU\VW RO®V WKIH\& RR P

+
$EUDPRY < $ IRVFKHQ & .ODPW $ SDWLRQDC

6HOHFWLRQ IRU 3KDUPDFHXWLFOIR® &BRKDUWWBBIOL]D)
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+

oOvzDKLOL O (- /HBUWLQ * / .LP - .LP 3 &KR
-HRQJ6 < &RFU\VWDO 3UHGLFWLRQ 8VLQJ ODFKLQH
'"HVFULSWRAWVGEFL

*DPLGL. 55DVPXVRQ ¢ & (VWLPDWLRQ RI OHOWL(
OROHFXODU &RFU\WWWDOV 8VLQJ $S$UWKIURLWO 1HXL
*URZWK 'HV *

.ULVKQD * 5 8NUDLQF]\N 0 =HJOLQVNL - 5DVP
RI 6ROLG 6WDWH 3URSHUWLHV RI &RFU\VWVWDOV 8V
ORGHWYW *URZWK 'HV +

*DPLGL 5 . 5DVPXVRQ ¢ & LBOQDOHXUY ® QB8 WIRW
SUHGLFWLRQ RI OHOWLQJ 3URSHUWLHV DQG ,GHD
&RFU\\VAWDWVW *URZWK 'HV +

3ULFH 6 / 3UHGLFWLQJ FU\VWDO &KHRPXFBRXUHV RI

SHY

I+

'XGHN 0 . '"UX*ELFNL . $ORQJ WKH URDG W
SUHGLFWLRQ &63 RO LSKHD WPHRIFHXAWIIHD @R P P
+

ODWWHL $ +RQJ 5 6 'LHWULFK + )LUDKD ' +
6DVLNXPDUKDP $EU® %KDUGZDM 5 0 1HXPDQQ O
$ < (IT'LFLHQW &U\VWDO 6WUXFWXUH 3UHGLFWL
OROHFXOHV ZLWK $FFXUDWHODQI& )RIDFEH/ )H B DEWH
&KHP 7KHRU\ &RPSXW +

6XJGHQ %UDXQ ' ( %RZVNLOO ' + $GMLPDQ &

& (IILFLHQW 6FUHHQLQJ RI &RIRUPHUV IRU $FWLY|
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&RFU\WWDROWDWERRZWK 'HV =

6XQ * -LQ < /L 6 <KXDPDRJ= &G6KIEWPPRY < $ 9LU

&RIRUPHU B6FUHHQLQJ E\ &U\VWDOD®WHRGW XRIH 3L

&U\WWDOOLQLW)\ LQ 3KDU P DFEBXWL F&HIOH&R FRIWMW D O O
+

%ROOD * 1DQJLD $ SKDUPDFHXWLRIXHAFRFU\VW

I+

&RPPXQ
.DXSS * WROWEH PROHFXODU V\QWKHVHV FRPSOI
DX[LOLDULHV EDVH & WRIMWW KRHHBKE MFB R P P

+
6RODUHMRQHV O'RWRIRWHWDMAR - & 2UMUWHRIBQR
0 5 GH®D& 20 &DRYBERH] '6RAYURWD $ ORUDOH\
ORUDOHV ' $FFRRQ- 0 OHFKDQRFKHPLVWU\ $ *U

LQ WKH 3UHSDUDWLRQ RI 3BPDPPBFPHXXWM.EBPWYD &RFU\

ODKHVKZDUL & -D\DVDQNDU $ .KDQ 1 $ $PLGI
+RUQHGR 1 J)DFWRUV WKDW LQIOXHQFH WKH \

SKDUPDFHXWLFDO FRFU\VWDOV BBAWMVMFQURRPRJ VF

ODF)KLRQQJKD&ORIZOBH\ & O OF$SUGOH 3 (U[O
6SROQWDQHBMWDWRO&LRBFU\VWDOOL]|DWLRQ\RW &DIIHL

*URZWK 'HV

I+

(UYDVWL 7 $DOWRQHQ - .HOURRWLQBOLGH FRFRS
IRUPDWLRQ PQ[WEK\WH FOXU L@W3\KW R B D JH

+
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B8OULFK - ,V OHOW &U\VWDOO&]DWWR®URZWHKHEV7H
+

*XR 0 6XQ ; &KHQ - &DL 7 3KDUPDFHXWLFDO

SUHDVLRQV SK\VLFRFKHPLFDO SRAMREHBUWBRQHY DQG |

% +

<DQ < &KMHQ /% % 7KHUPRG\QDPLFV DQG SUH

SKDUPDFHXWLFDO FKDUDFWSIURFDWERQFIRG BRFHOM

SUHSDUHGO®\ FUPHNDO O IE]DW MR Q JRIRWR R G

+

'R - )UL&apLi 7 OHFKDQRFKHPLVVWES &SHE®WFH R

6FL -

7DQ ' /RRWV / )JULVFLF 7 7RZDUGV PHGLFLQ

HYROXWLRQ RI PLOOLQJ IURP SKDUPDFHXWLFDO

VIQWKHVLYV RI DFWLYH SKDUPRRHRW&RBBXI®QJIJUHGLH
+

JLVFKHXEMXKQ ' *UHLVHU 6 5DGHPDQQ . (PPH

DQG 'HPDQG LQ WKH %DOO 0OLOO &RESHWMWLWLYH .

*URZWK 'HV i

yuLapLi 7 -RQHV : B5HFHQW $GYDQFHV LQ 8QGHU!

&WU\WWDO )RUPDW LKW VW D *URZADNGKH QHY  +

6KDQ 1 7RGD ) -RQHV : OHFKDWREKHRIWDWLR
HITHFW RI VROYHQW RRHPHRERWPRKQ N+ QHWLFV
.DUNL 6 LU)UL&APp-RQHV : ORWKHUZHOO : ' ©6 6

SKDUPDFHXWLFDO &RFU\VWDO $\GULIVWHH\G Y UD Q& IDQV
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ORO 3KDUPDFHXWLFY¥

<LQJ 3 <X - O6XV.VLMWKGG*ULQGLQJ OHFKDQRFKH
6\QWKHVLV RI 3K®PGWY DAKDXWKL RCDOWD O +

OHGLQD & 'DXULR ' I1DIDSXHGIL ). OP@YXDDHW XU H
SKDUPDFHXWLWVWWUDORRXVLQJ WZLQ VFOHYVHPDWGBXVLR
VFDODEOH SKIRBHNVV +

'DXULR ' OHGLQD & ©bDZ $OVYBXHHSXG$SSOLFDWLR!
RI 7ZLQ 6FUHZ ([WUXVLRQ LQ WKH ODQXIDFWXUH RI
OWXSKHDWPDFHXWLFY

3DQ]DGH 3 6 6KHQGDUNDU * 5 .XONDUQL " $
(PHUJLQJ *HAK@LTXH IRU WKH 6\OXDKHWY RI
SKDUPDFHXWLFDBOKORBWLRWDOV =*

*DMGD 0 1DUWRZVNL . 3 30XWD - VIWWEOHZLEF]
VIQWKHVLVY RI SKDUPDFHXWLFDO FRFU\VWDOV YLD

PDWDVYVLVWHG $SWORMI \RLIQMWKR K DDUPW *

.DbuLHILL O =LDHH $ ,TEDO - 2 5HLOO\ ( &UR
,PSDFW RI SRO\PHULF H[FLSLHQW RHQOMRAUWUWNXD ORI®
DQG VXEVHTXHQW GRZ@QWSEKEDP SURFHVVLQJ

-LD 4 :DQJ 6 =HKDPJJ - /LX 1 .RX . ,QYHV WL
VREAIGTXLG WHUQDU\ SKDVH GLDJUDB&&R$G¥1,: +0;

+

+ROD - 6W SiQHN ) %LOORW 3 5LGYDQ [/ 7K
DQG PHDVXUHRHQWDRO WRIUQDU\ SKDVH GLDJUDPV LC

VHOHREXWL RBRD UH L *
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&KLDUHOOD 5 $ HDYRWQS50-/ 368WNINVAUDHOR/7KH 8WLOL
RI 7THUQDU\ 3KD¥H\MWJIVWDRXYWK 'HV =

%»DJ 3 3 3DWQL O SHGG\ & 0 $ NLQHWLFDOO\
SURFHVV IRU LGHRWVWIX IRMPSFRIDWWRK) RI VROY
I[URP VROXWLRQV\WR(QU&RRFV =

.KDQGDYLOOL 8 % 5 ©6NR HSRYi ( 6LQKD $ 6 ¢
1 O ODJXLUH $ 5 IDZUHQFH 6 ( &RFU\WVWDO

%LRDFWRORDGDYD LIQVWQLIFrQRZWK '"HV +

'XDQ % :RQJ 6 1 =KDQJ < :HQJ - 7RQJ + +
& & &KRZ 6 ) ([WHQGHG 5HOHDVH RI +LJKO\ :D
$SWWDLQHG WKUR XJEKLEWRKF & XVARR BIOQ FM\RZRVE 'HV
+
*KRVK 0 6LNGHU $ . %DQHUMHH 6 *RQQDGH
+0: &RFU\WWDO $ 1HZ 3UHSDUDWLRQ OHWKR
7KHUPRNLQHWRLWF\$WD OURIZWK 'HV
%LVFDLD , ) % *RPHV 6 1 %HUQDUGL / 6 2
&RFU\WWDOV E\ 5HDFWLRQ &U\WWDOOL]DWLRQ
$SSOLFBWDRERYFHXWLFV
6KLPSL 0 5 $OKD\DOL $ &DVY4RQOUHKGR /1 5RHEWDLIX
6 3 7DED®RQOF $FLG &RFU\WWDO 3K\VLFRFKHPLF
S+6ROXELOLW)\ DQG 6XS&WWIWXURMNRQHOWMN XGLHV
+
&DYDQDJK . / ODKHVKZBRBUQ& GEBR&WBREGHQJ

WKH 'LITHUHQFHV %YHWZHHQ &RFU\VWDOBKDQ@® 6DOW |
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6FL +
OXQVKL 7 B5HGKD % )HHGHU 1 OHHQDQ 3 %OD
BROYHQW &RIQVWIRO 6ROXELOLW\ 7HUQRG\ 3KDV
&U\WWDOOL]DVE&URQWs FIURIZ WS 'HV =
ODGDQH . B5DQDGH/ROYHQWQMLIVWDOOL]DWLRQ
GLVWULEXWLRQ ZLWK&EBHPHYRDW GHYLFHV
6KDKLG DQ[D&JLGRX * 2WWRERQL 6 /XH / 3ULFI
5ROH RIVROWHQW (IIHFWV GXULQJ :DVKLQJ RQ S$FV
,QJUHGLHQWI38URWMVV 5HV 'HY #
3DUN: 0<HR'6 $QWLVROY HDQW. FQ \R WBDWEDPD]HSLQF
RUJDQLF \BRODPWI(RQV5HV 'HV +
3DZDU 1 6DKD $ 1DQGDQ 1 3DUDPELO - 9 6R
$ 6FDODEOH $SSURDFK IRWERAMDWWDO 3URGXFWLR
:DQJ & /HH-06LP- 6.LP 6 &KX@ 1- &KRL * $QWL
VROYHRWWEROOL]DWLRQ RI FDUEDRDYHSL GHKDLUPG VI
+

2EHU & $ *XSWD 5 % )RUWBPRALRQ RBFWE RRFEQYDYR
E\ *DV $QWLVROYHQWS$&RF BROVUPGPILTERWK RQ

+
+DVNLQV 0 0 =DZRURWNR 0 - 6FUHHQLQJ DQG :
$ &RPSDUDWLYH 6WXG\ Rl OHFKDQRFIKHRYWWU\ YV
*URZWK 'HV +
=KDQJ: 6%UXQVNLOO $ 3 - 66FKZOHUOHFR[LE6XQ
1LFRWLQDPLGH &RFU\VWDO B5HYLVLWHG &DQ (Q

JRUPDVWIURQW *URZWK 'HV +
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6RDUHV ) / ) &DUNMIHRRRPLWRWQLQJ RI FRFU\WWDO
DQG TXDQWLILFDYHEQQRRWDQEPLGH FRFU\WWDO X\
VSHFWURVFRS\ DQG FOGHFRPHRFFKILP WHERVV $ ORO ¢
6SHFWURVF +

SRGUtHSHRIQJ % 3ULFH & 3 -D\DVDQNDU $ ODW].
+RUQHGR 1 *HGBUHVORBBK@PHPDFHXWLFDO VROLG
VXSUDPROHFXOBGYSHUXS HFGLY HEHY +

3UDFWLFDO 3XULW\ 'HWHUPL@HWDNRQ (OPHU '€
KWWSV UHVRXUFHV SHUNLQHOPHU FRP ODEVROXW
DB BSUDFWLFDOBSXULW\BGHWHUPLQDWLRQBE\BGV
& DV V HD % +LJK +HDWLQJ 5DWH '6& 7% ,Q
KWWSV ZZZ WDLQVWUXPHQWY FRP SGI OLWHUDW X
6DJDQRZVNDBIVRORZVNL 0 '6& DV D VFRUHN@IDE@I WRF
GHWHFWLRQ LQ ELQDU\ PLIWXUHRWRHEWHBBLD]HSL
$QDO &DORULP *

=KDQJ: 6*X]HL , $ 9LOOLHUV 0 0 G )<X [/ .U]
JRUPDWLRQ (QWKDOSLHV DQG IRODPRBHEKF BF LG FR
&REU\VVEDOWW *URZWK 'HV

*UHFX 7 3URKHQV 5 OF&DEH - ) &DUULQJWRQ (
/| +XQWHU & $ WRFURQWODFWRQH DQG JULVHRIXC
LQ VLOLFR VFUBRHQMWUQBERKRG =

$OL + 5 + $OKDODZHK $ OHRO®H\R 13 )98 O BLE Ha
3 6ROUBWH YLEUDWLRQDO VSHRWURMYRS VFDIQEGY N Y
RI LQGRPRWKDE(@I&RPP

2KWD 5 8HQR < $MLWR . SDPDQ 6SHFWURVF
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&RFU\WWDOV LQ 1DQRVL]HG 3RQBY RIFOHVRSRURXV |

t

S5RGUtIRHIQHGR 1 1HKP 6 - 6 HARWOQEW < ) 3
J)DONLHZLF] & - 5SHDFWLRQ &U\WWDOOL]DWLRQ F
&RPSOWMRLY 3KDUP *

HQQHWEQBO\WLFDO 7HFKQLTXHV LDH@QKHHV 31$QUPDF
2YHUYLHZ Rl BREZGIHWDFWLRQ DQG ,WV 5HOHYDQFH

&U\VWDO 6S\GINCFWHYHNVQ 'HOLYHU\ 6 FAFWNIFKHIBQ G 7HF

3HUORYLFK * / 7KHUPRG\QDPLF FKDUDFWHULVWL]
PHQWISRLQWY IRU UDWLRQDO GRHRASIRQRIQIK VU\PWD AR
&U\WW(QJ&RPP =
IXR < 6XQ % 3KDEPDWMERWVYFOI®BWR]LQHFDUER[DF
ZLWK 9DULRXV &DUER[\OLF $FLGV &BMWW DQGRJIJUD
'LVVROXWLRDWW X'GNRZWK 'HV &
-XQJ - < <RR 6 ' /HH 6 + .LP . + <RRQ
(QKDQFHG VROXELOLW\ DQG GLVVROXWLRQ UDWH R
WHFKQOQWXH 3KDUP =
.DQJ - .XPDU 9 <DQJ ' &KRKGKXU\ 38\5ORGH[W
FRPSOH[DWLRQ LQIOXHQFH RQ WKH VROXELOLW\
FDPSWRWKHFLQ DQ D@WLQHKDWUPY WILR BKB QW

+
IXR & /LDQJ : &KHQ ; :DQJ - 'HQJ = =KDQJ
FRFU\WWDOV Rl QDULQJHQLQ ZLWK LPSURYHG

&U\WVW(QJIJ&RPP +
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3ULFH * 3DWH®XYJ %LRDG QRO BEMIOULIHRBOND >, QW t
7UHDVXUH ,VODQG )/  6WDW 3$MOL@®\D EIXE OIU\RKPL Q
KWWSV ZZZ QFEL QOP QLK JRY ERRNV 1%.
6PLWK $ - .DYXUX 3 :RMWDV / =DZRURWNR 0 -
RI TXHUFHWLQ ZLWK L P SULRY G RDRMRXMDEHIIWMLAYQ G R
+

'DQJ - 5 =KRX & <X ; OHL ; 6WDELOL]JLQJ
FRQIRUPDWLR Q DPW\W WHDGDERWE W& RGP X Q

+

=KRX = /L : 6XQ : - [/X 7 7RQJ + + < 6XQ
5HVYHUDWURO FRFU\WWDOV ZLWK HQKDMQFHG VRO:
3KDUP -

'"UHEXVKFKDN 7 1 %ROG\UHYD ( % 9DULDEOH W
VLQFOHWWWDID GLIIUDFWLRQ VWXG\ RI WKH RUWKRU
SDUDFHWDBRR[\BFHW D QLOWMHOORJU+

%XUOH\ - & 'XHU O - B6WHLQ 5 6 9UFHOM 5
UXOH RNVVWWDRODWLRQ RI SDUDFXWDPREDBRPHFL, D

+

'LOVRQ & & 9DULDEOH WHPSHUDWXUH VWXG\ F
SDUDFHWDBRR[\BFHWDQLOLGH E\ VLQJ®H FU\VWD(
.ULVORRDO +

.DUNL 6 )uLapLu 7 )IiELIQ / /DLW\ 3 5 'D\ * 0
OHFKDQLFDO 3URSHUWLHV Rl &U\WWDOOLQH 6ROLG

&RPSUHVVLEOH )RUPSCGRI IDWOHHWDPRO +*
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<RXQLV 2 6D\HG 0 ORKDPPHG $ $ . 7ROED O

(OHDQ $ 0 . 7VXWVXPL 2 EGWNMPWGE /XPLERODLFHQ

ODWHULDOV &RQWDLQLQJ %RWK ,QGROH DQG 3\L

6\QWKHVLV DQ@QFWHERQMN JKHRYE&DOAIDDWLRQV
+

/ILX < /L $ ;X 6 :X : [LX < 7LDQ : X %

IXPLQHVFHQW 6ZLWFKLQJ LQ DQVEUBRGIXFHR®RFU\VV

&U\WWRD\VWDO 3KDVH RDIGIZIRIPDPVLRW® (G

=KDQJ 7 :DQJ #+ =KRX 6FUHHQLQJ DQG IOXR

LQYHVWLIJDWLRQ RQ ORVOLS&EW\IVYWU/IFRFU\¥WDO

+XDQJ 6 P X - 3HQJ < *XR 0 &DL 7 J)DFLC
SKRWROXPLQHVFHQFH DQG 'LVVROXWURQ®QJIKURSHL
&RFU\VWDQOWDIWERRZWK "HV *

OLVORZ . 6WHUHRFKHPLFDO 7THURKQBDEBUWDQG ,WYV
+
%URRNV : + *XLGD : & 'DQLHO . * WIKHK)QG6LJIQLI

‘'UXJ 'HVLIQ DQG '"EXHORBRPHQMG &KHP =+

1IJX\HQ [/ $ +H +HX\ KDRKLUDO '"UXJV,Q¥\Q 2YHUYLE
%LRPHG ©6FL +

%IWKRUL 1 % -DFREV $ HEBVNVYPEMQL /4X%LQBQL
ODODWHYV 3DUWLDO &KLUDO 'LVFULPLQDB/LRQ YLD '

$I1U - &KHP +

73



3jPLHVY 2  %IFNYD@Q\PDWLF .LQHWLF 5HVROXMW
&KHPRHQ]\PDWLF '\QDPLF .LQ HVGLR BHWROKWL REQ R

(IILFLHQW 5RXWDBRAWR-GRUUD @KHP +

/JHRQDUG : 5 -U +HOL®HWHWRG '$ : 6SHQFHU * $
2 6 %LED O :HOFK & - G6WUDWHJILF XVH R
FKURPDWRJUDSK\ IRU WKH VIQWKHVLV RI D SUHFOL
&KLUDOLW\ .
OXGL 6 < OXKDPPDmO FKWRPDWRJIJUDSK\ DQG LWV D
SKDUPDFHXWLFDO L&KGDPWAM DU FK U-HRKLUHID O
+DUPVHQ % /H\WVHQV 7 (QDEOLQJ (QDQWLRSXUL!
DQG 'XDXJ &R\VWDO 5i&VROX WLKRRE V

+
3XWPDQ - , $UPVWURQJ ' : B5HFHQW DGYDQFH
FU\V W D O&K.L] D V@ R\W \ i
&yUGBYODODQXHYD ( 5XLJRGUtSXMNPKGOUUDPD 2
5LYHYUDDV - S5XHYUHUDORIFMMHW +  +|SIO +
'LDVWHUHRPHULF 6DOV$PRYR CEMUMDE R IMEH QG /
ODOLF $FLG 6WDELOL]DWLRQ E\ 6WURQJ +HWHURYV
%RQGV EHWZDQI® &22+*&2RX&V\VW *URZWK 'HV

+

%HUHF]NL / 3iORYLFV ( %RPELF] 3 3RNRO *
2SWLFDO UHVRORWLFKQM QIADODQLQH VXFFHHGV E\ F
GLIIHUHQFHV RI GLIWWHDKRBHRIF $DPWWW U\

+
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*XDQJ\RX <XTXLQJ / =KDRKXL : 1RKLUD + +LUF
RI DPLQRDOFRKRIL\DAL@EHY XVLQJ IUDFWLRQDO FU
GLDVWHUHRPHULF VDOWWHRIUGK K\GURD ES\M\W P F VDB L

+
6iQFKXIBDUUDPD 2 1DNQGRPD ) &WBHGBOO-KQJ
&RRN + $DHBIDV - , 'tBOJPGR+HIXLHUD
ORUDBRIWDYV + +|SIO + &KLBA30DJHVRODXWH R QY RI
'LDVWHUHRERHW.\WD&®R 3DLU )R WM E R FFUAW WK
*URZWK 'HV .
6SULQJXHO * B5REH\QV . 1RUEHUJ % :RXWHUV
JRUPDWLRQ EHWZHHQ &KLUDO &RPSRXQGV +RZ &R
&U\WW *URZWK 'HV #
+DUPVHQ % /H\WVHRY &KLURDO5HVROXWLRQ (QDC
&RFU\WWDO®6LEXSURQHRI 8VLQJ &HN MW L DR HWD PH V

+

&XJRYpDQ 0O -DEODQ - /RYULUO - &LQpLu °
%ISKDUPDFHXWLFDO FKDUDFWHUL]DWLRQ RI SUL

F\FORGH[WULQ FRPSOH[HY SKBSPUMWGEGRRHW LYGLQ J

+
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&SKDSWKHIWBORULQJ WKH &U\VWWDO
IDQGVFDSH RI 6XOIDVDOD]JLQH V

0XORRP SR @GHMWOWN DOV

&U\WVW *URZWK 'HV =




$SEVWUDFW

Sulfasalazine is used as an anflammatory drug to treat large intestine diseases
and atrophic arthritis. In the solid state two tautomers are known: an amide
tautomer (triclinic polymorph) and an imide tautomer (monoclinic polymorph).
Crystallization & six new multi-componentsolids of sulfasalazine with three
cocrystal formers and three salt formers has been achieved by slurry; liquid
assisted grinding and slow evaporation methods. All the solid favers
characterized by Xay diffraction techniges, thermal analysis, and Fourier
transform infrared spectroscopy. The crystal structural analysis reveals that two
sulfasalazine molecules or anions arrange in a-teeadad fashiomvolving their
pyridyl, amide and sulfonyl groups ima4g:y; 4%:z; 48:y; motif. This is the

key structural unit appearing in both the sulfasalazine imide polymorph and all six
multi-componentrystals. In addition, sulfasalazine exists in the amide form in all
unsolvatednulti-componentrystals obtained in this work, amadopts the imide
tautomer in the solvated cocrystals and salt. Hirshfeld surface analysis and the
associated 2D fingerprint plots demonstrate that sulfasalazine has significant
hydrogen bond donor capability when cocrystallized and is a significant leydrog
bond acceptor in the salts. The frontier molecular orbitals analysis indicates

sulfasalazine cocrystals are chemically more stable than the salts.

, OQWURGXFWLRQ

6XOIDVDOD]LQH 66=D ARXWMXJDWHQRIDP® DIMRWL GUXJ
DPLQRVDOLF\OLF [EFOLFAN UG ® @G DXQUW IV XOIDS\ULGLQH

XVHG DV PRBEGEVHDYWHKHEWDWLF GUXJ WR WUHDW ODUJF
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DQG DWURS KW DQUMWRUMWMKHVW XOIRQDPLGH FRPSRXQGV F
RU S\ULPRGH®HN 66= FDQ DGRSW WRERQGR U P DW QRQW D XQWM
FU\WWWDO IRUPV 7KH ILUVW UHSRUWHG WDXWRPHU RI
ZKLFK ZDV REWDLQHG IURP HWHKDQROVK\HUREQRFA®D Q D
WDXWRPHDLRDBI\G FEEVERR O L Q JHIW WHQRIOH BHBIEQDOWQ RQ R
7THIORIQ HG  VWWDH D@ HIYXMVK RFFIJDYWVLRQ RI D K\GURJHQ
DFFRPSDQLHGKER WK N IMZLOWFERQG DQG DGMDFHQW GRX

DOWHUV WKH FU\VWDO SDFNLQJ DQG LQWHUPROHFXOD

Figure 2.1 The amide form o$ulfasalazin@bserved in the triclinic polymorph,

left, and the imide form seen in the monoclinic polymorph, right

7R IXUWKHU LQYHVWLIJDWH WKH PROHFXODU DUUDQJHF
GLIIHUHQW 66= FU\WWDO IRUPV D G/NWUJXEGK® HD\Q RO \WI
NQRZQ 66= DPLGH DQG LPLGRKR\GRMEB@GEHR® GKMWZRG N
DQGELQWHURFWIRDERO\PRDWIK SUHVHQWH® QG )LIXUH
6 D UHVSHFWLYHO\ D QG WRIH @ REBHHCOIRMECILFON LR Q

G DWD @LY S OMMEGHLAZR 66= PROHFXOHY DUHWRVHPEOHC
WDLO IDVKLRIY/ MLEAWMRKD R G+ K\GURJHQ ERQGV WDNLQ

S\ULG\O JURXS DV WKH KHDG DQG WKH FDUERI[\O DFLG .
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OHMHDODQ4S:tz; PRWLIV )IDXUKH VWUXFWXUH&YV H[WHQG

+Wwl GLVFUHWH K\GURJHQUERPRW LR Y P ERQU HD

E
JLIXUH&U\VWDO SDFNLQJ DQG LQWHUPROHFXODU LQWH

DWHK#Hz, DQ48:tz; PRWLRLOQG E42:WWPRWLI

,Q FRQWUDVW LQ WKH VWUXFWXUH RI WKH LPLGH IRUF
LQ D MHRBI®G PDQQHUDRG XDEOHWKAH WZR 66= PROHFXOH)
OLQNHE +YWDGLVFUHWH K\GOQRBJBMERYEUHWH K\GURJH
ERQG JDQpulpWeLz; 42:y; PRWLI )LDXUS$IGG L&AHWRQD O

GLVFUHWH K\GURQ4§GQVvERRUGL IRUFEDYXUW K HKHER UH W
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EQWHUDFWLRQV EHWZHHQ WZR S\ULG\O ULQJV IURP 6

FU\VWDO SDRNIH)G

E
J)LIXUH&U\VWDO SDFNLQJ DQG LQWHUPROHFXODU LQWH

LPLGH IRURS: yDA W Kifty; PRWIQ G E4WAKPIRW LI

6XOIDVDOD]LQH KDV ORZ VROXELOLWSUXIGL QB WPKHD EL O
%LRSKDUPDFHXWLFV &ODNVNHUHFQWLRQSOBRDFKPY KDY
LQYHVWLIDWHG WR LPSURYH LWV BEHWMX®EBDDEIDXCOLAX\ )
LPSURYHG WKH VROXELOLW\ DQG8 QHIFR DX\ DKDWERQL W\ |

SUL\DP DARIUNRRUV VID@REKNLIFKGOLF GHULYDWLYH RI 66¢€

80



WKH VROXELOLW\ E\ FRQMXJDWLQJ OQWDGBIGWWLBRO\F
QDQRFU\VW IROL]® WA IRORHU \QLRIQ/ RPH W B FKQ EFXHV
HI[SORUHG WR LPSURYRUWEGHVVYROXBMLRQVSE BOQIRUPDQFH
'XULQJ WKH SDVW GHFDGHV FU\WWWDO HQJLQHHULQJ |
GHVLJQLQJ WKH FU\VW DVMK\D @ RMW PROWBXQHPREU H[DP!
DQG VDOWVLIQLILFDQW GULYHU KDV EHHQ WKH GHVLJ
RSWLPDO SK\WLFRFKHPLFDO B }XEFHPBRIGHNOMNE R BW\VQD C
PDWHULDOV RI WZR RU PRUH RALILRIQH © W RPFRIIR-KREXE\D W
VWRLFKLRPHWULF UDRMLYRD WK B VW B U MHROMWK M B Q WD O O
DVVHPEGHGURLUMQ ERQRBYHQ EREEYWDFNLIKQH WHUP
SKDUPDFHXWLKD® ERKFQ\XWHERZKH ©RIPE RIGHDQM LV DQ C
SKDUPDFHXWLFDO LQJUHGLHQW DQGDWKHSWWEK®GMHY D
6LPLODUOHBRXBPDFHXWLFDO VDOW KDV EHHQ XVHG IR
LOQWHUPROHFXODU SURWRQ WUDQVIHU KDV RFFXUUHC
EDVLF IXQFWLRDOJIUPRAEOS VISZIKESQD WSKIH E O \GHD
DFLGV@UHDWHU WKDQ WKH WZR FRISESIR QM QMW VYRUP
WDQ WKH V\VWHP UHVXOWY LQ D FRFU\VWSDID :KHQ LV
EHWZHBQG D OLQHDU UHSQ DWLRE WKLS FHREDHEH.Q L W\ |
WUDQVIHU EHWZHHQ WZR FRRYKGUHOWHFEKIQU AXGFHWULYH G
IRU GLVWLQJXLVKLQJ FU\VWDO L B/MPDW HR Q XLFEDVHVID I QAEDHJ
UHVRQDYQFEHUDWLRQDO VRMHFWURVYERSPU\GWIDODEWLRQ
6&;5"'

JURP WKH FU\VWDO HQJLQHHULQJ SHUVSHFWLYH 66= z
FRFU\VWDOV RU VDOWV EHFDXVH LW KDV PXOWLSOH

K\GURJHQ ERQG GRQRU DQG® XIDARESWEMOWVDB®YLQRX |
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PDWBOV Rl 66= KDYH EHWQLBHSXKRWBHGP 6BOH FRFU\VW
VDOW QI6ERWLQDPLGH6BERFKNAWRWEDRPLQE FRFU\WWDO 7K
HOQKDQFHG GLVVROXWLRQ SHUIRUPKREH YVYHRP SORQG RL\
WKHLU FU\WWVWDO VWUXFWXUHV DUH D&DBREDE®JH LQ Y

6WUXFWXUD&G'DWDEDVH

JLIXUH &RFU\VWDO IRUPHUV DQG VDOW IRUPHUV LQ
VXFFHVVIXO VWREUWV\\MRDPHUYVY DQDO\WVHG E\ 6&;5'" LQ E
FRFU\WVWDO VDOW 3RUPHUWRUEDYHG RQVXFFHUNUWO FRF

IRUPHUY LQ EODFN

+HUHLQ WKH FU\WWDOOLQH IRUP GBIKYTHUPVILRVAX RIL 6 60 @
UHOHY D QW PRMJVRWPIBU \Z D)\L H{ SEKRJHHGF RFU\VWDOV R
ZLWKELS\ULGLQHE®%BX\ULG\O HWKDQH %3( DQG SKHQ
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DQG WKUHH VDOWVLRIRGEE LA MMBWUBBHWK\OHQHGLS\UL
70' DQG LPLGD]ROH ,0= ZHUH VXFFHVVIXODQGUHSDU
WKHLU FU\WWDO VWUXFWXUHV REWDLQHG )RXU PRUH ¢
DPLQRS\ULP$30LQKGLPHWK\ODPLQ®S\UDQGQBFULGLQH
$&5, ZHUH GHWH PXOBRIES RY UGN DO O LRRIZGRIQLGV E\
UD\ GLITUDFWLRQXUH 6RZHYHU PXOWLSOH DWWHPSWYV

FU\WVWBQWITBQDO\VLYV ZHUH XQVXFFHVVIXO

([SHULPHQWDO 6HFWLRQ

ODWHULDOV

Sulfasalazine (monoclinic imide formas purchased from Fluorochem and used

as receivedvithout further purification.Isonicotinamide, mefenamic acid and
picolinamidewere purchased fromiCl chemicals; othecocrystal/ salt formers

wereobtained from Sigm&ldrich DQG XVHG DV UHFH IlpMreh@&sedb ROYHQ W

from Honeywellinterndional, Inc. D Qu&ed as received.

BROLG )RUP 6FUHHQLQJ DQG &U\VWDOOL]DWLRQ ([
JLTXD@VLVWHG JULQGLQJ /$* PHWKRG

OHFKDQLFDO JULQGLQJ H[SHULPHQWYV ZHUH FRQGXFWH
HTXLSSHG ZLWK VWDLQOHVV VWHHO P/ JULQGLQJ MD
JULQGLQJ EDOO SHU MDU 7KH PLOO ZDV RSHUDWHG D
PRODMWLR RI Rl 66= ZLWK ¥BEWMROD®OHUYV ZDV XVHC
SRZGHUHG SURGXFWV ZHUH LVRO@DSHEGE PGWD@D G HW 06

DUH GLVSOD\HG LQ 7DEOH 6
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60XUU\ PHWKRG

66= DQRURPRNDOW IRUPHUV LQ ®DRODU UDWLR ZHUH VOX
PHWKDQRO RU HWBDWRDKHRUHVXOWLQJ VXVSHQVLRQ
DOORZHG WR GU\ LQ WKH KX/KHH KSRREG HRH GX S URRE X FW V

LVRODWHG DQG DQUSHMWCECEQWBPE GHWIIMMHE LQ 7DE

6ROXWLRQ &U\VWDOOL]J]DWLRQ

(SSZBPY(Tol) oscocrystal solvate.7KH SRZGHUHG SURGXFW IURP W
%3< VOXUU\ H[SHULPHQW PJ ZDV BWKDRRYHG LQ

Y YLQ D VDPSOH YLDO FRYBDHOIKZQR KDRHKU IGRRJIDW B @/
WHPSHUDWXUH XQWLO WKH VROYHQW KDG DOPRVW FREF

SOMWNH VLQJOH FU\VWDOV ZHUH REWDLQHG

(SSZYBPE (W 22+cocrystal solvate. 7KH SRZGHUH®G3 (6 6W 2+

PJ REWDLQHG IURPA QWX ZWD\VHGEENVROYHIGQLQ P/ R
D VDPSOH YLDO FRYHUHG ZLWK SHUIRUDWHG SDUDILO
WKH VROYHQW KDG DOPRVW RRHRHINO/HWHODQHIWBIS R D /\M

VLQJOH FU\VWDOV ZHUH REWDLQHG

(SSZPHE cocrystal. 7TKH SRZGHUHG ( 66=PJ REWDLQHG IURF
VOXUU\ H[SHULPHQWY ZDV GLVIMROYWHDPBEQH YA/D®I HWX
ZLWK SHUIRUDWHG SDUDILOP DQG OHIW DW URRP WHP
FRPSOHWHO\ HYQZSRIWNYWHBUDEXAIHNIYPHVLQIJOH FU\WWDO\

REWDLQHG

66=$3 VDOWH SRZGHUHG 66= $3 PJ REWDLQHG
H[SHULPHQWYV ZDV GLVVROYH)GDLYDPBORI YALHDWK OFRR & U

SHUIRUDWHG SDUDILOP DQG OHIW DW URRP WHPSHU]I
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FRPSOHWHO\ HYDSRUDWH®LANRQYH @QHMHHN FULB\W®/ SOV W HU
66= 70' VoW PJ PPRO DQG 70' oPJLQ D PPR
PRODU UDWLR IZG UHPG IRM VRIOLYRHIBR | BGVDPWOGMd YLDO D
OHIW DW URRP WHPSHUDWXUH XQWLO WKH VROYHQW
PROWKAMVMRUDQJIJHOEWBOWIKH FU\WVWDOV RI 66= 70" VDOW ZF

RQHRWIRQ $WWHPSWV WR REWDLQ RWKHU FU\WVWDOV F

SSaMzZ OH&1 VDOW VRBYIRWIKBHUHG SURGEBEW,08RP WKH
/$* HISHULPHQW PJ ZDV GLVVROWHOG VOQPSPHRY LD
FRYHUHG ZLWK SHUIRUDWHG SDUDILOP DQG OHIW DW
KDG DOPRVW FRPSOHWHGWNMY D2 ROUDIMWNHESVIH Q OGIH FU\VW

ZHUH REGNVDLQ

S3K\WLFDO OHDVXUHPHQWYV

Differential scanning calorimetry (DSC) data were collected using a TA
Instruments Q1000. Samples&2ng) were crimped in nonhermetic aluminum
pans and scanned from 25 to 300 € at a heating rate of 10 €'minder a
continuously purged dry nitrogen atmosphéreermogravimetric analysis (TGA)

data were collected using a TA Instruments Q500 thermogravimetric analyzer. The
sample was placed in an aluminum sample pan and heated under nitrogen at a rate
of 20 € min ! from 25 to 500 €. IR spectra were recorded on a PerkinElmer
UATR Two spectrophotometer using a diamoatienuated total reflectance
accessory over a range of 40000 cm’. An average ofour scans was taken for

each spectrum obtained with aakgion d 4 cm*. PXRD data were collected
XVLQJ D 672( 67%', 03 GLIIUDFWRPHWHU ZLWK &X .. U]

positionsensitive detectaver the 2 range of 3.545.5°with anincrement of 0.05°
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at a rate of 2°min*. The samples we prepared as transmissifoils and the data

were viewed via STOE WinXPOW POWDAT softwé&feSCXRD dataof
(SSZBPY(Tol) os and (SSZBPHEtOH) > were collected using a Bruker

$3(; ,, '82 ZLWK PRQRFKURPDWHG &X .. UDGLDWLRQ
dataof the other SSZ cocrystals and saltsre collectd on a Bruker Quest D8
GLIIUDFWRPHWHU ZLWK PRQRFKURIFEBMA4AG ABX .. UDGL
calculations and refinements were made using Bruker APEX software with the
SHELX suite of program® 3 Nonhydrogen atoms were refined anisotropically.
For(SSZBPY(Tol) osand (SSZBPHEtOH) ,theN i hydrogen atoms were

located and refined. All other hydrogen atoms were placed in geometrically
calculated positions using the riding model, witHHC= 0.930.97 A and NH =

0.860.89 A, and Uiso (H) (in the range 1125 times Ueq of the parent atom).
DIAMOND was used for crating figures’> and PLATON was used fathe

analysis of potential hydrogen bonds and short ring interaction¥.

Crystallographic parameters are listed in Tahle

&RPSXWDWLRQDO 6WXGLHV

'"HQVLW\ IXQFWLRQDO WRHRUXVDQ@J ADIOHF XOEWV LD Q

SDFNDJH HPSOR\LQXQFMLRQDO* ZGWEDVLY VHW ZHUH
SHUIRUPHG RQ WKH VL[ REWDLQHG FU\WWDOV ZL\
RSWLPL]DWLRRROHF X O DAHR BENGANED UXOWLZIQ SURJUD
DQG SORWWHG-EUWRIHOG VXUIDFH DQDO\VHV DQG ' ILQ

FDUULHG RXW XVLQJ WKH RUUDWDO([SORUHU
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7TDEOH &U\WVWDOORJUDSKLF GDWD IRU 66= FRFU\VWDOV DQG VDOWYV

&U\WWDOORJUI 66=%3< 7R 66=%3( (W2 66=3+( 66= $3 66= 70" 66= ,0= OH&

&KHPLFDO IRU & + 1 2 6 & + 126 &+ 126 &+ 126 &+ 126 &+ 126
JRUPXOD ZHLJI
&U\WWDO V\VW PRQRFOLQL WLFOLQLF PRQRFOL WULFOLQ WULFOLQ PRQRFOLQL

6SDFH JURXS 3 Q 28 & F 28 28 3 F
7THPSHUDWXUH
Dc
Ec
Fc
f
f
f
9ROXPH ¢
lFDOF 'J FP
PP

5HIOQV PHDVX
5HIOQV LQGHS

SLow
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6LIQLILFDQ®& :
3DUDPHWHUV |
OkprOkLoH c

)

53 1, @

Z5 DOO GDWD
&&'&
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SHVXOWMWBXQW/ LRQ

3K\VLFDO &KDUDFWHUL]DWLRQ

7KH WKENRDWMRWHKH 66= FREBOWWDEIOV DVVHVVHG XVLQJ
WHEKQLTXHV 7KH PHOWI3XJ) BRMBO W% 3R | (86266 =53
66=70' DQ&6=0= OH&DUH LQ EHWZHHQ WKRVH RI WKH LQ¢
ZKLOB6= 3+(FRFU\WWDO PHOWY DW D ORZHU WHPSHUDW X
J)LIXUH 63GGLWLRQDOO\ VPDOO HQGRWEKBUPIHDSNDENU
REVHUYHG LQ WKH '6& WBDFHROGKRU%3FE6LIW2DQG
66=0= OH&ILQGLFDWLQJ WKH SUHVHQFH RI VROYHQW ZL\
FRQVLVWHQW ZLWK WKH 6&;5' GDWD 7KLV LUWM®BVR VXSS
$ ZHLJKW ORVV RI 5% =RE3/H IMRHBGK LEK FRUUHVSRQGYV
HTXLYDOHQWY RI WROXHQH6FD®BKODWIHGZBILIKW O)RWYV
FRUUHVSRQGLQJ WR HTXLYDOHQW RI (W2+ FDOFX
66= ,0= OH&1 H[KLELWV D VLJQLILFDQW ZHLJKW ORVV R
HTXLYDOHQW Rl OH&1 FDOFXODWHG YDOXW EMIRUH WKFE
GHFRPSRVLWLRQ WHPSHUDWXUH LV REVHUYHG IRU WKH
QRW VROYDWHG RU K\GUDWHG $IWHU FRFU\WWDOOL]DWL
RI FRFU\WWDOV DQG VDOWYV VKRZHG BBEHIVREIWWFREDR WKL
> 669%3< 7RD 66=%3( (W@D* > 6B=(@
66= $3 66=0= OH&1 66= 70'" FPXJIJHVWLQJ WKH IRU
RI QHZ FU\WWDOOLQH IRUPV Rl 66= UHVSHFWLYHO\

= %3< 7RO 66=%3( (W2+ 66=3+( 66=$3 DOQG
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66=0= OH&)LIXUH eDWFKHG ZLWK WKH WKHRUHWLFDO S|
6&;5' DQDO\WVLVY GHPRQVWUDWLQJ WKHVH FRFU\VWDOV F
WKH VOXUU\ RG /F# KRARHWK SDWWHURDRQLB®= EH REWDLQH

DWWHPSWV WR VIQWKHVL]H FU\VWDOV RU EXON PDWHUL

Table22.pKD YDOXHV RI 66 =VIFQRWU\RWIBKDY YD@XHYV RI WKH C

VROLG IRUPV

S D S D 6 ROLMEDWH
66= b
% 3 < D FRFU\WWDO VRO
% 3 ( D FRFU\WWDO VRO
3+( D i FRFU\WVWDO
$3 VDOW
70" b VDOW
,0= VDOW VROYDW

PS DYDOXHWH REWDLQHG IURP &$6 6FL)LQGHU

$V IRU WKH VROLG VWDWHV RI| DAFKHRWH LREE N BEWE HQ H Z
66=3+(LV H[SHFWHG WR HBDD IFRFZKWBGB86DQG
66=0=0H&DUH H[SHFWH&E WMR EZKVBRMWMHUPHEG&ES' WK H
UHVXOWYV 7KH VB5G@ L1963 ¥ WIRWAB R%3( (W2BQG @

FRXOG EH HLWKHU VDOWS RU FRFQEVWRG' FRRWDPV
66= %3< 7R®6= %3( (WDUH FREFU\WWDOM\D QGVBEOW ZKLI

IROORZV WKH OLQHDU UHORWER®PVKLS SURSRVHG E\ &UX
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&SU\VBWODOFWXUHV

7KH VWUXFWXUH PXDORP ISR RH/AWBEBM 5UHVHQWHW® BHDR Z

ERQG@® GWHUDFWGR QS®DMMESDHE 6

(SSZ)BPY(Tol) osCocrystal Solvate

7TKH66= %3< 7REU\WWDO KDV RQH 66= PROHFXOH DQG KDC
WKH DV\PPHWULF XQLW 'LVRUGHUHG WROR&H; LV SUH\
PRWLI LV IRUPHG EPROH BDXRBIRAKWE DQG +& wW&
GLVFUHWH K\GURGEHOQKHRIYIXVPROHFXOMHR O HF K D H3 Q R FUKHWUL
& ++ w K\GURIJHQ7TER@DWWHU 66= PROHFXXOBURJHQYRC
ERYPG ++ 1wt DQG & W ZLWK WKH DGMDFHQW 66= PRO
D4%:y; 48:z; 48:y; PRWAZKLFK OHDGV WR WKHLRURNWRQQRORI W
K\GURJHQ ERQGHG OD\HKH/ VWUXBWXUH LV IXUEWEKHU VW
LOQWHUDFWLRQV EHWZHHQ WKH 66= DQGROH GBI6 =P R Q B F%

J)LIXUHDEQG 7DEOH 6
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JLIXUH&U\VWDO SDFNLQJ DQG LQWHUPROBBRBXODROLQWHL

FRFU\VWDG LMRONYDWE= JUHHEHQXHVL¥3WRDQYEQH

(SSZYBPHEtOH) 2 Cocrystal Solvate

7KH66=%3( (W2MRFU\VWDO VROYDWH FU2§WHDPH JHYRKS
ZLWK RQH 66= PROHFXOH KDOI RI WKH %3( PROHFXOH
DV\PPHWULF XQLW 7KH 66= PROHFXOH LV GLVRUGHUHG
(W2+ PROHFXOH LV GBVRUKRZQHGQ DMIKGEBH PROHRXOH OLGQ
WZR 66= PROHFXOHV2WK W X DIQ G &/ FHWHE URJHQ ERQGYV
DQWKH (W2+ PROHFXOH OLQNV RiQ b 63 KRR ORIFXQ HE RQ B W
$ORQJ DMXMV WKH ' K\GURJHQ ERQGLQJ QHWZRUN L
W KaB:y; 42:z; 48:y; PRVEHWZHHQ WZR DGMDFHQW BBEH.PRWHKHAXO
YRLGV FRQWDLQLQJ (W2+ PROHFXOHE FO®L\EBRRBOHUY
LQWHUDFWLRQV EHWZHHQ WKH SKHQ\O ULQJV IURP 66=
&J &J &I DQ&I & FRQWULEXWH WR WKH H[WHQM®MHE®H VW

6
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E
Figure 2.6. Crystal packing and intermolecular interactions in the (BFHEIOH) »:

(a) along thea axis (pink is SSZ, green is BPE, and blue is EtQ&t)d (b)along thec

axis. Theminor component of the disordered structure has been omitted for clarity.
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(SSZyPHE Cocrystal

7KH DV\PPHW WBI6E X QKWVRRQH 66= PROHFXOH PRGHEXOQHR I
3+( DQG WZR 66= PRQ4£FQO:H\P RRWL K URXKWE  2++

W DQG++&We GLVFUHWH K\GURJH® ER®&BWRARQGHQJ
QHWZRUN LV H[W H® GWiG D/QESUR X W8 K\GURJHQ ERQGV UHYV
LQVKH Wpp;HS:z; 48:y; PRWLI EHWZHHQ DGMDFHQW 66= PROF
SUHYLRXVO\ E)LI)XUIBDGOU4ANULIRQLQY IRUP KRG +¥ LW
LQWHUDFWLRQ ERRAZHHHXQD RAZ:RDEBEQY IRUPHG EHWZHHQ V|
PROHFXOHV DQG WZR ZHH B ROGIHMD¥XOWH\RQMKEHWZHHQ WZR
66= DQG &¥@&J &&J DOVR FRQWULEXWH WR WKH H[WH

J)LIXUH 67DEOH 6
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E
JLIXUH &U\WVWDO SDFNLQJ DQG LQWHUPREEHFXOMDMU LQWF

DV\PPHWULF XQLW SLQN LV 66« \BQGERQGHGLYHWZRDAG

SSZ4AP Salt

7KH6=$3VDOW FU\WWDOOL]BQLRQVK DQGRABBR R®Y LQ Wi
DV\PPHW ULKHXRULRMWMRIQ M IHRPUWEBH FDUER[\OLF DFKB JURX
S\ULG\O UBQaIE®IQG $HIH OLQNHGHWIMER X8HK W@ 1 +

+ $WM@ DQGH+&WE GLVFUHWH K\GURJHQ ERQG\W4MZKH ODWYV
PRWLI )LDXWKH DVVHPEO\ LV IXUWKHU VXVWDL@HG E\ LQV
+ W 1+ %we 1 =+ %we 1++ 1w 1++ Sw DQG =+

+ 1@ EHW2MAHR 6BOLRQV DQGUWIRR®YKH VDPH PDQQHU

DGMDGEHQWWHUDEMM YDD G+we K\GURJHQ ZKRB&VFRQVWLW X
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DR48:y; 48:z; 48:y; PRWLI )LEXU$G G LBEROIDFNLQIJ LQWHUDFWLR
DGMDFHQW SKHEB\*DOVRIVRIQWBLEXWH WR WKH H[WHQGH

7TDEOH 6
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E
JLIXUH &U\VWDO SDFNLQJ DQG LQWHUPRQEBXODU LQW

DV\PPHWULF XQLW SLQN LV 66=WKJGELEHBNQRIOD 0% X\ ®OR

ERQGHG QHWZRUN

SSZTMD Salt

66= DQG 70' IRUP D VDOW WKDW F D VWLRROIBEPHRLERHWLKQ R Q
WKH DV\PPHWULF XQLW 7KH WZR FRPSRQH@W LQWHUD
GLVFUHWH K\GURJHI) ERQ® )VIXQWRQAYVWQ QUKL \F K DWW I
1 DWRP RI D]JR BBRPHURAPLQYROYHG LQ WKH IRUPDWLI
K\GURJHQ ERQG\Q48St RRARFILIQEHWZHHQ WZR D¥\BPHWULF

+ %w K\GURJHQ ERQG 632R LR YOMHEWR X:Ikwde DQG
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& + W K\GURJHQ ERQ\GAH MIWPRMEQJ48:y; PRWLI DV WKH SUH)Y
GHVFULEHG FU\VBWDW VKIRIZQ HQ DQ& WD BOMKEH SDFNLQJ L

IXUWKHU W DVBEED QMM IBU D F W L R QB I 6@ VOZ H HQEMDHH®R RV K H

S\ULG\O ULQJVEURP 7€&J DQ&J &J

E
JLIXUH &U\VWDO SDFNLQJ DQG LQWHUPROHFXODU LQW|

DV\PPHWULF XQLW SLQON LV 66=KDEURIRE@EBCLQHY'Z DG
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SSZIM2ZMeCN Salt Solvate

66=0= OH&IDOW ¥R OMDMHO L JaB\E ZQ MWRIRH AW LIR®MG RQH
DFHWRQLWULOH PROHF X DKiH L ®U\RAOM W\ EHRIPU & IHF POQILEV/R [\ C
DFLBRWWKH EDVLF QLWURJHQ RI WKID $OR@DEREN ULQJ
WKH BMBEWLRQ DFWV DV K\G UIRQYW & WEIRFQA XBIRAN B/6BRXG K

1 +# $wm2 1+ W@ DQG+ W GLVFUHWH K\GURYHG@ FERIQGHMC
JLIXUHE ,Q DG&LsW LR®E:tw, PRWLIV DUH NKRHGBERYH
LQWHUDFWLRQWWAQG & ++ &M2 & + we K\GURJHQ ERQG)
7KH WZR DEOMDRHABQ®YV LQWHUDFW ZLW& K+ M FEKQBBWKHU WK
+ $wt K\GURJHQIEBPRPIBYUH@DWHE; 48:y; PRWIVM VKRZQ LQ
JLIXUH ®QG 7DEOMKEH ' VWUXFWXUH E\VWEEW KL U BB ER C

EHWZHIBQHQKE ULQJV DQG S\UKG\WI DRGIRIURP 66=
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E
JLIXUH &U\VWDO SDFNLQJ DQG LQWHUPROHPX@&DU DQWH L
DV\PPHWULF XQLW SL@=NDR\G 66GX A UNH@DK M U RERE GH G

QHWZRUN

2YHUDOO WKH LQWURGXFW URQPRHUNREKDMNBNEBROHIX EWRG
LQYROYLQJ WKH SDLUV RI 66= PROHFXOGKUWWRIDBSWRH QW LC
VI\VWHPV ZLWK GLIITHUHQW PROHFXODU DUUDQJHPHQW

48:y; 48:z7; 48:y; PRWILSCRIUV R 66 =PLR@MWIXIOQH/G )LIXUH
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JLIXUH +\GURJHQ ERQGV LQ SXUH 66= VWDUWLQJ PDW|

DUUDQJHPHQWWMARHDIG VBRH EKBHIDWLY RI PROHFXOHYV ULJKW

&RQIRUPDWLRQ RI 66=

7KH VWDUWLQJ PDWHULDO 66= XVHG LQ WKLV ZRUN L\
LQWUDPROHFXODU #\G P RIG® PRRG®5DE; PRWLI DQG GLUH
WKH RULHQWDWLRQ Rl WKH FDUEFKHM[KFJB BL BAM B RRRS\ O KH
JURX®'KB® DPLGH WDXWRPHU RL6:=Q YRMYRGPIDWRRE® %Q W
K\GURJHQ ERQGURIPHRERWHIEROI L QWUDPROHFXODU K\GUF
66= H[LVWV LQ GLIIHUHQW FRQIRUPDWLRQV ZKHQ FRFU\
VDOW IRUPHUV ZLWK WKH DPLGWHR &DXWIRE HU WHAHIDO Y QD
WDXWRPHU VHHQ LQ WKH VROY DW&G%»BR F U RICWMO V DG

VROYDWH WKH LQWUDPR®SHFX6 R2UH\GCOQORR B Y LEROERWK R
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DWRPV RI WKH VXOIRQ\O JURRSWBRFMN6 W RR GFHREXNRHFDWR
& ZKLOGB1L®3( (W2¥KH FRQIRUPDRHLBENKH VDPH DV WK
VWDUWLQJ PDWHULDO LPLGH IRUP FRQDRUPHAMLRVKSH
66= H[LVWV LQ FRQIRUPDWLRW KHZ RENK REOHP R B/IIKHEXW BV F
SURWRQ WUDEBWHIB4 BRBURRMORUPDWERES3' VDOW DQG

66=70' VDPRQIRUPDWIQO®Q RQH R[\JHQXDWRP\ R IJWKXS LV X\
OHDGLQ@I:{WRRWLI DQG WKH FDUERQ\O R[\JHQ DWRP KDV I
ZLWK WKH K\GUR[\O DWRXSPRMUHDWKBJRDO\ GLIIHUHQ]
FRQIRUPDWLRQ ' DQG ( LV ZKHWKHU WKH K\GUR[\O JURXS

LQ WKH IRUBDWPR® RII

J)LIXUH OROHFXODU FRQIRUGFEWQ RKRWOW REG 6RL PV
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OROHFXODU RYHUBDDMNQ BLLIPXUMHY WKH EXON RI WKH PROHI
DWRP WKH SKHQ\O ULQJ WKH D]R EULIBIMHR@G MVK B OKPF
SODQDU ZKLOH WKH RULGQOVIDALORQ RXARB\O JURXS YD
WKH LPLGH IRUPDERMIKERQG OHQJWKYV > c@ DDEG XFK

VKRUWHU WKDQ WKRVH LQ WKH DRIGGHUHRMHD OLQJ FRIQMS
EHWZHHQ WKH S\ULGLQH ULQJ D Q G+&8\4{ H6V LDIBHEGEKDLQ OR
& & WRUVLRQ DQJOHV RI WKHEHYRR GOMHVW RPIHW ¥ HG ER B UR
66= WHKH ®&QGH6lL ERQG OHQJWKV RI 66= LQ WKH VL[ V\VWE
WKH SXUH LPLGH 66= DQG €&Rtl] HQ HIQDEB1+RX® H W R UVK R Q

DQJOHVY FDQ EH IRXQG 7DEOH 6

J)LIXUH DOROHFXODU RYHUOD\ RI 66= 66= VWDUWLQJ P
66= DPLGH IRUP663UdIBHQ7REBOXHK6=%3( (W28LQN
66=3+\HOORZ $866LJKW JUHHQHG6#8H6=0H&1 F\DQ DQG E

WKH VHOHFWHG EIRQ &/\XK B @ 6=WPHRUOH-ARXDOW
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$UUD\ RI 66=

There are two scenarios tife 2:y;a 8:z;a &:y; motif involving two adjacent SSZ
molecules observed in the smulti-componentrystals. These arise due to the different
positions of the hydrogen atom: the imide tautomer leads to the AADD array (Eit/dye
left) while the amide tautomer leads to the ADAD array (D: hydrogen bond donor, A:
hydrogen bon@ccepor) (Figure2.14, right). The three unsolvated S8uilti-component
materials in this work have the ADAD array in their crystal structures. In coritnast,
AADD array is observeth the solvated SSZnulti-componenmaterials and this array

is also present in the pure imideh of SSZ2

JLIXUH $$'" $'$" DUUD\ IURP VXOIRQ\O JURXS WR S\UL¢

EHW2MER 66= PROBEXQIHRQW6= VROLGV

To further investigate the occurrence of these two kinds of array inmthgicomponent

crystalline materials of sulfonamide compounds, a CSD search was conducted using

104



ConQuest (version 2022.2 ad the results wereLOWHUHFER RUGLQDWHYV GHWH |
3SRQO\ VLQJOH FU\VWDO VW U B&MOKtbeHWO aiba@s@ad ReX@hdR U J D Q
in multi-componentrystalline materials of sulfapyridine (Figu2el5, left), which is not

surprising since the molecular structure of qufédine is a suistructure of SSZ. The

AADD array is found in sulfapyridine 1;8ioxane and sulfapyridine tetrahydrofuran

solvate** while the ADAD array in is observed in sulfapyridine oxalic acid dibutyl ester
cocrystal*? In addition to this, the ADAD array also exists in three complexes of SSZ

with calcium, magnesium and strontium, and a methanol solvate of a sulfonamide
compound (Figur@.15, right). Therefore, it appears that the pyrielh@mine moiety in
sulfonamide compounds plays an important role in the formation of AADD or ADAD

array in the crystalteuctures.

JLIXUH &KHPLFDO VWOXE®\XUB IRLRHWIGR[\ R[D]JLQODQ

\O RIRSURIS\G\ULG\O EHQJHQHVXOIRQDPLGH
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+LUVBAHOED O\VLYV

+LUVKIHOG VXUIDFHV XQYHXBURRRQ WR EGYBIVWLIDWH D
W\SHV Rl LQWHUPROHFXODU LQWHUDFWLRQV LQ WKH FU
TXDQWLWDWLYH LQIRUPDW L7RQL R @ HWVKAH\I 1B W & W\HKUHD E @VILORXQ
FRFU\WWD® IRUPHUV RQ WKH LQW 6% P R OGHHA KHDWDHIQ MQ WRIFLL
VDOWY WKH +LUVKIHOG VXUIDFH DQDO\VLVSZURJI SBIRIRU
J)LIXMMBH DQG LOOXVWUDWH WKH +LUVKIHOG VXUIDFEHV R
RYHguEDQG WKH FRUUHVSRQGLQJ ' ILQJHUSULQW SOl
VXPPDUL]PMYLQY KHORVFARBRMQULERWLRQV WR WKH 66= +LUV

GLIITHUHQW 66= VROLGYV

JLIXUH " ILQJHUSULQW SORWYV RI 66=LQ VL[ FU\VWDOOL
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7KH ODUJH FLUFXODU GHSUHVVLRQV GHHS UHG VWDQG
+ 2DQG+ 1 ZKHUHDV RWKHU YLVLEOH VSRWV UHSUHYV
7KH + + LQWHUDFWLRQV KDYH WKH PRVIW VAUWVLKLADG
VXUIDFHV DQ66= %3(LIQWDHQB6=3+( ZKLOH PDNH XS W
VHFRO@®JHVW SURSRUWLRQ DQG RI
VXUIDFH&/=1%8< 7R®6=$3 66/0' DQG 66= 0H&1 TFHRNOG

EH EHFDXVH WKH UDWLRYV EHDADAM HRUGEHUN QORU AR F UD\DVED O
WKHUHIRUH WKH PRUH K\GURSKRELF PRLHW\ LQ WKH 6€
D KLJKHU SURSRUWLRQ RI + + FRQWOH W VLORMSSWH G VE LS
WKH ORQJHVW XSSHU VSLNH GH ! GL VWDQGV IRU WKH
ORQJHVW VSLNH GH GL UHSUHVHQWKHWHKIRWKAG ZRHL
FRFU\WWDOOL]HG ZLWK %3< %3( DQG 3+( UHVSHFWLYHO
GRQRU ZKHQ LQYROYHG LQ VDOW IRUPDWLRQ HVSHFLD
DV K\GURJHQ EEQEXBFPFRSMKH SURWRQ WUDQVIHU ZKLF

VWUXFWXUH DQDO\VLV

+202802 $QDO\VLV

7KH IURQWLHU PROHFXODU RUELWDOV SOD\ DQ LPSRUWD
DQG WRKB\ DOVR EH XVHG WR SUHHSRNWWWRE P& VWK HHD
VIVWHPMW SDUWLFXODU WKH HQHUJ\ JDS EHWZHHQ KLJI
+202 DQG XRRFAFWSLHG PROHFXODU RUELWDO /802 FIL

VWDELOLW\ DQG FKHPLFDO UKBFRAMNWEXKMWLRE RIVWHKIHP -
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/802 RI WKH LPLGH DQG DPLGH WDXWRPHUV BRW6= DL
66= %3< 7R®6= %3( (WDHQEBH= $3 ¥WeKHV DQ G8WXH

DUH ORFDWHG RQ WRHFR®=)PROBHFXGR02Y DUH PDLQO\ OR
RQ WKH D]JR JURXS DQG K\GUR[\EHQ]RLF DFL@SRRIIHANA Z
DURMWX® EHQ]HQH ULQJ DQG WKH DIFRFIUBRXERBEWKH FRQ
DQG /802 LWAVULEXWHG RQ WKH 3+( VNH20RWR QP D)RQUOE 6 =
ORFDOL]HG RQ WKH D]R JURXS DQG 'K\BQ® [VEKIH |/BD BV H Vi
GLVWULEXWHG RQ WKH SURWR@DWE U DELAOCWRSE R
PDLOAGUHDBXQEG WKH FORER [ROUMOH BO=DQG WKH /802 LV (

RQ WKH LPLGD]JROLXP PRLHW\

J)LIXUH 7KH +202V DQG /802V RI WKH LPLGH OHIW DQG D

Rl 66=
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E

J)LIXUH 7KH +202V DQG /802V RI D WKH 66= FRFU\VWDOV

, W KDV EHHQ UHSRUWHG WKDW ODUJHU +20EKHPEFBO®2 H

VWDELOLW\ DQG ORZHU FKHPLRDOLODXNWUDLWH GGG ) Y IR

HQHUJ\ JDS LRVWHKH DWIHWHWKDQ WKH DPLGHLRIWUGEXIRK B 6
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LV PRUH VWDEOH WKDQ DPLGH IRUP 7KLV PD\ EH VXSSR
ZDV WKH ILUVW VIQWKHVL]J]HG SRO\PRUSK DW DPELHQW |
REWDLQHG XQGHU KLJK WHPSHUDWXUH D@BEY¥ KIQIK KH H\6 WV
FRFU\WVWDOV DQGW3IOWW24+\666BH3< 7RO 66=3+( !

66= $3 ! 66= 70" ! 66= ,0= OH&1 1RWDEO\ WKH FRFU\VWELC

WKH vDOWY DQG WKHUH LV D VLIQLILFDQW GLIIHUHQFH

&RQFOXVLRQV

6XOIDVDOD]LQH KDV D VRNXNGRIP S\R-EMEYIM B'O W RQIR BB WH UL
YDULHW\ RI ¥REUWAVRDOHUY EHFDXVH LW KDV PXOWLSOH
GRQRU VLWHV LQ WKH VWUXFW XU HPXQRRIP SHRLOBGANY W D X \
66= H[LVWV LQ GLIIHUHQ{: yFRDA;RA§ R DRMRLIFEQIVY ZHKHD W ZR
DGMDFHQW 660 WHKRRRY SRIBIIPFUHVHGWLQUDD LQ WKUH
XQVROYDWHG 66= VRODGVURENGIM WHIGHLSE'VROYDWHG FRF
66= %3< 7RO66= %3( (WXDHQE6=0= OH&1ZKLFK LV DOVR SU|
LQ WKH LPLGH IRUP RWKBI=D],R DURXSNILFRP 66= SDUWLFLS
ERQGLQJ RQTO' VP @WEFVKIHOG VXUIDFH D@BO\VEWW QFLBI
K\GURJHQ ER®E Q RRORALQJ FRFU\V WD E RIQYG DIFF IDSMAB U R
IRUPV VDOWV ZKLFK LV FRQVLVWHQW ZLWK SURWRQ W
UHVXOWV88202HVXOMMVWHG WKH FRFU\WWDOV DUH FKH

WKH VDOWYV
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5()(5(1&(6

*DUGQHU * )XUVWORGLI\UQVHEQWLUKHYRDWLE 'U

$JLQJ

I+

)LOLS / $ &DLUD 0 5 )DUFDV 6 , %RMLW O
VXOIDV 3G WD @H\\VaW  +

%ODNH $ - FKLURGHWG 0 :LOVRQ & <XDQ 5 ; 7K
RI VXOID\SFWD| IBQHVAW R =

20fNKRYLFK 0 9 6KDUDSRYD $ 9 %ORNKLQD
6XOIDVDOD]LQH 'LVVROXWLRQ DQG 'LVWULEXWLR
OHGLXP\WKHP (QJ 'DWD -

$PLGRQ * / /HQQHUQIV + 6KDK 9 3 &ULVRQ -

D ELRSKDUPDFHXWLF GUXJ FODVVLILFDWLRQ WKH

GLVVROXWLRQ DYDG @ [ KDY E HRY +
BKDGLG 0 *XUDX * B6KDPVKLQD - / &KXDQJ %
&KRZGKXU\ 6 . :X - 7 5L]YL 6 $ $ *ULIILQ

6XOIDVDOD]LQH LQ LRQLF OLVXQGELROUW\ZD\WQK HES
OHG&KHP&RPP +

3UL\DP $ B6KLYKDUH . <DGDY 6 6KDUPD $
VROXELOLWYVDHRERH®I DPSKLSKL®PBHY X8P1DVDOD]L
FRQMXJDWH KR@W@®R FROQBHERXWHXFWXKRU FRORQLF G
&ROORLGV 6XUI $ 3K\WLFRFKHBR (QJ $VS

SDR 0 5 3bzbu 9 O (YDSRUDWLYH QDQRFU\V
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VROXELOLW\ DQG ELRDYDLROWEEOLVBEKRURN XOHUVDOI
+

" 0 6KLQNDU $ 1 3DWLO 5 % 6DXGDJDU 6R(

(QKDQFHPHQW RI 6XOIDVDOD]LQH BHV/ROLGKDVEHU

THFKQRO

I+

ubG 6 P $EGRODKL 1 6ROWDBRIO XELO[RSU RRL

,QIODPPDWRU\ $UWKULWLY 7UHDW® g Q WK HXXFO | DLWD Q

'"HVLUDMX * 5 &U\WWDO HQJLQHHUL®R &KRIP PRO

6RF .

.KDQGDYLOOL 8 % 5 6NR HSRYi ( 6LQKD $ 6

0 ODJXLUH $ 5 /DZUHQFH 6 ( &RFU\WWDOV D

JODYRQRLG &Q&DUVAVQJIHOLRZIWK 'HV  +

+XDQJ 6 ;X -< 3¥X®J 0 &DL 7 )DFLOH 7XQL

3KRWROXPLQHVFHQFH DQG 'LVVROXWLRQ 3URSH

&RFU\WWDRQOWDWELERRZWK 'HV =

+XDQJ 6 ;XH 4 ;X - 5XDQ 6 &DL 7 6LPXOW

3K\WVLFRFKHPLFDO 3URSHUWLHV 'LVVROXWLRQ 3HU

$SLJHQLQ DQG 'DEG\\WQ EQERWLRQ - LD URPHBS K\ O
+

6LQKD $ 6 ODJXLUH $ 5 /DZUHQFH 6 (

IXWDFHXWURD@V*URZWK 'HV =

%ROOD * 6DUPD % 1DQJLD $ . &U\VWDO (QJI
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&RFU\WWDOV LQ WKH 'LVFRYHU\ DQG &HHIPOBHBFHQW
+

&KRTXRIDIDOWH ' 1HPHFE 9 &LQpLU ' +DORJHC

RI DFWLYH SKDUPDFHXWLFDO LQJUHGLHQWYV ¢

SHQWR[LIN\OOLQH LQ FRPELQDWLRQ ZLWK KDO

&U\WW(QJ&RPP =

=KDQJ < :PQJDQJ : B8QH[SHFWH®G\CHNQOBLZURKWXUH

WKH &RFU\WWDO )RUPHG E\ +H[DPHWK\OEH

'LLRGRWHWUDIOXRUREHQ]HQH $ &RPELQHG 7KHRU}

&U\WWDOV

.DULPOLIDUL 3MGUHOD / :DONHU * 0 &URNHU

&RFU\WWDOV $ 5HYLHZ RI 3KDUPDFHXWLFDO &RFL

$SSOLFBRWLRWV*URZWK 'HV +

/JHPPHUHU $ *RYLQGUDMX 6 -RKQVWRQRO ORW

FU\WWWDOV DQG PROHFXODU VDOWV RI FDUER[\OL

FDOFXODWHG S.D V SUHGLFW SURWRQ WUDQVIHU"

&U\WW(QJ&RPP =

&KLOGV 6 / 6WDKO\ * J&RFUINWSHO BRARKHED QWX

,QIOXHQFH RI &U\VWDO 6W UKFQV X3KH B PD,RH WL WY R
+

&UXIDEH]D $ +EDYFALGU\WWDOOLQH FRPSOH[HV D

&U\WW(QJ&RPP =

=KDR / +DQUDKDQ O 3 &KDNUDYDUW\ 3 'L3DV
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1DJDSXGL . [/XEDFK - : B5RVVLQL $ - &KDUDFW
&RFU\WWDOV DQG 6DOWV E\ '\ QKD EXKBYSHEDWHGR O
105 6SHFWURUIFRIR\ZWK 'HV -

$OL + 5 + $OKDODZHK $ OHR@®HWWR 13 )98 O DBLE HE
BROVMEDWH YLEUDWLRQDO VSHFWURVFRSLF LQYHYV
LQGRPHWKDPLQQJ&RPP

ORKDPHG 6 7RFKHU ' $ 9LFNHUV 0 .DUDPHUW
6DOW RU &RFU\VWDO" $ 1HZ 6HULHV Rl &U\VWDO 6
3\ULGLQHV DQG &RUWERWOLBRFWEVHYV =

(OEDNXVK 5 (0 ¥QRIU\WAMHULQJ 6WXG\ Rl 6HOHFWH (
7JULPHWKRSULP 8QLYHUVLW\ RI WKH :HVWHUQ &DS|
%DOD 0 *DXWDP 0 . &KDGKD FRY DHOVHHDR SRHQ W
RI VXOIDVDOD]LQH ZLWK WKHREURPRQIRM B KBYPS U
3KDUPDFRWKHU

*URRP & 5 %UXQR , - J/LJKWIRRW 0 3 :DUG
6WUXFW XU 3G WMDVOE\H ~ +

6LQKD $ 6 5DR .KDQGDYLOOL 8 %6 27&PMQRRWH (
$ 5 /DZUHQFH 6 RU\YRDOY RR WKH QXWUDFHXW
&U\WW(QJ&RPP -

6KHOGULFN * 0 &U\VWDO VWUXFFEWDH &BNVWHPHQ
& =

$3(; Y %UXNHU $;6

+XDQJ 6 9HQDEOHV ' 6 [/DZUHQFH 6 ( 3KDUPD
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DQG OHOR[LFDP ZLWK 2 BIWD\YW &BRKDWK UHL\R QV
+
X - +XDQJ < 5XDQ 6 &BL % 4&DQ 7 &RFU\V
LVROLTXLULWLIJHQLQ ZLWK HQKDQ&H G/ WKQ USPDEMR N |
+

6SHN $ / 6WUXFWXUH YDOLGDWSRWLL@UWRR/MPLFDO
' +

<DQJ ' :PQJLQ * =KDQJ % =KDQJ [/ [IX < 'X
DQG &RPSXWDWLRQDO ,QVLJKWV LQWR &RFU\VWDO

RI $QWLS\ULQH DQG &BL\OR SKHRIDNRQHV +

IX 7 &KHQ ) 4RXRDQWIWDRNLFYRIOBIFXODU VXUIDFH E

ODUFKLQJ 7THWUDKHGBD DOUDRKLVORE H@

IX 7 &KHQ ) OXOWLZIQ D PXOWLIXQF&RMRSIOD ZD
&KHP -

6SDFNPDQ7XUGHU 0 - OF.LQQRQ - - :ROIl 6

- -D\DWLODND ' 6SDFNPDQ 0 $ &U\WWDO([SOR

VXUIDFH DQDO\VLV YLVXDOL]DWLRQ DQG TXDQWLV
- $SSO &U\VW %

.RVWDGLQRYD , DRFRXRHNWMEBHQBHZ ROG GUXJ IF
WUHDWPHQW RI QHXURIXKDIHRHALDWLY H GLVHDVHV
/LDQJ .0 3DWZDUGKDQ 6 9 'DQLORYWVHYD ( 1

& & PLGD]J]ROH FDWDO\]JHG VLOLFD VIQWKHVLV 3UR
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UROH Rl KLVWLGLQH -L@DBMHRUVEEBVFLILEDWLRQ
3UDWW - +XWFKLQVRQ - B6WHYHQV & / . 6X
VXOIDS\ULGQIQHVRBARDPIVH VXOIDS\ULGLQH WHWUD
VXOIDS\ULGLQH SLSHULGLRHWDROY\VWH ROO DW
R
&ROHV 6 - +XUVWKRXVH 0 % OD\HU 7 $ 7KU
BRXWKDRSWRMDO 6W UXBWERKHYHHSRU
<DQJ - <LQ /' *RQQ@GLWVNLL 9 32U+tKDQV RI 6DC
JRUPDWLRQ DQG &RFU\VWDOOL]DWLRQ $ &RPELQH
BWX&U\VW *URZWK 'HV
IXR < + 6XQ3KWDUPDFHXWLFWOOMRI 3\UD]LQHFDU
3=$ ZLWK 9DULRXV &DUER[\OLF $FLGV &U\VWDOC
DQG 'LVVROXMLR® 6 WIMRZWK 'HV  +
BHWK 6 . 'DV 1 . $LFK . BRQZDPLX® «[SORUL
FROQWULEXWLRQ RI LQWHUPROHFXODU LQWHUDFWL|
RI QDSKWK\RWWEMIHOFR ,QVLIKWY IURP +LUVKIHOG \
FU\WWDOOL@R&WDMWHWFW  +
/L . 5HQ ; )X 6 =KX - &R FUENKDIDRBU XFW X U
FDOFXODWLRQY BDHMEZH KRBQ)2Q W-K UARRML QW U X F W

+
XPDU * 6 6 3UDEKX $ $ 0 1 %KXYDQHVK ; $
6 OROHFXODU VWUXFWXUH LQYHVWLJDWLRQ R

SKHQDQWKGRRQHZLWK DU\OR[\DFHWLF DFLG $ FF
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DQG WKHRU 6 ®HF O RAKKES BHL) W B -

9HOPXUXJDQ 9 1DQGLQL $VKD 5 5DYLQGUDQ 'XU

6 %KXYDQHVK 1 6\QWKHVLV &KDUDFWHUL]DWL

3KHQ\OWKLR $FHWLF $FLG 7KE&RISR\ RMQNQW DRARTFRI \ V \
+

+DR / :DQJ - =KDL ' 0D 3 0D & 3DQ < -LDC

RQ &/ %DVHG &RFU\WWDO (QHUJHWLF &RPSRXQGV L

$&6 2PHJD *
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6 XSRUWLQJ ,QIRUPDWLRQ

JLIXUH 86& WUDFHV RI D 66= %36620BB<3¥ROQG
66= %3( (W2BQ&®6=3+( DQG E ©66= $3 70" ,0= DQC

66=$3 66/0' DQG 66= 0H&1






H
JLIXUH B*$ SORRN @6= %3< 7ROE66= %3( (W2+F

66=3+( G 663 DQG HKHO=6O6H&1

E
JLIXUH 65 VSHFWUDE®&RA %3< %3( &6 WdIG 7RO
66= %3( (W2BQ&®6=3+( DQG E $H=70" ,0= DQG

66=%$3 66/0' DQG 66= 0H&1









H
JLIXUH 8;5' SDWWHUGPERI3D 7RE 66= %3( (W2+

F 66=3( G 663 DQG HO-60OH&1






G
J)LIXUH 8;5' SDWWHUQV3®+* B &®E3 F 6%&5, DQG

G 66%03






|
J)LIXUH OOLSVRRIG BBGRW 3< 7ROE66= %3( (W2+

F66=3( G 663 H 6=DQG | ,68-0H&1



E
JLIXUH édEH QWHUDFWLRQV RI D LQ WKH 66= WULFOLQL
66= PRQRFOLQLF LPLGH IRUP DV LQGLFDWHG E\ GDVKH

GLVSOD\HG IRU FODULW\



JLIXUH ééE QWHUDF8BEREBK RTRERFU\VWDO VROYDWH

JLIXUH B QWHUDFBEREB RWZFHRFU\VWDO VROYDWH



J)LIXUH 6 EE- QWHUDFMBERQW RFU\VWDO

JLIXUH 6EE QWH UD BELFBYD RW

J)LIXUH 6EHE QWHUD B W B'QWDRIW



JLIXUH 6 EE QWHURB®H RQVYH&IDOW VROYDWH

JLIXUH 6' Qru¥XUIDFHV RI 66= LQ VL[ FU\VWDOOLQH VR



7TDEOH ®&XPPDU\ RI HISHULPHQWYV IRU 66= FRFU\VWDOV |

&U\WVYWRDPV 66= &&) 6DOW IR OHWKI 6ROYHQ'
66= 9 < P 1 mmol PO5mmol 60XUL OH2+ P
66=%3( (W: P 1 mmol PJ PP 60XUL (W2+ P
66= 3+ ( P 1 mmol PJ PP 60XUL (W2+ P
66=%$3 P 1 mmol PJ PPR 60XUl OH2+ P
66=0= P 1 mmol PJ PPRO /$* OH&1 -
66=33= P 1 mmol PJ PP 60XUL OH2+ P
66=$30 P 1 mmol PJ PPR 60XUl OH2+ P
66=$&5, P 1 mmol PJ PPIB6OXULlOH2+ P
66="'03 P 1 mmol PJ PPR 60XUl OH2+ P

7/DEOH 6\GURJHQ EEEGOQWHE®&DFWLRQ JHRPHWULHV c

WULFOLQLF BPPLGH IRUP

7\SFE ' +W8 Lo+ + VNS ' W ' +w8  ARU (J)
1 N7 + we 0.993(17) 1.966(16) 2.948(2) 169.3(17) [2655.01]
2 2 + wt  1.01(2) 1622 2.623(2) 173(2) [2655.01]

3 Intra 2 + w& 091(3) 1.76(3) 2.604(2) 154(3)

4 & + wa 0.93 2.6 3.416(3) 147 [2666.01]

5 & + wa 0.93 2.58 3.403(3) 147 [1445.01]

6 Inra & + w& 093 2.6 2.950(2) 103

7 & + w& 0093 2.47 3.190(3) 135 [1455.01]

&J , &J - &J&J ,QWHUSODQEL 'LKHGUDO %H"ARU (J)
3.6802(13) 3.4095(8) 0.03(10) 22.1 [2656.01]

3.8848(12) 3.4943(8) 3.87(9) 27.1 [2665.01]



4.0449(12) 3.5925(7) 0.00(9) 27.4 [2555.01]

asSymmetry codeq2666.] = 1x, 1-y, 1-z; [2655.] = 1X, -y, -z; [1455.] =-1+X, VY, z; [1445.] =1+X, -1+y, z;

> @[\ 1 > @ \] > @ \ ] Cgl, Cg2 and Cg3 are centroids of N1,£8,
C11£16 and C19C24, respectively. Cg(l) = plane number |; £g = distance between ring centroids
(Ang.). Beta is the displacement angle between the ring normal of plane | and the centroid vector.

7DEOH 6\GURJHQ EEEGQOWQE®DFWLRQ JHRPHWULHV c

PRQRFOLQLF LPLGH IRUP

7\SH ' +w8 bt + W "W " +w8  ARU ()

1 N1 + 1w& 0090(3) 1.98(3) 2.878(4) 173(3) [3766.01]

2 Intra 2 + 2w@ 0.91(4) 1.75(3) 2.612(4) 157(4)

3 2 + 2wm2 0.91(4) 1.77(4) 2.635(4) 158(4) [2645.01]
4 & + wa 0.93 2.56 2.945(5) 105 [3756.01]
5 & + wa 0.93 2.54 3.161(4) 124 [3766.01]
6 & + wa 0.93 2.48 3.404(5) 171 [3656.01]
7 Intra & + W& 0.93 2.55 2.982(5) 109
8 Intra & + W& 0.93 2.49 2.869(5) 105

9 Inra & + w2 0093 2.38 2.695(5) 100

&J , &J - &J&J ,QWHUSODQD 'LKHGUDO %H"'ARU (@)

4.267(2) 3.9237(15) 0.00(18) 23.1 [3756.01]

aSymmetry codeq3766.] = 2x, 1-y, 1-z; [2645.] = 1x, -1/2+y, 1/2z; [3756.] = 2X, -y, 1-z; [3656.] = X,

-y, 1-z; [3756] = 2x, -y, 1-z. Cgl is centroid of N1, CX5. Cg(l) = plane number I; C&g = distance
between ringcentroids (Ang.). Beta is the displacement angle between the ring normal of plane | and the
centroid vector.

7DEOH 6\GURJHQ EREFL DMHBUDFWLRQ JHRPHWULHV

66=%3< 7RRERFUWRND¥®DWH

7\SE ' +w8 '+ + VB ' W8 ' +wl#  ARU (J)

1 2 + W 0.82 1.79 2.6132) 176 [1545.02]



2 Intra 2 + $w& 0.82 1.79 2.514(2) 147

3 1 + 1w 0.862(14) 2.07(14 2.97(2)  169.919) [3686.01]

4 Intra & + w& 0.3 2.59 2.933(3) 102

5 Intra & + w& 0.93 2.32 2.98(3) 122

6 & + we 0093 2.5% 3.22(3) 130 [3686.01]

7 & + wl 0093 2.45 3.338(3) 160 [2545.01]

8 & + we 0093 2.4 3.02(3) 130 [1565.01]

&J , &J - &J&J ,QWHUSODQD 'LKHGUDO %HV ARU (J)
3.463(11) 3.2495(8) 0.020) 20.2 [3676.01]
4.0140(12) 3.44798) 4.43(10) 276  [1555.02]
40197)  3.64708) 23.6(6) 15.2  [1565.04]
3.8010(13) 3.5740(10) 0.00(11) 233 [3675.02]

aSymmetry codeq3686.] = [3_686] = 1x, 3-y,1-z > @ B @ b1 > @ >B @ [
\ ] [2545.] = [2_545] = /X, -1+y, 1/2-z; [3676] = X, 2=y, 1-Z; > @ [ >\ J@[ \]

> @ [ \ ]Cgl, Cg2C3, Cdand C@ are centroids of WC14 £18, C2£7, C8413,N5/C19 +

C23andC41B«46B, respectively. Cg(l) = plane number |; €Lg = distance between ring centroids (Ang.).

Beta is the displacement angle between the ring normal of plane | and the centroid vector.

7DEOH 6\GURJHQ EREEL QDMHUDFWLRQ JHRPHWULHV c

66=%3( (WZFHRFU\WRNDH® W H

7\SFE ' +we Lo+ . S " +w8  ARU(J)
1 2 + wd 0.82 1.74  2.556(4) 171 [1655.02]
2 Intra 2 + wa 0.82 1.83  2.551(4) 146
3 1 + 1w 0.86(3) 2.04(3) 2.891(4) 172(3)  [2557.01]

4 Intra & + wa 0.93 2.44 2.762(4) 100



5 Intra & we 0.93 259  2.935(4) 103

6 Intra & W@ 0.93 2.42  3.009(5) 121

7 & we $ 093 2.44  3.194(7) 138 [2667.03]

8 & W@ 0.93 247  3.174(5) 132 [2557.01]

9 & W@ 0.93 251  3.310(4) 144 [2567.01]

&J , &J - &J&J ,QWHUSODQEL 'LKHGUDO %HV ARU (J)
4290(2) 3.6647(14) 15.42(17) 361 > (
4.140(2)  3.8293(14) 12.32(17) 289 > (
3.943(2)  3.5232(15) 0.00(18) 26.7 > (

asymmetry codeq1555] =X, vy, z; [1655.] = [1_655] = 1+xy, z; [2557.] = [2_557] =X, -y, 2-z; [2667.] =
[2_667] = X, 1-y, 2-z; [2567.] = [2_567] =X, 1-y, 2-7; [2666] = kX, 1-y, 1-Z; [2576] =-X, 2-y, 1-z. Cg2,

Cg3 and Cg4 are centroids o2 €7, C8 £13 and No/C19£23, respectively. Cg(l) = plane number |; €g

Cg = distance between ring centroids (Ang.). Beta is the displacement angle between the ring normal of plane
I and the centroidector.

7DEOH 6\GURJHQ EREFL DMHBUDFWLRQ JHRPHWULHV

66=3(FRFUPVWDO

7\St ' +w8 bt + W t W " +w8  ARU (J)
2 + w 0.82 > (
QW 2 + w 0.82
1 + w 0.86 > (
& + W 0.93 > (
& + WA 0.93 > (
, QW & + w2 0.93
, QW & + w2 0.93
& + W 0.93 > (
& + W 0.93 > (

C



&J , &J - &J&J ,QWHUSODQEL 'LKHGUDO %HV ARU (J)

Cg2 Cg2  3.607(4) 3.4329(14) 0.72(16) 17.9 [2655.01]
Cg3 Cg5  4.168(4) 3.2938(16) 13.64(18) 25.1 [2655.02]
Cg3 Cg5  3.841(4) 3.5585(16) 13.64(18) 23.6 [2755.02]
Cg3 Cgb6  4.168(4) 3.2938(16) 13.64(18) 25.1 [4465.02]
Cg3 Cgb6  3.841(4) 3.5585(16) 13.64(18) 23.6 [4565.02]

aSymmetry codeq3766.] = 2x, 1-y, 1-z; [7656.] = 3/2x, 1/2y, 1-z; [2655.] = 1X, y, 1/2z; [2755.] = 2x,
y, 1/2z; [2755.] = 2%, y, 1/2z; [4565] = x, ly, 1/2+z Cg2, Cg3, Cg5 and Cgb6 are centroids of<C83,

C14+19 and CXC6, respectively. Cg(l) = plane number |; €y = distance between ring centroids (Ang.).
Betais the displacement angle between the ring normal of plane | and the centroid vector.

7DEOH 6\GURJHQ ER@®WRGEGDFWLRQ JHRPHWHIBLHV ¢ f
v DO W
7\St ' +w8 '+ + Wik LW "W ARU (J)
1 + 1wme 0.86 > @
1 + $wme 0.86 > @
1 + %we 0.86 > @
1 + 1wme 0.86 > @
1 + 1wme 0.86 > @
QW 2 + 2wm@ 0.82
1 + $wme 0.86 > @
1 + %we 0.86 > @
1 + 1w 0.86 > @
,QW 2 + 2wme 0.82
1 + 1w 0.86 > @
& + w2 0.93 > @
& + wa 0.93 > @



& + w 0.93 > @
QW & + we 0.93
& + we 0.93 > @
QW & + we 0093
,QW & + we 0093
& + we 0.93 > @
QW & + we 0093
&J , &J - &J&J ,QWHUSODQI 'LKHGUDO %HV ARU (J)
Cg2 Cg3  3.908(3) 3.731(2) 16.4(2) 33.7 [2577.01]
Cg2 Cg4 3.733(3)  3.512(2) 8.9(2) 17.9  [2766.02]
Cg3 Cg4  3.955(3)  3.549(2) 7.7(2) 33.8  [1466.02]
Cg5 Cgb6  4.085(3)  3.655(2) 13.4(2) 39.8  [2765.02]

aSymmetry codeg2576.] =-X, 2-y, 1-z; [2855.] = 3X, -y, -z; [1655.] = 1+X, y, z; [1654.] = 1+X, yl1+z;
[2865.] = 3x, 1-y, -z; [2667.] = 1X, 1-y, 2-z; > @ \ 1 > @ \ 1 > @ [

\ ] > @ \[ ] > @ \ ]Cg2,Cg3, Cg4, Cg5and Cgb are centroids of €16
C21, C22£27, N9/C2HC33, C34439 and C4BC45, respectively. Cg(l) = plane number |; £ =
distance between ring centroids (Ang.). Beta is the displacement angle between the ring normal ahglane
the centroid vector.

7/DEOH 6\GURJHQ ER®QWRGDFWLRQ JHRPHWMLHV c¢ f

VDO W

7\SE ' +w8 '+ + W " "W ARU (J)

QW 2 + w&
1 +w > @
1 + w& > @
& + W& > @

, QW & + w&

, QW & + w&

L



& + U > (

&J , &J - &J&J ,(QWHUSODQD 'LKHGUDC %HV ARU (J)
> (
> (
> (

aSymmetry codes> @ \ 1> @[ \]1 > @ \ ] > @[ \ ]
Cg2, Cg3, Cg4 and Cg5 are centroids of#C81, C12€17, N5/C1HC23 and N6/C2%C31, respectively.
Cg(l) = plane number I; C#£g = distance betweering centroids (Ang.). Beta is the displacement angle
between the ring normal of plane | and the centroid vector.

7DEOH 6\GURJHQ EREFL DMHBUDFWLRQ JHRPHWULHV c

66=0= OH&1 VBOWDWH

7\St ' +w8 T e " +w8  ARU(J)

1 Intra OL-HIw®2 0.82 1.8 2.530(4) 147

2 N1-H1A w®5 0.86 2.56 3.129(3) 125 [3667.01]
3 N1-H1A w2 0.86 2.09 2.944(3) 170 [3667.01]
4 N5-H5A wD3 0.86 1.82 2.673(4) 174 [1556.01]
5 N6-H6 wD2 0.86 1.86 2.672(3) 156 [2555.01]
6 Intra C2-H2w®6 0.93 251 3.057(3) 118

7 C5-H5 w®5 0.93 2.46 3.085(3) 124 [3667.01]
8 Intra C7-H7 w@6 0.93 253 2.911(3) 105

9 C100H10BWN100 0.96 2.57 3.487(8) 160 [4565.03]
10 C100H10CW®5 0.96 2.41 3.212(5) 141 [1555.01]
11 C21-H21WwN100  0.93 2.57 3.365(6) 144 [1555.03]
12 C22-H22w®3 093 2.35 3.220(4) 155 [4565.01]
&J , &J - &JI&J ,QWHUSODQEL 'LKHGUDO %HV ARU (J)

1 1 4.1552(17) 3.3891(11) 0.00(13) 35.3 [3666.01]



2 3 4.2756(17) 3.0805(10) 11.01(12) 33.8  [4555.01]

aSymmetry codeq3667.] = kx, 1-y, 2-z; [4565.] = X, 3/2y, 1/2+z; [1556.] = X, y, 1+42555.] =-x, 1/2+y,

1/2-z; > @[ \ 1> @ [\ 1> @ [\ ] Cg1, Cg2 and Cg3 are
centroids of N1/CHC5, C6£11 and C12C17, respectively. Cg(l) = plane number |; €g = distance
between ring centroids (Ang.). Beta is the displacement angle between the ring normal of plane | and the
centoid vector.

/DEOH 6HOHFWHG JHRPHWULF SDUDPHWHUYV

6ROLG 6WDWH & 1 1 6 1 &1 6 1 6 & &

66= LPLGH IRU
66= DPLGH IRL
66=%3< 7RO

66=9%3( (W2+

66= 3+( i
66=%3 i
66=70" i

6650= 0OH&1 i




7D EOH 6ummary of the various contact contributions to the SSZ Hirshfeld surface area in different cocrystals and salts

O-H H-H C-H CO CC  NH ON NC NN HS 00
(SSZBPY(Tol) o8 215 32.8 21.6 3.8 4.5 12.4 1.5 1.9 0 0 0

(SSZMBPEEOH) » 23 37.8 15.6 39 3.8 9.3 13 4.3 05 0 0.5

(SSZYPHE 24.3 40.6 13.1 2.7 6.0 10.0 1.2 1.2 0.3 0 0.6

SSZAAP 21.7 27.5 23.4 3.6 6.5 9.7 2.9 2.2 1.7 0 0.8

SSZTMD 23.3 32.2 22.5 4.0 3.8 9.7 3.1 1.0 0.3 0 0

SSZMZMeCN 25.0 27.1 22.2 3.2 4.9 12.1 1.0 4.4 0 0.1 0.1

REFERENCES
J)LOLS / $ &DLUD 0 5 )DUFDV 6 , %RMLW O0$FWDWFOMQLF+SRO\PRUSK RI V

%ODNH $ - /LQ ; G6FKURGHU 0 :LOVRQ & <XDQ $FWDVWVW ERPL®H WDXWRPHI



&KDSWHUSHULPHQWDO DQG 7Kk#
QYHVWLJDWLRQ R 1% R Q G\LGQUIR J

QWHUDFWLRQV LQ &RFU\WWDOV

&U\WVW *URZWK 'HV =




$SEVWUDFW

3KDUPDFHXWLFDO FRFPEX\OARECS\R GBIQWMINVDHD @RINUH. DR
LQFRUSRUDWLQJ WZR RR U RRO LFRRERPEFRMEGHPFR Q Q HF W

FRYDOBQWWUDFWLRQV VXFK@EE QWEURFMQRERQGD/QG K

ERQGY DUH DWWUDFWLQJ LQFUHDVLQJ DWWHQWLRQ
6*' RQH RI WKH PRVW IUHTXHQWO\ XVHG VXOIRQDPLG
PRGHO FRPSRXQG LQ WKLV ZRUN WR | XIUQWKHHWD EQWLHR\QW L
LQ FRFWMV@MOYW SRVVHVVHV YDULRXV K\GURJHQ ERQ
J)LYH FRFU\WWDOV RI 6* V\QWKHVL]HG VXFFHVVIXOO\
PHWKRGVY ZHUH IXOO\ FKDUDFWHWUL]HGHEK QLR NHRDDQ
JRXBHU WUDQVIRUP LQIUDUHG VSHFWURVFRS\ 7R JDLC
K\GURIRQGLQJ LQWHUDFWLRQV WKHRUHWLFDO FDOFX
+LUVKIHOG VXUIDFH 0(36 PROHFXODU HOHFWURVWDW
TXDQWXP WRKMRUQRARIDMFXOHY ZHUH FRQGXFWHG 7K
D VIVWHPDWLF VWXG\ Rl FRFU\WWDOV RI VXOIRQDPLG
KLHUDUFKLHYV ALRQ WOREMIBXOWY ZLWK PRR@GSQH K\GL

IXQFWLRQDO JURXSYV

L QWURGXFWLRQ

&U\WWDO HQJLQHHULQJ DV DQ LPSRUWDQW SDUW RI V.
WKH XQGHUVWDQGLQJ RI LQWHUPROHFXODU LQWHUDF'
DQG WKH XWLOL]DWLRQ RI VXFK XQGHUVWDQGLQJ LQ W

SK\VIHFFAK-D O S URKSIHRKWK.HW EHHQ ZLGHO\ RWGKXKFWQ\DFDG



LQFOXGLQJ S K DRKHRFIHBKGL\FBALFD S UR F\MM WG

HOHFWURGLEVWEOWKRAODRI WKH FU\WVWDO HQEHQWHULQJ
GHFDGHVY KDYH ZLWQHVVHGWEK® IBONUPRRRSERQEHWHV W
FU\VWDOOLQH PDWHULDOV H ¥RGRFWEMS/DWW L PXCODWV
FRFU\VWDOV RIIHU PDQ\ SRVVLELOLWLHYVY ZKHQ LW FRP
DUH YDULRXV FRIRBIRHMUW HEREPK & IXQRXK GWDREEQHW FRP S

FRYDOHQW LQWHUDFWLRQV VXFK [EELKQ\G H B D Q/ LERRDG

KDORJHQ ERRBNVOWWEFPBQ PP@Q\LSXODWH WKH PROHFXOTL
LQ FU\WWWDO VWUXFWXUHV UHVXOWLQJ LQ WKH PRC
SURSHUWLHV VXPKP DY HMEGQEHODWEG VWDELOLW\ HWFE
$PRQJ GLIIHBRYWOBRW LQWHUPROHFXODU FRQWDEFWYV

SDUWLBEXYOHUHVW & ROQUREGQ@EF@MBOZKHUH $ DQG % FDQ
HOHPHQWY VXFKUBSUHWVH@W WKH VWDPRIQPHMW LQWHUD

1 EHORQRBRR Y HQMGEBRRERMGY ZKLFK DUH PXFK ZHDN
FRQYHQWGREDMQOXUWKHUPRUH WKK\GRRIWHOL ERW GRQ
WR WKH FU\WWDO VWDELOLW)\ LV QRKNGL® ITHIGEWQWGH F
LQWHUDFWLRQ LV QRW HTXLYDOHQW) WRKMWRBWKP RV V
(WWHU SURYLGHG W KVUGIUHRSHHIGD WIOHURQYHWQIRROHFXOD L
ZKLFK DUH QRZDGD\V ZLGHO\ DSSOLHG DQG KDYH SUF
GHVLJQ DQG GHYHORSRROWHFRHFRFEWLWEHORI VXSUDPR
FKHPLVWRBU\VWDOV FDQ EH FRQVLGHUHG DV D VWUXFV
VXSUDPROHFEXODMKN\BI/MRQVW\ RI ZKLFKRDREGGMRLQHG
LQWHUDRWURQRUGIH DWKLRQ G H K VGAWRIRQGJILRIWHUDFWLR
ZLOOG LQ WKH GHVLJQ RI WKH FREU\VWDOV ZLWK GHVL

ORUH UHFHQWO\ VHYHUDO FRPSXWDWLRQDO WHFKQLT



WKH LQWHUPROHFXODU LQW HAKH WILBQKI HQGF W XWWDRH
XQLTXH WRROWWRDW® DQG YLVXDOL]H GLIIHUHQW W
LQWHUDFWLRQV LQ FU\VWBQVH QK RFRLQ HIVG RHUSELLLIQ W
SURYLGH TXDQWLWDWLYH LQIRUPDW IGRP RQVW DWW QQ
FRPPRQ IHDWXUHV DROG WRPRRNVQIGY \BIHVHRR LQ FRFL
HW SHUIRUPH® WKHOG VXUIBAHD D@MHFVUERRDPLGH LQ \
FRFU\WWDOV DQG TREFRBDUWMBW IWKH L Q WRHIPFDRNDLHRRX OMIL
LQWHUDFWLRQV ZLWHXPWKUHVFUIUWBDOLQJ WKH LQIC
FRQWDFWV E\ GLIIHQHDOGEWIRRUP HYY FDOFXODWLRQV I
DSSOLHG WR HOXFLGDMHPDRHVRIQH UVFRRUWLAMEDE LQ W
VWUXFWXUH DQG LQWHUDEWIFE 8L \WRD KB TF®RIPDEQBHEKW L
LQIRUPDWLRQ RQ LQOWHUPROHFXODUVW®@WHURBWDRQRQ
RI K\GURJHQ ERQGV LV SULFWDMOLFGIUQWHQ DEWH 8 BFW
HOHFWURVWDWLF SRWHQWLDO VXUIDFHV 0(36V FDQ L
YLVXDOL]LQJ WKH SRWHQWLDO K\GU RDHUGHIRD®R U DQG
VIQWKHVL]HG HLJKW FRDUMN® FRP KRR XOICL\R BRIBQFR Q G X F
FDOFXODWLRQV LQGLFDWLQJ WKH SUHGLFWLRQ RI WK
PDWPKKIE H[SHULPHQWDO FRFU\VWDOOL]DWL@Q VWXGL
DGGLWLRQ 47$,0 TXDQWXP WKHRU\ RI DWMRPV LQ PR
DSSOLHG LQ WKH GHFRGLQJ RI ZHDN LQWHUDFWLRQV
IRU FRPSDULQJ WKH H[SHULPHQWDO ZLWK WKH WKHR
EDVHG RQ WKH WRSRORJLFDO SURSHWDWNHNZRF WK® GH C
' RMWXOHZVNL LQYHVWLIJDWHG WKH PROHFXODU DUUDC
coformersLQ WKHLU FU\WWDO VWUXFWXUHV E\ ')7 DQG VXE"

REWDLQHG PRUH GHWDLOHG LQIRUPDWLRQ DERXW WK



LQ WKH WZR BRHOVRWIARQ RI WKH VWDELOLW\ EDVFH
LOQWHUPROHFXODU K\GURJHQ ERQGV ZDV SHUIRUPHG

XVLQJ WKLV PHWKRGRORJ\ ,W ZDV IRXQG WKWDODW SUHGL
DUH PRUH UHOLDEOH WKDQ WKH RQHIVHPGBG H) XK\DLGE WK
')7' FDOFXODWLRQV

6 XO IR QD P anGrhpdrtantidkass oD QWLELRWLFV XVHG LQ YHWHUL:
PHGLFLQH )LDQHWKH FU\WVWDO VWUXFWXUH ODQGVFLCL
GUXJV KDV EHHQ H)RORLHCNWY FEHDMEVQKHY LIHG D VHUL
Rl FRFU\VWDOV Rl FHOHFR[LE ZLWK FDUER[DPLGH DQ
GLITHUNQWOWDQG WKHLU SK\VIPRPFRXPLBRAOGNEERSHUW
H[SORUHG WKH FRFU\VWDOV DQG VDOWYV RI VXOIDGLD]

SFKDPHOHMNHFKD YRIRWDXWRPHUV DW WKH FRFU\VWDOIiVD

JLIXUH&KHPLFDO VWUXFWXUHV RI VRPH FRPPRQ VXOIR



6XOIDIXD&LGLQKUH RQH RI WKH PRVW IUHTXHQWO\ XV
FRPSRXQGV LQ PHAI\VHDGWWER MABIBNYW HQ WEHDWFILFEO OQ WUHF W L
G\WVHQWHW DPLQR JURXS VXOIRQ\O JURXS DQG JXDC
PROHFXOH FDQ KIBGUWIARSPRMUHGLODOQWHUDFWLRQV DV GR
VLWHYVY DQG IRUP D YDULHW\ RI VXSUDPROHFXODU V\Q\
SUHGLFWLQJ VXS U DPHRKMHYELRFOGWI IYADHOKR @ *' TMRU\VWDO |
EHVW RI RXU NQRZOHGJH WKH FU\WVWDO IRUP ODQGYV
HISORUSIKFRHMG6LQJ WR WKH &DPEULGJH 6WUWKWXUDO 'L

ILUVWUGHODWHG VWHPXRWXUHHIFRGH DV SXEOLVKHG

EN$ O O p PXW HD Q DQG GHPRQVOVWUQR HRBEUWRW KDW WKH

SUHVHQW LQZKE'WHKH LPLOR IRODBESHDUV LQ VRPH PHYV
FRPSOH[HV RI 6*" )IQXUH WKUHH SRO\R&®IDEKV RI 6*'
refcodes: 1317914317916) and SGHBAcetone solvate§ & '& UHIFR G H)

ZHUH SXEOLVKHBWE KRV BHIHRIODVKHLU " VWUXFWXUHV LC

OLWHUDWXUH DUH QR WheécrybtalGuEt@dHo ' Q WK H: &6

UHIHRG ZDV UHSROW|H)GEERUNHUV L@ WKH

ILUVW 6*" FRFUS¥YWDDQWLS\ULQH &&'& UHIBFRGH

UHSRU2NMHCCHU WZR 6* FRBUO\VWHIKHOQBOWKUROLQH DQG
7%%$ WKLREDUELWRUEZHUBFIDQD®\|HGEVVWEKB@XUDOO\
FROOHDIKHBYRVVHVY KLJKHU DQWLEDFWHULDO DFWLY

WR[LFLW\ FRPSDUHG ZLWK WKH VWDUWLQJ PDWHULDO\



JLIXUHOROHFXODU VWUXPWXD®NVGRQH DPLQR IRUP RQ

LPLQR IRUP RQ WKH ULJKW

,Q WKLV VWXG\ ILYH QRYHO GRFW\VGKD OHWRKI\ 6 H ZH. W R (/
QLWUREHQ]RLF DALVGUREH®]RLF DFLG 1%$ DQG SKH
J)LIXUHDUH UHSRUWHG $00 WKHVH FRFU\VWDOV ZHUH
DQDO\WDA WHFKQLT)SHVSBIG® YURVFRS\ 7R HVWDEOLVK
VXSUDPROHFEXODU VIQWKRQV DQG JDLQ DQ LQVLJKW L
RI 6* FRPFUWDOV +LUVKIHOG VXUIDFHV 0(36 DQG 47§

FRQGXFWHG RQ WKH ILYH QHZ 6* FRFU\VWDOV DV ZHO

6* FRFU\VWDOYV

JLIXUHOROHFXODU WRURKEBEKKKWWHNVORM LQ WKLV ZRUN VXF

UHG XQVXFFHVVIXO DUH EODFN DQG UHSRUWHG LQ W



([SHULPHQWDO 6HFWLRQ

ODWHULDOV

Sulfaguanidine monohydrate was purchased fRdaorochem and used as
received without further purificationAll the coformerswere purchasedrom
SigmaAldrich DQG XVHG DV UHFH L yhta®edBdhOHoeywally ZHUH

International, Inc.D Qu&ed as received without further purification.

BQQWKHVLYV

The cocrystalswere produced by dissolvinghe components in solvents and

allowing the solutions to evaporate before harvesting the crystals for single crystal

analysis.Bulk products were made by slurryirgmixture of components in

solventat room temperature f@3 days.The resulting suspension was allowed to

dry in the fume hood overnight. The powdered product was collected and analyzed

by powder Xray diffraction (PXRD).

6* '3(/ )RU WKH FU\VWDOOL]DWERROD UH[SBHBWILRHRWG6D +
PJ PPRAB(DQG 'PJ PZARIH S O DAFIH @&/ X QHD

Rl DFHWRQLWULOH D QYGRokbultlesé¥pate ke crystals were

harvestedafter 3-5 days.A 1:1 mixture of SGD + 2 (232.3 mg, 1 mmol) and

DPEL (182.2 mg, 1 mmol) in methanskre used for the slurry experiments

6* 1%$&U\WVWDGSVRGXHHG E\ GLVVROYLQJ D2 PRODU |
PJ PPRO DQG 1%$ PJ tPWeRIO LQ PHW

yellow platelike crystalsafter3-5 daysA 1:1 mixture of SGD + 2(232.3 mg, 1

mmol) and 4NBA (167.1 mg, 1 mmol) in methaneére used for the slurry

experiments



6* 1%$U\VVEBWURGXFHG E\ GLVVROYLQJ D2 PRODU |
PJ PPRA %3QG PJ PPRO toQaffBrti WK D QRO

yellow platelike crystalsafter3-5 days.For the slurry experimenss1:1 mixture

of SGD + 2(232.3 mg, 1 mmol) and 3NBA (167.1 mg, 1 mmol) in metharas

used

6* 1%% OH&17TKH FRFU\VWDO RGRFHUGBWHE\ ZAWVSRIOYLQJ I

PRODU UDWLR RI 6PJ+ PPRO DQG 1%$ PJ PP

DPLIWXUH RI DFHWRQLWULOH Drelicw @laidlike@rydtdlss ZDWH U

were harvesteafter 3-5 daysLQ W KH | X Bk abiedts of the solvated

cocrystalwere made by slurrying a 1:2 mixture of SGb2 (232.3 mg, 1 mmol)

and 3NBA (334.2 mg, 2 mmol) iD F H W R 8 WaysL O H

6*' 3+ ( Yellow platelike FU\VWBOSHURGXFHG E\ GLVVROYLQJ D

UDWLR RRG6*" PJ PPRO DQG 3+( PJ PPRO LC

andharvesing after1-2 daysA 1:1 mixtweof SGD + 2(232.3 mg, 1 mmol) and

PHE (180.2 mg, 1 mmol) iathanolwas used for the slurrying experiments

S3K\WVLFDO OHDVXUHPHQWYV

Differential scanning calorimetry (DS@&xperimentswvere conducted on &A
Instruments Q1000 under a continuously purged dry nitrogen atmosphere.
Powdered amples (26 mg) were crimped in nonhermetic aluminum pans and
analyzedfrom 25 to 300 € at a heatip rate of 10 € min. IR spectra were
performedon a PerkinElmer UATR Two spectrophotometer using a diamond
attenuated total reflectance access®gwdered samples were scanmeer a
range of 4084000 cni' and a average of four scans was takendach spectrum

obtained with a resolution of 4 dfn PXRD data wereecordedusing a STOE



67%', 03 GLIIUDFWRPHWHU ZLWK & XpositiahBehgitbeV LR Q XV L (
detectorover the 2 range of 3.545.5°with an increment of 0.05°at a rate of 2°

min't. Thepowderedsamples werenadebetweertransmission foils and the data
wereanalyzedvia STOE WinXPOW POWDAT softwar&.Single crystal Xray

diffraction (SCXRD) data were collected on a Bruker APEX Il DUO with
PRQRFKURPDWHG 0 R 0.710M)GAl DaNulaiehs and refinements

were made using Bruker APEX software with the SHELX suite of progtaffis.

Nonhydrogen atoms were refined anisotropically. All hydrogen atcens placed

in geometrically calculated positions using the riding model, wjill € 0.93%%
0.97 A and B = 0.868.89 A, and Uiso (H) (in the range pR5 times Ueq of

the parent atom)Crystal structures were viewed and analyzed using the
DIAMOND 4.6 software packagé! andthe data opotential hydrogen bondsd

@tihteractionsvere obtained using tHRLATON program?*? 43Crystallographic

parameters are listed in Taldd.

&RPSXWDWLRQDO 6WXGLHV

+LUVKIHOG VXUIDFHGL® B QW.IRQDQ G L\Y2 MODOL\QHG S O R W
XVLQJ WKH &U\VWDO ([SORWRSWLPSIFRIUBRPHWULHYV D
RI WKH 6* FRFU\WWDOV LQ WKH JURXQG VWDWH ZHUH
WKHRU\ ")7 PHWKRGV XVLQJ WK N DD HPLSIOR \ L GBIU RIKU
% /<3 IXQFWLRQDO @ISVKEDVDY3&HWEHUH FRPSXWHG DW
VBH OHYHO RI WKHRU\ XVLQJ 0XOWLZIQ SURJUDP DG
47$,0 DQDO\VLV ZDWEPHWUN®RWLPL]HG FRFU\WWDO V\
SHULRGLF SODQH ZDYH ')7 X8A\@U DAWKRHW (STBIKIGRIBR W H ¢

NLQHWLF HQHUJ\ FXWRII 5\ DQG 5\ FKDUJH GHQVL



WKH FDOFXODWLRQV &ULWLF ZDV XVHG IRU WRSRORJ
SRLQWWLPDWHG K\GURJHQ ERQGLQJ HQHUJ\ ZDV FDOF

HTXDWLRQ ILWWHG ZLWK H[SHULPHQWDO GDWD



Table 3.1 Crystallographic data for SGD-DPEL, SGD-4NBA, SGD-3NBA and SGD3NBA-MeCN cocrystals

6*' '3(/ 6* 1%$ 6* 1%$ 6* 1%$ OH&1 6*' 3+(

FKHPLFDO IR & + 126 &+ 126 & + 126 & + 12 6 &+ 126
IRUPXBDIJKW
FU\WWWDO V\V WULFOLQLPRQRFOLQPRQRFOLQWULFOLQLF PRQRFOLC(
VSDFH JURX¢ 38 & F & F 38 3 F
WHPSHUDW X
Dc
E c
Fc

f

f

f
YROXPH ¢
lrpod FP
UDGLDWLRQ OR.. OR . OR . OR. . OR. .

PP

UHIOQV PHD)\
UHIOQV LQGH!
VLIQLIUFD @
SDUDPHWHU"
UHVWUDLQW



OkprllkLoH fc

)

5311, @

Z5 DOO GDW
&&'& QXPEHLU




SHVXOWY DQG 'LVFEXVVLRQ

3K\ VLFDO &KDUDFWHUL]DWLRQ

7KH WKEHHWPDBLIRWKH 6* FREFU\WWDOV ZDV DVVHVVHG X\
WUDFHVYRI| FRF UW\KDMWD CAHUHD @ BWW KBHERUUHVSRQGLQJ
FRPSRQHQWY DUH VKRDEQBL\S®D K68 RHRAMOWL Q J
FRFU\WWDOV DQG WKHL'UMWDQ® 6®4( FRWHULDDYV PHO
DW D KLJKHU WHPSHUDWXUH WKDQ WHKIHOWWWDKIW R & O \R D
SRLQWYV RPAG*' 6*'1%$ DG 1%$ OH&IWUH LQ EHWZHHQ WK
RI WKH LQGLYLG XD OSHFMBWRM RQWKH FREFU\WWDOV DQG \
DUH VKRZQ M6Q PLIX$\H VKRZQ LQ WRHOH& 1 DQG
VXOIRQRXS EDQGV 2RH[BLE+LW D EOXH VKLIW LQ DOO |
OHDQZKLOH DOO WKH REVHUYHG GLIIHUHQFHV LQGLFL
JURXS PYGXDQLG\O JURXS DUH LQYROYHG LQ WKH IRU

GLITHUHQW FRFU\VWDOV FRQILUPLQJ WKH IRUPDWLRQ

Table32. OHOWSRQ D VAW FRINVWDO D IDADAYHULD OV

solids Tm solids Tm

SGD-H0 189i190*° SGD-DPEL 193i196
DPEL 150i153° SGD-4NBA 218i220
4NBA 240i2411 SGD-3NBA 178i181
3NBA 142i14F? SGD-3NBAMeCN 175i178

PHE 175i176° SGD-PHE 209i211




Table33. 'LVWLQIBPWIEGHWMT LQ WKHSHEFWSED- RO DQG WKH

RFU\VWDOV

VROLG IRUP & a 8.0
6% +2

6% '3(/

6% 1%$

6% 1%$

6% 1%$ OH&1

6% 3+(

J)LIXUH3;5'" SDWWHUQV Ra2 BOXat' '3(/ JUHB@ 6*'

RUDQJH DQG VLRXG®GD'WH GURIPWWKIHI @ U\ VDNELDO WMLV X F W >

UHG

3;5" SDWWHUQ¥(RIWKH WZR VWDUWLQJ PDWHULDOV DQ

Rl 6*'3(/ IURP 6&;5'" DQDO\VLV DUH VIKRZQ@(LQ )LIXUH



FRFU\WWDO H[KLELWV VHYHUD O DI@HZH G RIPDEWLRQ SHI

f HWF ZKLFK DUH) QRKAH SDHWWBWQV RI WKH WZR V!
VXJIJHVWLQJ WKH IRUPDWLRQ RI QHZ FU\WWDOOLQH IRL
IRXU FRFU\WWDOV DUH GLYSODVNKE BQE') ISDWWHUQV RI
FRFU\WWDOV PDMWPKOZDMABMUKPFVRPGW KH 6&;5' DQDO\VL)
LQGLFDWLQJ WKHVH FRFU\WVWDOV FDQ EH UHSURGXFH

PHWKRG

& U\V BNDIOX F§OXOUWCH V LV

6LQJOH FU\WWDOV RI WKH ILYH FRFU\VWDOV ZHUH RE
GHWHUPG®BG EOOLSVRLG SORWYV DUH\GHRIG Q E RIQIKW H

DQEH QWHUDFWLRQ JHRPHWULHV6DUH BLYSPWLNGE QQ 7
6*" '3(/ &RFU\VWDO

7KH 6*3(/ FRFU\WWDO EQNKWDWOLFOL QL VBIOWH JURX
DVI\PPHWU IOV XQWW RRRQH 6* PROHFXOH DQG RQH '3(/ P
LQ )LIXDH WKH WZR FRPSRQHQWV LQWHUDFW ZLWK F
1i+ we K\GURJHQ ERQOD [LRDZ MRVBIQ G4 v; ULQJ

DUH JHQHUDWHG E\ WV RURXIIKREIH DXQTBH Y wa

K\GURJHQ ERQG LMK\ GNRERRGYQJ QWWIWHRGHG YLD
&+w@ DQU+wd GLVFKWWRJIHY ERQBUH 7KH WKUHH

GLPHQVLRQDO FU\WWDO ODWp#LMmA KVYGUWRDHQ OHERK)E& E\

LQWHUDFOVBREOWHUDFWLRQV WKURXJK WKH S\ULG\O U

EHWZHHQ WKH OB\HUV )LJXUH



(@

(b)

(©)
)LIXUH&U\VWD O GEDRNIDPHRE3(/ FRFU\VIORBPPBWULF

XQLW LBFQPQG JUHHQ LWZBRLPHBVLRQDBRIQGURJIHQ
QHWZRUN DQ@GPHQWIKR@DBO QHWZRUN K\GURJHQ ERQC

RUDQDWKHG OCE@QMHMWBQOFWLRQ LV GLVSOD\HG E\ EOXH



6* 1% RFU\WWDO

SGD and 4NBA form a cocrystal that crystallizes with one SGD molecule and one

ANBA molecule in the asymmetric unit. As shown in Fig@®6a, the two

components interact with each otherotigh N4 iH17w®4 and OJH15wN2

discrete hydrogen bonds, resulting m 4§ : z; motif. The basic unit is extended

via three discreteN iH W@ hydrogerbonding interactions, i.e N3 iH13w®1,

N4 iH16ww1 andN1 iH18 w2, resulting in the 3D hydrogen bonding network
(Figure36b).No EE LQWHUDFWLRQV SDUWL Hingebisidhidl LQ VWDE|

structure othe SGD-4NBA cocrystal.

(@)



(b)
JLIXUH &U\VWD G5 BEDFMBKIHRAT % $ FRFU\\DWDRPHIW ULF
XQLW SLQN LV 6* DQG JWHKIGHDR HD V1R § DORIQGEURJIHQ

QHWZRUN K\GURJHQ ER®GD@DWYHA DI@B\HG E\

6* 1% RFU\WWDO

The SGD3NBA cocrystal crystallizes in the monoclinicssgm with theC2/c

space group. The asymmetric unit contains one SGD molecule and one 3NBA
molecule (Figure3.7a). As shown in Figur&.7b, four continuous motifs are
produced between two SGD molecules and two 3NBA molecules. Specifically,
the amino groupf SGD 1, the sulfonyl guanidyl group of SGD 2, the carboxyl
group from 3NBA 1 and the nitro group from 3NBA 2 are involved in the
formation of (from left to right) @ 4§:y; motif, an 4£:x; motif and two 48: z;

motifs viaN iH w®, OiH wit and CiH Wil discrete hydrogen bond interactions.

The 3D structure is further assembled by théHNw® and CiH w® discrete



hydrogen bond interactions (Figurg7c). No DGGLWLEQDQWEHUDFWLRQ'

contribute to the extended 3D structure.

(@)

(b)



)
)LIXUH&U\VW D O GSLIDRINJIDAPB/HRA1 % $ FRFU\\DWDRPHW ULF
XQLW SLQN LV 6* DQG JUHHQ LV 1%$ E IRXU PR
PROHFXOHV DQG 1%$ PRRBEREDVLDPQIERQGURJIHQ

QHWZRUN K\GURJHOQ\HREGBD@DW K HGE VI@HV

6* 1%$ OH&IRFU\VWDO 6ROYDWH

6*' 1%%$ OH&1 FU\VWDIOHD W HIVF I0Q QRS IMS B FRHQ HURKGH F X O |
Rl 6*' WZR PROHFXOHV Rl 1%$ DQG RQH PROHFXOH R
XQLW $V VKRZQDLI49:7) L42X%UMDQ4E:st; PRWLIV DUH JHQHUDYV
DPRQJ WKHVH IRXU FiRMWSR QH@WYQE+W GLVFUHWH
K\GURJHQ ERQG LQWHUDFWLRQV 7KH K\GURIJIMKRHERQG
& +w2 DQGi+w@ K\GURJHQ ERQG LQWHUDFWLRQV WKH C
LQWH U DREEWPLBEW; ULQJ )XUWKZHRIPRIASH OLQNHG E\ WZF

& i+ W& GLVFKWWRJIHQ ERQG U8WHUMERL RRQWIL |



)LIXUB 7KH ' VWUXFWXUH LVGEE § R NWHRMBRAKH Q H G

WKH SKHQ\O ULQJV RI 1%$ PROHFXOWY EHWZHHQ WKH

)

(b)



()
J)LIXUH&U\VWDO GDFNLIWYHRBt%$ 0OH&1 FRFU\WWDO D
DVI\IPPHWULF XQLW SLQN LV 6* JUHHQK\GURAS®QG E
ERQQGIHWZRUN K\GURJHQ ER @G D@D K HG \OI @D\ GDE\G
WKH WKPHEVLRQDO QHWZRUN B/ QWWUQ¥WRRR Y @WH U

E\ RUDQJHL@®MKHWKHKGGCGOW RIHQ ERQGLQJ LV QRW GLVSOD\H

6* 3+(&RFU\VWDO

SGD-PHE cocrystallizes in th@2:/c space group with Z = 4, the asymmetric unit
consisting of one SGD molecule and one PHE molecule (F§8e. Notably,

the guanidyl group of SGD molecule is only involved&ydrogen donor in this
cocrystal. Along the axis, the guanidyl group &GD Inks PHE molecule via

two NiH wiN discrete hydrogen bond interactions. The 3D structure is extended
through N3iH3AwW®2 and N4iH4AWW®1 hydrogenbonding interactions,
forming a 48:z; motif (Figure 3.9b). The N1iH1A w®2 hydrogerbonding
interactionsbetween the amino group asdlfonyl group of SGD moleculand
WKH DGGIlVLRYBOIFEWLRQV EHWZHHQ WKH SKHQ\O UL
PHE also contribute to the extended 3D structure of $GIE cocrystal (Figure

3.90).



(@

(b)

(©)
J)LIXUH&U\VWD O GLIDRNIDPKHR®B* ( FRFU\VIMWDBPHMWULF

XQLW SLQN LV 6*' DQG KNGHHRERIQGIHW ZRUN K\GURJHOQ
ERQGLQJ LV GRUD@IMHMEHE\ OLQHWH DRWEPIHKDVLRQDO
QHWZRUN UHVXOW KEH QWRHRJ D § WRIEXYWHIGRZ Q GDVKHG

OLQHV



7KH VWUXFWRU BT TBQADOADION R FRQGXFWHG SULRU WR \
RI K\GURREGLQJ LQWHUDFWLR®W BR 34 Q FREEEY QO V

LQWHUDFWLRQ JHRPHWULHY DUH GLVSOD\HG LQ 7DEOH

6* $73&RFU\VWDO

6* $73 FRFU\VWDOOL]JHV LQ WKH3PRQRFOH QUR X&\ZWW K

RQH 6* PROHFXOH DQG $73 PROHFXOH LQ WKH DV\PPH

W KHIH3W®3 K\GURJHQ ERQG LQWHDDRBWLRIQR2QIJXQHLIXU|
E WHKH Wb3 PROHFXOH FRQQHFWYVY ZLWK DQRWKHU

WKURXBHBEWMP3 K\GURJHQ ERQG LQWHUDFWLRQ 7KH FU\V\

HWHQ@&EBK\GURJHQ ERQG LQWHUDFWLRQV EHWZHHQ 6*

WKUHH GLIIHUSHEWI PREGLOVR IV L | LV | R ¥ridD

N4 iH8w®1, and a 4¢:v; motif is formed viaN4 iHOW®2 L QWHQG LQWUD

K\GURJHQ ER Q Ghetw@an tHegDdnldl ah@sulfonyl groups in SGD. In

addition, @ 48:z; KRPRV\Q W KQRIQ D W HGI3WHR WNR ¥ani the two

guanidyl groups.7KH ' VWUXFWXUH LVEEOYW HHIDHFKRUERRXQKG E\

WKH S\UD]JROH DQG SKHQ\O ULQJV RI $73 PRPHFXOHV E

(@



(b)

()
)LIXUH &U\VW D O GSLIDFINJIDPR/HRE7'3 FRFU\VDAVD®P HW U L F
XQLW SLQN LV 6*' DQGK\GHRBDRIQGSHIWZREN K\GURJIHQ
ERQGLQJ LV GRYVBQDWHKG E\OLQHYV G LIPGI® VE RW K O HH W Z R
UHVXOWLQJ |URELQWHUDPFWRREY ROM QJH GDVKHG OL

K\GURJHQ ERQGLQJ LV QRW GLVSOD\HG IRU FODULW\



%DVHG RQ WKH VWERFNWXBDPRQBPXVIHVFDQ IRUP GLIIF
VIQWKRQV ZLWK HLWKHU 6* PROHFXOHV RU FRIRUPHL
NLQGV RI K\GURJHQ ERQG GRQRU DQG DFFHSWRU VLW
LOOXVWUDWHY WKH GLIIHUHSKWRWYSW K R B V/DRRAR RO H F
WKHLU JUDSK VID\WQWKRWIDWIREQF\ RI RFFXUUHQFH RI F
PXORRPSRYRQWGY RI VXOIRQDPLGHY GHSRVLWHG LQ &
VHDUFKREMWDH QHG DQG HFORWHGLID® VENY GHWHUPLQHG
FU\WWDO VWUXFWXUHW Q 0 & RIUX\HRWI DYOHFVLR Q
GLVSOD\V WKH IUHTXHQF\ RI RFFXUUHQFH RI HDFK V
FRFU\SRRQY DOB*6Y¥\QWKRQV VI\QWKRQ $ KDV EHHQ Z|
LQ WKERRPSRYRQWGY RI VXOIRQDPRBHWHIUQ WHKIHV &6R E X
VIQWKRQ LV OHVV OLNHO\ WR RFFXU ZKHQ IRUPLQJ FR
FDVHV WRRIBYPHUR@WPAUDAWIEH UHODWLYHO\ ZHDNHL
IDLOXUH RI FRFU\YQV V& U R WRRDMILRQQWKRQ $ ZDV REV}H
'3(/ DQG 67 FRFU\WVWDOV ZKLFK LV UHDVRQDEOH DV W
VWURQJ LQW HUDWWURRYKZWWK H[WUD K\GURJHQ DWRP\
JURXS UH@WCHVIRUIPW WHREX\RW VIQWKRQ & :KHQ FRFU'
ZLWK EHQ]RLF DFLG RU LWV GHULYDWLYHV WKH JXDQ
WR IRUP D KHWHURVHQAMXRER[EOLEZLWR XBKIURP WKH DF
IRUPLQJ D KRPRVIQWKRQ $ ZLWK WKH JXDQLG\O JUR
LV XVXDOO\ HQHUJHWLF B\@ON KRRBUWHRBLOHY RSHELILF WR V

VWUXFWXUHYVY RI WKH FRIRUPHUV XVHG LQ WKLV ZRUN



JLIXUH 7KH W\SHV RI VIQWKRQV LGHQWLILHG LQ WKH H

I1XPEHUV LQGLFDWH RFFXUUHQFHV LQ WKH &6' OHIW



Table 3.4. List of the occurrence ofsynthons in SGD cocrystals

Synthon SGD-DPEL® SGD4NBA® SGD-3NBA® SGD-3NBAMeCN #  SGD-PHE SGDPT  SGDTBA2H ,0 SGD-ATP

Al 8 8 8
A2 8 8 8 8
A3 8

SGD- Bl 8 3
SGD B2 8

B3 8
B4 8
B5 8

C1 8
Cc2 8 8

C3 8 8 8

C4 8 8 8

C5
C6 8

C7 8
C8 8

C9 8

SGD
Coformer

(o]

a Crystal structure obtained in this work



&RPSXWDWLRQDO 6WXGLHV

+LUVKIHOG 6XUIDFH $QDO\VLYV

7KH +LUVKIHOG VXUIDF KWLQDLQMGL W R DMQ EHWWLIDWH
GLIIHUHQW W\SHV RI LQWHUPROHFXODU LQWHUDEWLRC
SORWV SURYLGH TXDQWLWDWLYH LQ)RUPDNDLRQ RQ W
LOOXVWUDWHY WKH +LUVKIHOG VXUIDFg#VeRKHBUHWKDW
WKH ODUJH FLUFXODU GHSUHVVLRQV GHHS UHG VWD«
LH + 2DQG + 1 ZKHUHDV RWKHU YLVLEOH VSRWYV
J)LIXUHE GHPRQVWUDWHVY WKHQBRUBS HVYQ REISOWMMAX O D U

WKH K\GURJHQ ERQGLQJ FRQWDNMW WL D\ES HD UH G YW
DSSHDUHG DV DV\PPHWULF SRLQWYV &/ S ¥R RFWY D C
SUHVHQWRFGIWWUYLF SDLU RI ZLQJV DERQWOWFMH RV W K\

HLIKW FRFU\VWDOV



E

JLIXUH D+LUVKIHOG M@GIDEFEHY ILQJHUSULQW SORWYV R

FRFU\VWDOV

7TDEOH6XPPDU\ RYDWKRXYWHREMW UL EXW L FRNULYWEO V

+\GURERQ

+ o+ & - & ¢1 &2 ¢ RWK
+ 1 + 2

6% $73
6% 3+(
6*' '3(/
6*' 37
6% 1%$

6*" 1%$

$FFROUGWR WKH VWUXFWXUDWBRBKBO\?PRWOW BROXGCOHDEQ HD Q\

FRFU\WVWDOV FDQ QRW RQO\ LOQWHUDFW ZLWK FRIRUP



PROHFXOHV +RZHYHU WKH PDMRULW\ Rl FRIRUPHU PR
PROHFXOHV LQ WKH 6* FRFU\WVWDOV 7KH/WMWHPWLRQV
QDPHO\ 69%%$ OH&1 WKLV ZRUNSD®G 7&HUHIRUH WKH
YDULRXV FRQWDFW FRQWULEXWLRQV RI FRIRUPHUV
LQIOXHQFH RI GLIIHUHQW FRIRUPHUV RWKMKH LQWHUF
PROHFXOH LQ GLIIHDWDHQWDEORRFU\VW

$V VKRZQ LQ #DEOKNGURJHQ ERQGLQJ LQWHUDFWLRQYV
DQG & DUH WKH WKUHH VLJ®LII$SFBQEV3FROWDFWY )RU
'3(/ DQG &7 FRFUWWBGRQWDFWY PDNH WKH ODUJHV
ZKLFK EVM WRSHFWHG VLQFH WKH OLPLWHG K\GURJHQ
LQFUHDVH RI WKH FRQWULEXWLRQ RI YD@KIHU :DDOV
K\GURJHQ ERQGLQJ LQWHUDRWLEDY DPOLOORY +
WKHVH RWKHU WKUHHVARRQ\® VRJOW K PDG HO WKHH VW FR
6* 1%$ DQG 69%$ FRFU\WWDOV WKH LQFUHDVLQJ K\GUI
WKH FRIRUPHUV OHDG WR WKH LQFUHDVH RI K\GURJH
SURYLGLQJ K\GURJHQ ERQG DFEHS\WGRRVERQG IR DPICQ J

WKH GHFUHDVH RI + + FRQWDFWYV

0(36 $QDO\VLV

0(36 PULWLFDO IRU LGHQWLI\LQJ DQG UDDKNLRXI VLWH\
KDV EHHQ XWLOL]JHG DV DQ LPSRUWDQRWRWRRXOOWR XQ
LOQWHUDFWLRQ LQ WKH IRURIDW (FQRRI6ERFEFUWDWDO V
VKRZQLURUH ZKHUHHGKBHJLRQ UHSUHVHQWY SRVLWLY]

VKRZV QHIJDWLYH SRWHQWLDO



J)LIXUH 7KH 0(36 IRU 6* FRFU\VWDOV VLJQLILFDQW ORF

RI 0(36 ODEHEQ EMXH DQG UHG WH[W UHVSHFWLYHO\ DC

$IWHU FRPSXWDWLRQ WKH PD[LPD VLWH RI WKH 0(36
FRFU\WWDOV LV WKH DPLQR JURXSV RI WKH JXDQLG\O
WKH DPLQR JURXS RQ ZWK& HS WHK®\ ® LLOQLPD YDOXHV RI
FRUUHVSRQG WR WKH WZR R[\JHQ DWRPV IURP WKH V
JURXSV SRVVHVV WKH KLJKHVW K\GURJHQ ERQG SURS
DQG VLWHV LQ WKH 6*' PROHFXOH ZHKL®BOXKIN R REDHD
0(36 IRUFRKRHJPBUWKH GLIIHUHQW FREFU\VWDOV YDU\ VL
$FFRUGLQJ WR WKH KLHUDUFKLFDO RUJDQL]DWLRQ RI

WKH PDLQ VLWH RI LQWHUDFWLRQ LQ FRFU\VWDO IRUP|



PLQLPD DQG PD[LPD R71KMKIR 0PTHRIXRQE6R' FRFU\VWDOV
LQ 6*3(/ DQG 63+( & LQFI*' DQG & LIWB* ' IROORZ WKLV
UXOH ZKHUH D GLVFUHWH K\GURJHQ ERQG RU D KHWH
JURXS IURP JXDQLG\O JURXS LQ 6* DQG WKH JOREDC
UHWBH¥HO\ )3 6RFU\WWDO WKH K\GURJHQ ERQG &
WKH R[\JHQ DWRP JOREDO PLQLPD VLWH IURP $73 PR
RQ WKH SKHQ\O ULQJ VHFRQG JOREDO PD[LPD VLWH

1%%$ 6*1%ADH& 1 DSBLGTBA PO the global maxima sites as

hydrogen bond donors iff R | R U &¢&l@hlyaged in the formation of hydrogen
bonds with the SGD molecules where the hydrogen bond acceptors are neither the
minima nor the second minima sités{ H WeRomplexity of multiple yxdrogen

bond donor and acceptor sites in both SGD molecule and ¢ R Wridledules,

the information of hydrogen bonding ranking sites and the prediction of the most
robust synthons cannot be obtained only by MEPS. To further rank the hydrogen
bonding sies and quantify the strength of hydrogen bond interactions in SGD

cocrystals,47%$,0 DQDO\VLY ZDV FRQGXFWHG

47$,0 $QDO\VLV

7KH EDVLF PRWLYH RI 47$,0 LV WR LQYHVWLJDWH WKH
VIVWHPV E\ H[SORULQJ WRHFKDR @ HEIGRRY MIAXEGR-LV

WKH /DSODRLCHDHFWURQ GHQVLW\ DW ERQG FULWLFDC
EH XWLOL]JHG WR GLVWRQDRHQWEBWMZ HFRY DQORHQW LQWt
ORUHRYHU K\GURJHQ ERQGLQJ LQWHUDFWLRQV FDQ

HQHUMWeLbcKLFK FDQ EH FDOFXODWHG XVLQJ HTXDWLR



"LE'glbglk Fttudz UésesE rgvtu
,Q WKH FXUUHQW ZRUN 47$,0 D DD \MQWWAEHW FERWGERX IF W |
DOG TXDQWLI\ WKH FKEEDBPOWHQU WOMHWRDFRAQV V'
VWUXFWXUHV RI WKH 6* FBEG\VIYP@WHRBRQAQXWHDWH WK

UHDIDRQVKLS EHWZHHQ E D VéF 47ch o0®.QIBIUD © BHFH U V

DFFHSWRU GLVWDQFHYV
$V VKRZQ LQ DLIWAKMDOXHY RI  RXW RI  FRQWDFWV |
D WUDQUKJIJHVWLQJ WKH HOHFWURQ GHQVLW)\ LV GHS
FRYDOHQW LQWHUDFWLRQV VXFK DV LRQLF YDQ GHU
YDOXHV R88 FROW RAWY DUH OHVV WKDQ JHUR ZKLFK Gt
ORFDFRMFHQWUBWEG LQH¥R®DOHQW ERQG RU FRYDC
LQWHUDFDWHE RQ Ges WRWDO HOHFWURQ HQHUJ\ GHQVL
SRLQW G5RIDRUDNGGWRODVVLILHG K\GURJHQ@@BQGV DV
+%es |IRU ZHDN K\GURJHQ HR®DGa LURU PHGLXP DQG
VWURQJ K\GURJHQ ERQIBYGR®G IRULYHU\ VWURQJ K\GU!
ERQGAMHUHKRHUHFRQWDIFHWY DWURQJ K\GURJHQ ERQGV
7KH YDO&HURIOHFWYV WKHK\GWRBHR@QIGWK RLWK ORZ YDO
FRUUHVSRQGLQJ WR ZHDN-Y Q@XH/DRWURQVHD @& W/HKH
WKH LQWHUDFWLRQ LQFUHD WY DD XKR DQ HQ @DE O 6
+ D X DQGGCRARIWQERQGVOLEH LAYMKLD KHIRSRV|
E\ .RFK DQG 3RISIHIRXMW K\GURJIJHQGRR@BW UHODWH ZHOC
ZLWHKYDOXH )LEXUKH XSSHU ILYH GDWD SRLQWYV ZLWK
ERWKDQGetODUH YHU\ VWURQJ K\GURJHQ ERQGVY DQG WI
KLIJK&GEUYDOXHY OLH LQ WKH PLGGOH UHYMRUORQUHSUH

K\GURJHQ ERQGV ZKLFK DUH DQOVR D/XSISWR D\ & GQE\ DK L



+%eY DOXHV RI WKHVHKH QWHXRFRYIMRDYRWKHU DSSURDF
TXDQWLI\ WK HK\\GW BERQG®NK MK He QRBHOX I FRUUHVSRQGL

WR VWURQJHU LQWHUDFWLRRY DQG YLFH YHUVD )LJX

JLIXUH 5SHODWLRQVKLS EHWZHHQ BOVLE ét7gn® SDUDPHYV

©€) (+veELo®QLBB+DFFHSWRU GLVWDQFHV

$00 WKH \PMGRRB DQG YHU\ VWURQJ K\GURJHQ ERQG
IRUPDWLRQ Rl KHWHURV\QWKRQV EHWZHH® WHKH JXD
FRIRUPHUV H[FHSW RQH3T @WHEKAWRHKRY® RWEPI KR Q

EHWZHHQ WZR 6* 0RROHEXOMHM L F 1O\ WKW 6V WURQJ

DQG PHBWYRQ@URBRQGY DUH LQYROYHGNIZE: W KH IRUPD
PRWLIV & DWBH&Q BH' DQG WZR 1%$ PROHFXOHV 7KH
K\GURERQGV LB76FRFU\WWDO DUH HQJDJI®:£;Q WKH IRL
KRPRVIQWKRQ $ EHWZHHQ WRR{pKHRMRAQHRAX Q WK BQ G&D
EHWZHHQ 6*' DQG 37 PROHFXOHM WHEBEBERQGC HQ 7KH
6* '3(/ DQG PHGLXR\BWRERRQG L@B+4(*'IRUP D GLVFUHWE
VIQWKRQ & EHWZHHQ 6* DQG FRIRUPHUV UHVSHFW

VWURQJ K\GURJHQ 1IRSQUYGL @%6$ ' 0H&1 DUH IRXQG LQ W



VWUXFWX4\Vz; RHWHKURV\QWKR QWY DOV KLKDW LW LV
H[SHULPHQWDOO\ DQG FRPSXWDWLRQDOO\ IDYRUDEOH
$FFRUGLQJ WRQPR NOWGRIRIRIQGY FDQ EH IR$DH LQ WKH
FRFU\WWDO D Q® M\OKHW W XUHRGG W RERIPIG LQWHUDFWLRQV
EHWZHHQ 6* PROHFXOHV LQVWHDG RI 6*' DQG $73 PRO
K\GURBRIQGY LQ WKH RUGHU &6*' $%$%2 SWKMRLLUVW

VL[ UHODWLYHO\ VWURQJHU K\GURRRQHERQGYV BUHGEH\
DQG2+PROHFXOHV LQGLFDWLQJ WKH SURSHQVLW\ RI IR
6*' DQG 7%$ LV ZHDNHU )URP WKH FUNKXWDB $DHRNLRUH
K\GURJHQ ERQG LQWHUDFWLRQV EHWZHHQ WZR 6*' |

FRIRUPHX®HRWOWHFKDQ WKHUH DUH EHWZHHQ 6*" DQG FR

J)LIXUH &U\WVWDO SDFNI$Q3 RQG®*'EF%$ 2 SLQN LV

6* JUHHQ LV FRIRCZPHU EOXH LV

&EXUUHQW KWXEBHR@GYV ZLWKLQ FRFU\WWDOV KDV IRFX

XSRQ WKH DELOLW)\ RI IXQFWLR QDG URERR@IN WRR WRUP F



2i+W2 RU+LR W\SH EHFDXVH WKGE YV RERIQGG [F\WW QREMD B[S HFW
WR UHSUHVHQW WKH VWDRIQFK DWHY RR@V R G HQ W & WDKERV P
IRUFHV IRU WKH FREFU\VWDO |RIRADW KR QV V¥ ¥ CPLHHBWH R
DOO WKH UREXVW K\GURJHQ ERQGV)RUHIBROYHQWLRQ
K\GURJHQ ERQGVY DQ H[SRQHQW IVDACD Q RS- HPMEHEHH E H W
IRXQG ZIDEWBUV RI D)LIXBHH[SRQHQWLDO FRUUHC
LV DOVR IRX Q& B WZHGH @ WDKHF RV Il FR QW D FW V

JLIXUHE UHYHD@&EQY WKIRRG GHVFULSWRU RI WKH V\
FROQYHQWGREDIWQLRERAY HQWLRQDO K\GURKIHD ERQGV \
1 K\GURERQGY DOVRQIBSDDMLNJIJDRMH UROH LQ WKH VWDE
VWUXFWXUH RI WKH 6* FRFU\WWDOV +RZHYHU QR VL.
rDQGB+GLVWDQIFHY IFFR@WDFWY BDQ EH | ZXQBEK

PD\ EH GXH WR VREHVWHODWWKHRN WKLY W\SH Rl K\GUR

F

J)LIXUH 5HODWLRQVKLS EHWZHHQ WKH LQWHUDFWLRQ (

lrsRI D+W 1 Ei®2 1 DQG FRQROBQWLRQDO K\GURJH(
LQWHUDFMWIURQVBEWURQJ DQG PG URBRIQBWRIQQRUHG IRL

WKH UHJUHVVLRQ



6RPH ZRUN UH®/RBIWATSG, &WRRWO\VLY LV QRW DEOH WR (
ZHDN PRQDOHQW L QWKILKF WA P@QWR IRXQG LQ WKLV ZRL
JLIXUH 6*'DGRSWYV FRQIRUPBWLRDQ 1% 6*3+(

6*' 37 DQG B%$ 2 JHQHUDWLQJ 6 DQG 6 ULQJV

,Q 6*'1%$ OH&1 DQG78* ' RQOMRQHQWUDPROHEXODU K\GL
ERQG LOQWHUDFRWLRQ@LUAUFID@I BH IRXQG LQ 6* FRQIRUI
FRQIRUPDWLRQ U@%$*DQE'8f/ WZR R[\JHQ DWRPV IUR
VXOIRQ\ODUMWRRYROYHG LQ WKH FRQVWUXFWUIRQ RI 6
ERQG DQD®EVURIJHQ ERQGYV LRIPMII PROHFXOHY DUH C
WKDQ f ZKLFK DUH QRW LQ VR ER PR B DQQLKOHI/IH
IDOO MO GBIHHRIP HW U IS RY.PGWE E\ WKH ,83$& GHILQL\
K\GURJHQ7ERQERQG FULWLF DR S RMQUND\P RO MRKXD R U K\G L
ERQGY LQYROYLQJ @&KH IRUPIDMQ RVKRIFD\VWDO VWUXF
IRXQ®WBU RSWLPMDM\RGRYKERWWDWLRQYV DKG PD\ EF
SUHIHUDEOH PROHEXODU JHRPHWU\ RI 6* DQG WKH F
WKRVH FRFU\WWDOV DUH FKDQJHELZLQW U R IR CEHFHKXEDNDG
K\GURJHQ ERQGVY DIWHU RSWLPL]DWLRQ UHVXOWLQJ

LOWUDPROHFXERMWLGK\GURIHQ

J)LIXUH &RQIRUPDWLRQV RI 6* PROHFXOH H[LVWLQJ L

IRUPYV



&RQFOXVLRQV

7KLV VWXG\ UHSRUWV WKH VIQWKHVLY DQG FKDUDFWt
6* ZLWK IRXU FRIRPHUV '3(/ 3+( 1%%$ DQG 1%$ $
VWUXFWXUDO DQDO\VLV zZDV SHUIRUPHG DQG FRPSX
+LUVKIHOG 6XUIDF,00B@DIDQGLY KDYH EHHQ DSSOLHG
WKH GLITHUHQW K\GURJHQ ERQGLQJ LQWHUDFWLRQV Z
VXUIDFH DQDO\WVLY UHYHDOHG WKDWFWE&8W RIQ WU MHWL QQ
FRIRUPHUVY OHDG WR W KHR QGRWH DMHWRIUBR\FRNVIRRIGIY DQG
+ + FRQWDFWV LQ 6*' FRFUARN BDVQDWIGNVHLRH LYHUN DD
WKH IRUPIRWURRXRI Rl HLIKWAAFRBDWAZLDLUM LQ WKH PLQ
DQG PD[LPD RI WKH théJéedidiehZoftiaddst robust synthons

cannot be obtained correctly by MEPGS X H the/ &mplexity of the various

hydrogen bond donor and acceptor sites in both SGD and the coformer molecules.

47%,0 DQDO\VLY ZDV FRQGXFWHG DV D FRPSOHPHQWDU
R hydrogen bondLQWHUDFWLRQV LOOXVWIWUWWRQJ INMK® W HIUQ |
VWURQJ K\GURJHQ ERQGY DUH LQYROYHG LQ WKH IRU|
6* DQG FRIRUPHUV 7KLV LQGLFDWHYVY WKDW WKH IRUP
ERWK H[SHUIQRGH GF\W B 8 0W N IRRXKQUI@OWKLY VWXG\ 47%,0
DQEQDO\WLV VKRZHG VXSHULRULW\ RYHU 0(36 DQDO\VL
XQGHUVWDQGLQJ RI K\GURJHQ ERQG LQWHUDFWLRQV

ERQG GRQRU DQG DFFHSWRU VLWNV LQ FRFU\VWDOOL]

5()(5(1&(6

'‘"HVLUDMX * 5 &U\WWWDO HQJLQHHUL$RPR) &KWRP PROHI

6RF

I+



%ODJGHQ 1 GH ODWDV 0 *DYDQ 3 7 <RUN 3 &U

SKDUPDFHXWLWNOWIRQLPSGRNE VROXELOS®Y DQG GL\

'UXJ 'HOLY B5HY -

%UDPPHU / 'HYHORSPHQWV LQ LQRMBDORF FAHYWDC
+

1ZDPEDHNZH . 'QN-RKQ® 'RXPDDNKXPBED 3 <XVVXI

6 7 8KXR 2 9 (NZHUH 3 , ,ZXRKD ( , &U\VWD

ILOP GHSRVLWLRQ VWUDWHJILHVY WRZDUGV LPSURYL

SKRWRYROWIOWHWHGGMHY 7HFKQRO

'X + :D@J 7LDQ 0 <DQJ ; 6LPSOH FU\WWDOOL]D

HQKDQFLQJ IXQEDZ/NR® RDGGBQW\H DQG SHUIRUPDQF

+HOL\RQ H

<X 3 =KHQ < 'RQJ + +X : &U\WWDO (QJLOH

2SWRHOHFWHRERFBRO D

I+

'XJJLUDOD 1 . 3HUU\ 0 / $OPDUVVRQ g =I

3KDUPDFHXWLFDO FRFU\WWDOV DORQXKWWRH SDWK

&RPPXQ -

%ROOD * 6DUPD % 1DQJLD $ . &U\WWDO (QJLQ

&RFU\WWDOV LQ WKH 'LVFRYHU\ DQG &HHRORISPHQW R
+

6LQKD $ 6 ODJXLUH $ 5 /DZUHQFH 6 ( &F

IXWHXWEREDOW *URZWK 'HV  +

5HQ % < 'DL ;/ =KDQJ ) /RQIKHQ +X®QD <

% 3'URIRURIKUDOXORMRPSR@UQWNDOV WR 6LPXOWDQ

,PSURYH WKH 6ROXELOLW\ RI KR EAV,RONEROGIX &EWRRIQ



D 6ROXEOH &RINRWPHWRZWK 'HV =+
%RPPDND O . O0ODQQDYD 0 . & 6XUHVK . *XQOQT
(QWDFDSRQH ,PSURYLQJ $TXHRXV 6ROXELOLW\ 'L
&RFU\WWDO WD FKMHRBRKIXYA QHURZWK 'HV

+
'LQJ = 6KDQJ + =KDQJ 6 +DQ : /L % -LDQ
OROHFXODU 3DFNLQJ &KDUJH 7UDQVIHU DQG (PLV
&RFU\WWDO SWVDWHURAWK 'HV =+
+XDQJ 6 O9HQDEOHV ' 6 /DZUHQFH 6 ( 3KDUPDF}
DQG OHOR[LFDP ZLWK 2RIDYUF &RKIMWMKH UH\R QV

+
6FKHLQHU 6 .DU 7 3DWWDQD\DI$HYV RIRRSDBUWRQ
%RQGV ,QYROYLQJ $URPDMWLF&KPMIPQREBFL GV

+
$ONRUWD , G5R]DV ,FROYXBWRRQDORKIGHURIHQ ERC
6RF 5HY i
$EUDPRY < $ 47%$,0 DSSOLFDWLRQ LQ GUXJ GHYHOR!
VWDELOLW\ Rl GUXJ SRO\PRUSKV IURP HIS\WWULPHQW
&KHP $ i
(WWHU 0 & (QFRGLQJ DQBRQ B8 FRDRWREWIDWRFH Q
FRPSRXFEV &KHP 5HV +
<DQJ - <LQ / *RQJ ;' 6LQGEWRNLUL®OV3RI| 56-00QN
JRUPDWLRQ DQG &RFU\VWDOOL]DWLRQ $ &RPELQHG
BWX&U\VW *URZWK 'HV =

IXR < + 6XQ % : 3KDUBPDWMBRWVFDIO3YRD]LQHFDUEI



3=$ ZLWK 9DULRXV &DUER[\OLF $FLGV &U\VWDOOR
DQG 'LVVROXSMLR® 6 WHRZWK 'HV =

6SDFNPD® 7XUQHU O - OF.LQQRQ - - :ROIIl 6

- -D\DWLODND ' 6SDFNPDQ 0 $ &U\VWDO([SORU}
VXUIDFH DQDO\VLV YLVXDOL]DWLRQ DQG TXDQWLWD
- $SSO &U\WW %

<DQJ ' :DQJ 5 -LQ * =KDQJ % =KDQJ / IX <
DQG &RPSXWDWLRQDO ,QVLJKWV LQWR &RFU\VWDO |,

RI $SQWLS\ULQH DQG &BL\QRSKURYMRQHV  +

ROLW]HU 3 O0OXUUD\ - 6 4XDQWLWDWLYH $QDO)
(OHFWURVWDWLF 3RWHQWLDOV LQ 5HODWLRQ WR
&U\WWDOSUIDWLRORZWK 'HV
6DUNDU 1 3DUNLQ 6 +XFNDEDRS +\CURDKEFW X UL
'"ULYHQ &RFU\VW D O O%]DVMKLRG KRH QH U%h B \BWGV &R P S R X Q
*URZWK 'HV -
.RZDOLN 0 %U]JHVNL - *DZUR VND 0 .D]JLPLHUF]>
([SHULPHQWDO DQG WKHRUHWLFDO LQYBWRWLIDWLRC
FRYDOMWMUDFWLRQV LQ FU\WWDOOLQH VXOIRQDPLGHE
&U\WW(QJ&RPP +
%DQNLHZLF] % :RMWXOHZVNL 6 7ZR 1HZ &RFU\VW
+LUVKIHOG $WRP 5HILQHPHQW RI &U\VWDO 6WUXFW
$WRPV LQ OROHFXOHV $QDO\VL\& RINVOR CGHRIZWIXU' &R P
+

SHUORYLFK * [/ G5\][KDNRY $ 0 7NDFKHY 9 9 +DQ



$ O6XOIRQDPLGH OROHFXODU &U\WWDOV 6WUXFWXU|
&KDUDFWHULVWLFVY OROHFXODU 3DFN&QIVWH\GURJIF

*URZWK 'HV

I+

&DLUD 0 5 6XOID 'UXJV DV 0RRKO FKOALUR B WHDXOW)LRAY/
+

%ROOD * OLWWDSDOOL 6 1DQJLD $ &HOHFRIJ[LE

F\FOLF DPLGHV V\QWKRQV RIFDUBER])DFPQGPL BRI RKBWHXH L

&U\WWW(QJ&RPP £

(ODFTXD ( %XpBQUN 5 ) =KDQJ * * = O0ODF*LOOL

6XSUDPROHFXODU &RPSOH[HV RI 6XOIDGLD]JLQH DQ(

(IWHULRUV DQG L&DPIHYELHREKW RPHUV B W\ WSKHOBOO& R

%RXQA&UYW *URZWK 'HV =

$ELGL 6 6 $ $]LP < .KDQ 6 1 .KDQ $ 8 6XOID

6\QWKHVLYVY VWUXFWXUDO FKDUDFWHUL]DWLRQ DQG

DQDW\VRKDUP %LRPHG $QBO

%LDOWINHOLQVND $ ODVINRZVND - OUR]JLN @ %LHOL

0 3DODYLQVNDV 5 6WHSQRZVNL 3 . XPLUVND -

VXOIDIXDQLGLQH WKHLU VRUSSHRRRSBWHWHVLDO R(
+

IDMODRXL ' (FKDEDDQH O .KpOLID $ % SRXLV

VHOHFWLYH DQG KLJKO\ VHQVLWLYH RSWLFDO FKHF

VXOIDIJXDQLGLQH EDVHG RQ D QRBSMOWYL[HG LVRSRO)

*URRP & 5 UXQRWIRRW 0 3 DUG 6 & TKH &
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$OOpDXPH O *XONR $ +HUEVWHLQ ) + .DSRQ
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IX 7 &KHAXDQWLWDWLYH DQDO\VLV RI PROHFXODU
ODUFKLQJ THWUDKHGBD DUDRSKLVORE H@
IX 7 &KHQ ) OXOWLZIQ D PXOWLIXQFMRMRSXD ZDYI

&KHP
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*LDQQRI]IL 3 %DURQL 6 %RQLQL 1 &DODQGUD
&HUHVROL ' &KLDURWWL * / &RFRFFLRQL 0
(635(662 D PRGXODVRBQBHRSRIQVZDUH SURMHFW |
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6RPH VXOIDQLODPLGRPKIRWHBRERFOHV +
%LV - $ 9LVKZHVKZDU 3 :H\QD ' =DIZRURWNR
6XSUDPROHFXODU 6\QWKRQV 3HUVLVWHQW +\GURJ[\C
&RFU\WWDOV 7KDW &RQVWRIOQ DK &\DRIDR B K MH.$W R U

t
+HUDYL 0 0 )DUKDQJL 1 %DNKWLDUL . *KDVVH
3ULPDU\ YOWRKRDUER[\OLF $FLGV 8VLQ3,BLOLFD 6XS

8QGHU OLFURZDYH ,UUDBLHDMW BERQVEPLD 6RO QAR F



+
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2UJDQLF 6\RONKHEVEKHP ,QW (G (QJO=
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6 XSSRUWLQJ ,QIRUPDWLRQ

JLIXUH 86& WUDFHV RP2EODFN(/UH®DQG 63(/
FRFU\EWRKE 6pp2 EODFNL%®PHDQG 6*¥%$ FRFU\WWDO
EXH 6Fpb2 EODFN 1%$ UMNG FRFU\WWDO EOXH DQG
1%%$ OH&FRFU\VWDO JUHKBR2 BPQIFNG 8*( UHG DQG 6*

3+( FRFU\VWDO EOXH



J)LIXUH 66 VSHFWUDpB2 D3(6DQG &/ FRFU\VWDO

JLIXUH 66 VSHFWUWPP 2RI BHH QG 6" 1%$ FRBWOD\VW



JLIXUH 6 VSHFWVUPDP 2RI 1%$ 6*1%$ FRFQW\VWD
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7/DEOH 6\GURJHQ E®&EGEXQWRGEGDFWLRQ JHRPHWULHV

'3(/ FRFUWWDO

7\St "W + W LW +Wwg $58
1 + w >
1 + w >
1 + w >
1 + W >
QW 1+ W
1 + W >
& + W& >
QW & + wR
&J , &J - &J&J ,QWHUSODQL 'LKHGUDO %HW $58
>

aSymmetry codes: [2656.] = [2_656] =x1-y, 1-z; [1455.] = [1_455] =1+X, Yy, z; [2666.] = [2_666] =X,

1-y, 1-z; [1655.] =[1_655] = 1+X, vy, z; [1656.] = [1_656] = 1+X, y, 1+z. Cg2 represents the centroid-of N1

C1-C2-C3-C12C11 and Cg3 represents the centroid ofG&C7-C6-C10-C9. Cg(l) = plane number I;

Cg«£g = distance between ring centroids (Ang.). Beta is the displacamgletbetween the ring normal of

plane | and the centroid vector.

c

f



7/DEOH 6\GURJHQ E®&EGEXQWRGEGDFWLRQ JHRPHWULHV

1%$ FRFUY\WVWDO

7\SE ' +wWw8 b+ + W C W +Ww  $58
1 + W >
, QW 1 + w2
2 + W >
1 + W >
1 + W >
1 + W >
QW & + w&
QW & + w&

aSymmetry codes: [4564.] = [6_564] =Xy, -1/2+z; [1565.] = [1_565] = Xl +y, z.

c

f



7/DEOH 6\GURJHQ E&GEXQWRGEGDFWLRQ JHRPHWULHV c¢ f

1%$ FRFUY\WVWDO

7\S| W '+ + W LW "W $58 -
1 + w& > (
1 + w& > (
1 + w2 > (

o
=
[EEN
+
3

1 + w2 > (
1 + w2 > (
1 + w2 > (
2 + W > (
1 + w2 > (
& + W& > (
, QW & + w2
& + w > (

aSymmetry codes: [6555.] = [7_555] = M21/2+y, 1/2z; [7555.] = [4_555] = 1/X, 1/2y, -z; [6545.] =
[7_545] = 1/2x, -1/2+y ,1/2z; [1545.] = [1_545] = x;1+y, z; [4565.] = [6_565] = x,¥, 1/2+z.



7DEOH 6\GURJHQ E@E@EQWOGDFWLRQ JHRPHWULHV ¢
1%$ OH &1
Type D-H wi DH HwA  DWwA D-Hwk  ARU (J)
1 NI-HIAw®1 086 257 3.354(3) 153  [1655.01]
2 N3-H3AW®8 0.86 235 3.086(3) 144 [1555.03]
3 N3-H3BW@3 0.86 2.01 2.870(3) 174  [1455.02]
4 N4-HAAWD8  0.86  2.03 2.848(3) 158  [1555.03]
5 Intra  N4-H4BwW®2 0.86 2.19 2.812(3) 129
6 N4-HABwW®2 0.86  2.33 2.939(3) 129  [2676.01]
7 O4HACWNW2  0.82  1.87 2.681(3) 170  [1655.01]
8 O7-H7wWN7  0.82 201 2.829(4) 174  [1555.04]
9 C3H3w®1 093 254 3.385(3) 151  [1655.01]
10 C11-H11w®5 0.93 253  3.259(4) 136 [2667.02]
11 C19H19wW®1 093 256 3.313(4) 138 [2676.01]
12 C23H23CW@3 0.96 253  3.425(4) 155  [1455.02]
&J , &I &J&J ,QWHUSODQEL 'LKHGUDC %H\ $58 -
3.8615(17) [2666.03]

aSymmetry codes: [1455.] = [1_455}%+X, y, z; [2676.] §2_676] = 1X, 2-y, 1-z; [1655.] = [1_655] =
1+x,y, z; [2667.] = [2_667] =-X, 1-y, 2-7; [2666] = 1X, 1-y, 1-z. Cg2 represents the centroid of €33
and Cg2 represents the centroid of @180. Cg(l) = plane number |; G§g = distance between ring

centoids (Ang.). Beta is the displacement angle between the ring normal of plane | and the centroid vector.



7DEOH 6\GURJHQ ER®GWKRGDFWLRQ JHRPHWBYLHV c
FRFU\WWDO
7\S| "+ W '+ + W "W " twB  $58 -
1 1 + $me  0.86 2.46 3.220(2) 148  [1455.01]
2 1 + $wme  0.86 2.14 2.985(2) 169  [2655.01]
3 Inra 1 + %w2  0.86 2.29  2.8953(19) 128
4 1 + %we  0.86 2.62 3.313(2) 139  [4564.02]
5 1 + $wme  0.86 2.08 2.930(2) 169  [2655.01]
6 1 + %we  0.86 2.08 2.936(2) 175  [1655.02]
7 Inra & + W& 0.93 2.53 2.903(2) 105
&J , &J - &J&J ,QWHUSODQL 'LKHGUDO %H' $58
> (

aSymmetry codeq4564.] = [4_575] = x3/2-y, -1/2+z [1455.] = [1_455] =1+X, Y, z; [2655.] = [2_655] =

1-x, 1/2+y,1/2-z; [1655.] = [1_655] = 1+xy, z; [3576] =-X, 2-y, 1-z. Cg2 represents the centroid di-N

C13-C8-N6-C19-C14 and Cg3 represents the centroid ofCBC10-C12-C12-C13 Cg(l) = plane number
I; Cg £g = distance between ring centroids (Ang.). Beta is the displacement angle between the ring normal

of plane I and the centroid vector.

f

l



7DEOH 6\GURJHQ ERRGWKHEGDFWLRQ JHRPHWUIHV

FRFU\VYWDO

c

7\St '+ "+ + W ‘W ' +w8  $58 -
1 1 + we 083(7) 224(7) 3.05609) 167(7) [2756.02]
2 1 +we 077(7) 2.38(7) 3.14509) 175(8) [3756.02]
3 1 +we 086(7) 2.11(7) 2.974(7) 176(9) [3656.01]
4 1 + we 085(7) 257(7) 3.279(7) 142(6) [2645.01]
5 1 +we 082(7) 215(7) 2.937(7) 161(7) [2645.01]
6 Intra 1 + w@ 0.75(8) 243(7) 2.832(7) 116(7)
7 1 +we 0.758) 22008) 2912(7) 160(7) [3655.01]
&J , &J - &J&J ,QWHUS®IDQL 'LKHGUDO %H' $58 -

>

>

aSymmetry coded3656.] = [3_656] = 1x, -y, 1-z; [3655.] = [3_655] = 1, -y, -z; [2756.] = [2_756] = X,
1/2+y,3/2-z; [3756.] = [3_756] = 2, -y, 1-z; [2645.] = [2_645] = Ix, -1/2+y,1/2-z; [4544] =X, -1/2-y, -
1/2+z; [4545] =X, -1/2-y, 1/2+z. Cg2 represents the centroid a8N6-C10-C9-C8 and Cg3 represents the
centroid of @A3-C14-C15-C16-C17-C18 Cg(l) =plane number I; CgCg = distance between ring centroids
(Ang.). Beta is the displacement angle between the ring normal of plane | and the centroid vector.

f



7TDEOH ®&H O HW\WS R G RSDULADRCH VWHRIFAERIRAWWULEXW LR QFUDVIV@OIRU 6*'
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$SEVWUDFW

Piroxicam (PRM) and meloxicam (MEL) are twmonsteroidal artinflammatory
drugs, belonging to the Bibprmaceutics Classification System (BCS) Class I
drugs. In this study, six novel pharmaceutical sallBRM and MEL with three
basicorganic counterions, i.e.;a@minopyridine (4AP), 4imethylaminopyridine
(4DMP) and piperazine (PPZ) were prepared byhbslurrying and slow
evaporation. These salts were characterizedifylecrystal and powder Xay
diffraction, thermal analysis, and Fourier transform infrared spectrosadisix
salts, especially MEl4DMP and MEL4AP, showed a significantly improved
apparent solubility and dissolution rate in sodium phosphate solution compared
with the pure APIsNotably, PRM4AP and PRMADMP salts exhib&denhanced
fluorescenceandthe PRM-PPZsalt showed weaker fluorescence compared with

that ofpure PRM due to different luminescent mechanisms.

L QWURGXFWLRQ

Over the past few decades, the wide application of-thighughput screening in

drug design and discovery has resulted in more drudidates exhibiting low
aqueous solubility. Many approaches, including the useanbparticles lipid-

based drug delivery systefrend cyclodextrin inclusion techniquésave been
successfully developed to enhance the solubility of active pharmaceutical
ingredients (APIs). For ionizable (acidic, basic and zwitterionic) APIs, salt
formation is the most commonly used metfmdenhancing aqueous solubility

To some extent, this approach can produce predictable and designable

physicochemical properties and performance of drug substahces.



Approximately 50% of all drug molecules present in marketed products are
administered as salt$,'2 for example Zontivity® (Vorapaxar sulfafe Kisqal®
(Ribociclib succinate and Ofe? (Nintedanib esylade For the preparation of
pharmaceutical saltspKais one of the most important factpesad saltsan be
distinguished from cocrystals by the degree of proton transfer between the
componentsGenerally, sygms with JpKa< # leads to cocrystals{pKa> 4
results in salts, whiled < (pKa< 4 can form either of them [whergpoKa = pKa
(base) * pKa (acid)]* In addition, complementary hydrogen boadceptors
/donors should exist in the structures of the drug molecule and salt fdprtass.

also important that the salt formers shobédpharmaceutically acceptable or on

the generally recognized as safe (GRAS) thiedEuropean Food Safety Authority

EFSA) lists to ensure that the resulting pharmaceutical salts are safe. Based on

the presence of acidic or basic functional groups in ionizable APIs, potential
counterions can be selected. For basic drugs, chloride and: saratypically the

most popular inorganic counterions, while acidic drugs usually form salts with

simple inorganic cations such as sodium, magnesium and potdésevently,
pharmaceutically acceptable organic counterions have received increasing

attention because they tend to have preferable dissohgiwsvious. There is no

common ion effect in gastric media for the systems compared to the hydrochloride

salts, and salt disproportionatioraynbe reduced owing to the regulation of the
microenvironmental pH by the organic counteribhs®
BLUR[LFDPEWBBQG)EDREH PH XUHDQG PHOR[LELM® Q4X/
QDPOHRELF)LIXUHD QRRQVWHURQGDOMP PRWRU\ GUXJV SUH
IRU WKH V\PSWRPDWLF UHOLHI RI UKHXPDWRLG DUWKU

WR WKH %LRSKDUPDFHXWLFV &CDUWAIMLB Q% L RMXK XYV W\



ELRDYDLODELOLW\ LV FRQULW H UHGOWNBHHERH HoUW V ¥ RO X W |
DQG O0(/ DUH ]ZLWWH U LLREKDF DFRPIBRRQ GV BE\GURI[\O

JURXS SIQG S\ULG\O DOQ®KRS K\GUR[\O JURXS DQ
SD EAEAWOQ RIPMMK\WKLD]RO\OUHYBXFWLYHO\ :KHC
IRUPLQJ VDOWYV ZLWK DFLG FRXQWHULRQV WKH QLWU
WKLD]JROH ULQJ IURWP GH8  IRRWERQODWHG ZKHUHDV ZKHQ
DUH LQYROYHG LQ WKH VDOW IRUPDWLRQDWHKE8 SKHOQF

J)LIXUHDQG

Figure 4.1. Neutral, zwitterionic (middlg)acid (left) and base (right) salt forms

of PRM.

Figure 4.2. Neutral, zwitterionic form (middle)acid(left) and base (right) salt

forms of MEL



%RWK 350 DQG O0(/ DUH SRO\PRUSKLF 350.KPpV VL[ SRO
.y 9, DQGDEPRG LW H[LVWV DV JZLWWHULRDBKIFOHRUP LQ
ILYH SRO\PRUSKYV, IRUPYG 9, RI O(/ KDYHEHGWKHSRUYV
]JZLWWHULRQLF IRUP RI 0(/ LQ WKH VROLBQ®XRUWWDQ E
PRQRK\GUDWH

Childs and Hardcastleinvestigated thecocrystal formation of PRM with
pharmaceutically acceptable carboxylic acids using a crystal engineering
approaclt® Wilson et al. demonstrated the PRIvholecule can exist in two

possible tautomers when cocrystallizing with meubstituted benzoic acids.

Subsequently, they synthesized differentilti-componentmolecular crystals

(including cocrystals and salts) of PRM witkhheterocycles and haloanilicids,

and significantly enhanced solubility can be found in some cry$tZksworotko

and ceworkerssynthesized 2 cocrystal forms of MEL with carboxylic acids via

crystal engineering and the supramoleculartsymiapproachSolubility tests and
pharmacokinetics studies tleseMEL cocrystals reveald9 out of 12 cocrystals

exhibited a greater apparent solubility and higher oral bioavailability compared to

pure MEL® %0 |n addition to PRM and MEL, two more oxicam drugs (lornoxicam,

LRM, and tenoxicamTNM) have hadmulti-componenforms syntheized and

their physicochemical properties investigated. Naegal. synthesized a series of

cocrystals and salts &fRM and TNM, indicating the solubility advantages of

those newmulti-componentrystalline forms* 32 The knownmulti-component

forms of these four oxicam drugs are displayed in Tdldle



7TDEOH 6XPPDU\ RI

WHQRI[LFDP

VDOWY DQG FRFU\VWDOV DQG WKHLU SK\VLFRFKHPLPOQ@G SURSI

1DPH]| 6\WWH OXOMRPSRQRQRHUV 3K\WLFRFKHPLFD®OD SURSHUWLH
3LUR[Lf 6DOW | $PLORS\ULGLRHWK\ODP LOISHUMKGYH] +LIJKHU VROXELOLW\ DW S+ PRGLILHG O
VROYD / DUJLBLQH +LJKHU VRO XE LXUIHDWHU+ELRDYDLODELOLW
(WKDQR B®PHWHKD GRODLPMIGFQRODPLQH 1R LPSURYHPHQW LQ VROXELOLW\ DW S+
S+
IRUIOR[DFLQ OH2+ +LJKHU VROXELOLW\ DW S+ [
&RFU\\ "OFUHDVHG VROXELOLW\ L@FYHDVHG (
%HQ]RLF DFLG LQPSURYHG RUDO ELRDYDLEJDELgLVl\g\ LQ UD\V
&RFU\\ 8ORQHNIQ\O DFHWDWH PSURRRIGVWXUH VWDELOLW\
VROYD )HEX[RVWDW PSURYHG GLVVROXWLRRURWRE |BRAS UH VIV
YHUXOLF DFLG _,PSURYHG ,'5 DW S+ [ LPSURYHG SRZ
YXURVHPLGH *RRG WKHUPDO VWDELOLW)\ JRRESNWDELO |
ILFRWLODPVRWFDERRDULEXVRDBLXP 1R VROXELOLW\ DGYDQWDJH
0 HW K\ O SYIDEFOD L 1R VROXELOLW\ .5 DGYDQWDJHV DW S+
VXSHULRU GLVVROXW LRIQVUBW HDWL®+WKH V
6DFFKDULOQ EHGXFHG SODVWLFLW\ VLJOQLIEMHXDW DR)GH
6RGLXP BFHWDWH _PSURYHG VROKESORWHEG[ FRPSUHVVLELOLW
OHOR[L| 6DOW | $PLORS\ULGLRHWEK\ODPLORS\ULGLOQH| +LJKHU VROXELOLW\ DW S+
VROYD| $UJLGLOH PSURYHG GEWKPROXWXSBQ
&LSURIOR[DFLQ OH&1 +LJKHU VROXELOLW)\ DW S+ [
&\VW FHLOWE QH PSURYHG G EWKROXWXSEQ
OHJOXPLOQH PSURYHG VROXELOLW\ DW S+
- PSURYHG GEWKROXWXSEQ QR ELRDYDL@MD
2+ 42 YLYR
"L WHMKD Q ROMANOK\GUR[\PHWK\02BPL( ,PSURYHG GEWKPWKBWB* [ i
ﬁgng\\  ODOLE DELG 1R VROXELOLWN BEYDQWIBIHRYIHG ELRDYDL
&RFU\\ $GLSLF DFLG 1R VROXELOIMVD WGSD QWD
$VSLULOQ PSURYHG VROXELOLW\ DW S+ [ LPSU
&RFU\\ %HQ]RLF DFKGGUR[\EHQFRLF WL\ +LJKHU VROXELOLW)\ DW S+ LPSURYHG E




VROYD

QDSKWKRLF/DFFRLGLFEDFLE8DOLF\O VX BIF|
DFLG

&DPSKRUEF DFLG

1R VROXELOLW\ DGYDQWDJH DW S+

)XPDULF DFLG

+LJKHU VROXELOLW\ DW S+ QR ELRI

*OXWDULF DFLG 1R VROXELOLW\ DGYDQWDJH DW S+ LPS
*O\FROLF DFLG 1R VROXELOLW\ DGYDQWDJH DW S+ QR
+\GURFLQQDBPLF DFLG +LJKHU VROXELOLW\ DW S+ QR ELRDYDL
ODOHLF DFLG +LJKHU VROXELOLW\ DW S+ LP S\
6DOLF\OLF DFLG +LJKHU VROXELOLW\ DW S+ HQK
7HUHSKWKDOLF DFLG +LJKHU VROXELOLW\ DW S+
/JRUQR[| 6DOW | +&0 PHWKDQHVXOIRIQSHUDALGH 1+ ,PSURYHG GLVVROXWLRQ DW S+ | i

VROYD 1RUIOR[D2FLIQ2+ ,PSURYHG GLVVROXWLRQ DW S+ [

&RFU\\ $VFRUEEE WDFRLFFDOIQ® P EF LWFWIBFXPPL] 1R VROXELOLW\ PGYDQWDJH LQ +
DFEGO XW D 6 KE SC5FXUEE F DIDFRGLEV DO LB\ G L

&RFU\\ VXFFLQEWDWWGULF DFLG

VROYD $PLQREHQ]RREVDKUDGLIOUWXODFIKBEIWR][ ,PSURYHG VROXHLOLW\ LQ +
EHQ]RLFRDPBOGFE DHLRBUFNDERRDULKXVRD

. ,QFUHDVHG ,'5 DW S+ [ [ LPS
LPHWK\G XUHD ELRDYDLODELOLW\ [
7HQR[L| 6DOW | &LSURIOR[DFLQ OH2+ ,PSURYHG GLVVROXWLRQ DW S+ [

VROYD +&0 PHWKDQHVXOIRQLF DFLG 1R VROXELOLW\ ,'5 DGYDQWDJHV DW S+
3LSHUD]LQH ,PSURYHG VROXEL®LW\ [DW S+

&RFU\\ %HQ]RLF DFLG 1R VROXELOLW\ DGYDQWDJH LPSURYHG ,'5
&DWHFKRO S\URJDOORO UHVRUFLQR|{,PSURYHG VROXELOLW\ | i '5 [

&RFU\\ *O\FRO LV DFEKVDDQF\GVRAAIQEF DFLJ 1R ,'5 DGYDQWDJH DW S+

VROYD 6DOLF\OLF DFLG 1R VROXELOLW\ ,'5 DGYDQWDJHV DW S+

PQR UHSRUWHG SK\VLFRPKHRRIPE R (BHURS HBW L35V R0 (/

DQG 718QR FU\WVWDO VWUXFWXUH UHSRUWHG



W LV NOKRZVW 350 H[KLELWV OXP L QWGFMWEHH H K VR EXW
UHFHQW LQWHUHMMDWE @M. QHROAHEQW SYURSHUWLHV
FRPSREHWOWNVDOOLQH PDWHULDOV ZLWK DSSOLFDWLTF
HPLWWLQJ GLRGHV VHPLFRQGXFWRU ODVHUV DQG [0
,Q PDQ\ FRQYHQWLRQDO V\WVWHPV IOXRURSKRUHV WK
WKH VROXWLRQ VWDWH FDQ H[SHULHQFH SDUWLDO RL
DJJUHJDWH VWDWH 7KLV LV &WH WHR FHU M\l I\WBW ¥ VR H
VROLG VWDWH DQG LV FDXREHG OX HQIB KHID WERQ

7DQJYV JURXS UHSRUWHG WKDWLJYQIORBBQ®HU LN QMDY
IOXRUHVFHQFH LQ WKH DJJUHJDWHG VWDWH DQG SUF
LQGXFHG HPLVVLRQ WR H[SGIFHD W KHD B\K HQ K A HALR® H
ZLGH DSSOLFDIMWLIRWHRIOKRWIHY FHQFH RG WKKHH S IKIJ® D F |
DQG RSWRHOHFWURQLF LQGXVWULHY )RUNHPHPSOH 71
RYLWHREBYWURKRUHNWFHQFH LPDJLQJ WHFKQLTXH WHR
IRUPDWLRQ DQG WUDQVIRUPDWLRIQQGRNHG R®LWWHIR Q
SURSHUWLHVSKRIQ\OSKHQ\OTXLQR[DOGEQH HWKHQRQI
%DVHGERH{BWE DQDO\VLV Rl WKMWER\FULD & VOVQLXFHV X B B\
/LHW BEPRQVWUDWHG WKDW WKH PHFKDQROXPLQHVFH
PROHFXODU SDFNLQJ UDWKHU WKDQ WKH FKHPLFDO VV
7R GDWH WKH UHSRUMOMWRI FFIREFEOVRMD O/ ZLWK RUJDC
FRFU\VWOUP HR V D UHVEBIUVRVDIBE OXPLQHVFHQW SURSHI
KDYH QRW EHHQ UHSRUWHG 7KHUHIRUH RQH PRWLYI
ZKHWKHU WKH FU\WWDO ODQGVFDSH RI 350 DQG 0(/ FDC
DQG LI VR LV WKHOMW DRQ\ LRSXRIYGIPM\ $QRWKHU PF

LQYHVWLJDWMOMRHHYE B KBYRIRIXED D Q® Q@ W[ DIEG



WKH XQGHUVWDQGLQJ RI FU\WWDO HQJLQHHULQJ LQ P
RI RUJDQLF PDWHULDOV

In this work, six novel plranaceutical salts of PRM or MEL with&minopyridine

(4AP), 4dimethylaminopyridine (4DMP) or piperazine (PPZ) (Figdr&), were

prepared and characterized by various sstade analytical techniques, including

thermal analysis, Xay techniques androurier transform infrared FT-IR)

spectroscopy. The solubility behauimf the six salts was measured and compared

with those of parent materials. The distinct luminescent properties of PRM and its

salts were investigated by optigathysical techniques together with the Hirshfeld

surface analysis arttie frontier molecular orbitals (FMOs) analysis.

Figure 4.3. Molecular structures of the salt formers used in this study (the red
boxes indicate those compounds that successfully formed salts with PRM and

MEL).



([SHULP H@RWDLR Q

ODWHULDOV

Piroxicam (form I) and meloxicam (form I) were purchased from Fluorochem and
used as received without further purification. All salt formers wétained from
SigmaAldrich and used as received. Solvents wauechased fronHoneywell

International, Inc.D Qu&ed as received.

6\QWKHVLYV RI 6DOWYV

PRM-4AP salt: PRM (49.7 mg,0.15 mmol) and 4AP14.1 mg,0.15 mmol) in a

1:1 molar ratio weralissolved in 5 mL of methanol by heating. Red pliéte
crystals were obtained by slowly evaporating therfét solution for 3 days. Bulk
materials were made by slurrying a stoichiometric amount (1:1) of PR

mg,1 mmol) and 4AP94.1 mg,1 mmol) in 3 mL of methanol at room temperature

for 3 days. The resulting suspension was allowed to dry in the fume hood. The
powdered product was isolated and analyzed by powday Miffraction (PXRD).
PRM-4DMP salt: PRM (49.7 mg,0.15 mmol) and 4DMP18.3mg, 0.15 mmol)

in a 1:1 molar ratio were dissolved in 10 mL of acetone by heating. Yellow plate
like crystals were obtained by slowly evaporatingfthiered solution for 3 days.

Bulk materials were made by slurrying a stoichiometric amoun) @.PRM
(331.5 mg,1 mmol) and 4ADMPX22.2 mg,1 mmol) in 3 mL of methanol at room
temperature for 3 days. The resulting suspension was allowed to dry in the fume
hood. The powdered product was isolated and analyzed by PXRD.

PRM-PPZ salt: PRM @9.7 mg,0.15 mmol) and PPZ5(5 mg,0.075 mmol) in a

2:1 molar ratio were dissolved in 5 mL of nitromethane by heating. Yellow needle

like crystals were obtained by slowly evaporatingfilhered solution for 58 days.



Bulk materials were made by slurryirggstoichiometric amount (2:1) of PRM
(331.5 mg,1 mmol) and PPZ43.1 mg,0.5 mmol) in 3 mL of methanol at room
temperature for 3 days. The resulting suspension was allowed to dry in the fume
hood. The powdered product was isolated and analyzed by PXRD.

MEL-4AP salt MEL (52.7 mg,0.15 mmol) and 4AP14.1 mg,0.15 mmol) in a

1:1 molar ratio were dissolved in 10 mL of acetone by heating. Yellow nkieglle
crystals were obtained by slowly evaporating fittered solution for 58 days.

Bulk materids were made by slurrying a stoichiometric amount (1:1) of MEL
(351.4 mg,1 mmol) and 4AP94.1 mg,1 mmol) in 3 mL of acetone at room
temperature for 3 days. The resulting suspension was allowed to dry in the fume
hood. The powdered product was isolated analyzed by PXRD.

MEL -4DMP salt: MEL (52.7 mg,0.15 mmol) and 4DMP18.3 mg,0.15 mmol)

in a 1:1 molar ratio werdissolved in 5 mL of methanol by heating. Yellow plate

like crystals were obtained by slowly evaporating fihkered solution for 810

days. Bulk materials were made by slurrying a stoichiometric amount (1:1) of
MEL (351.4 mg,l mmol) and 4DMPX22.2 mg,1 mmol) in 3 mL of methanol at
room temperature for 3 days. The resulting suspension was allowed to dry in the
fume hood. The powdered product was isolated and analyzed by PXRD.

MEL -PPZ salt MEL (52.7 mg,0.15 mmol) and PPZ(5 mg,0.075 mmol)n a

2:1 molar ratio were dissolved in 10 mL of DNHEOAcC (1:1, v/v) by heating.
Yellow needlelike crystals were obtained by slowly evaporating fitieered
solution for 58 days. Bulk materials were made by slurrying a stoichiometric
amount (2:) of MEL (351.4 mg,1 mmol) and PPZ43.1 mg,0.5 mmol) in 3 mL

of methanol at room temperature for 3 days. The resulting suspension was allowed



to dry in the fume hood. The powdered product was isolated and analyzed by

PXRD.

SK\WVLFDO OHDVXUHPHQWYV

Differential scanning calorimetry (DSC) data were collected using a TA
Instruments Q1000. Samples&2ng) were crimped in nonhermetic aluminum

pans and scanned from 25 to 300 € at a heating rate of 10 C'mimler a

continuously purged dry nitrogen atephere Thermogravimetric analysi3 GA)

data were collected using a Téstruments Q500 thermogravimetric analyzer. The

sample was placed in an aluminum sample pan and heated under nitrogen at a rate

of 20 € min ! from 25 to 500°C. IR spectra were recorded on a PerkinElmer

UATR Two spectrophotometer using a diamond ATR accessory over a range of
4004000 cnmi®. An average ofour scans was taken for each spectrum obtained

with a resolution of 4 cii. PXRD data were collected using a STOEADI MP
GLITUDFWRPHWHU ZLWK &X .. UDGLDWLRQ XWLQJ D OLQ
45.5°with increments of 0.05°at a rate of 2°miff. The samples were prepared

using transmission foils and the data were viewed via STOE WinXPOW

POWDAT softwaré® Singlecrystal X UD\ GLUUDFWLRQ 6&:;5' GDWL
FROOHFWHG RQ D %UXNHU $3(; ,, '82 ZLWK PRQRFKURI
PRM-4AP and MEL:4A4DMP =1.54184c DQG OR .. UDGLDMNRQ IRU 350
PRM-PPZ, MEL4AP aad MEL-PPZ = 0.7107 A), respectively. All
FDOFXODWLRQV DQG UH{, QHPHQWY ZHUH PDGH XVLQJ V
SHELXL program’® * Nonhydrogen atoms were refined anisotropically. All

hydrogen atoms were placed in geometrically calculated positions using the riding

model, with CH = 0.930.97 Aand NiH = 0.860.89 A, andUiso (H) (in the range



1.24.5 timesUeq Of the parent atom)For PRMPPZ and MEEPPZ, there was
disorder in the methyl group, which was modeled in two conformations in a 50:50
ratio. DIAMOND was used for creating figurfsand PLATON was used for
analysis of potential hydrogen bonds and short ring interactfons.

Crystallographic parameters are listed in Tahlke



Table 4.2. Crystallographic data for PRM-4AP, PRM-4ADMP, PRM-PPZ, MEL -4AP, MEL-4DMP and MEL -PPZ salts

PRM-4AP 1:1 PRM-4DMP 1:1 PRM-PPZ1:0.5 MEL-4AP 1:1 MEL-4DMP 1:1 MEL-PPZ 1:0.5

Chemical formula
Formula weight
Crystal system

Space group

Temperature (K)

a (A

b (A)

c(A)
0}
)

0
Volume (&%)

Z

lcalc (9 Cms)

CooH19Ns04S
425.46
triclinic
28
293(2)
8.2328(12)
10.6200(16)
12.361(4)
75.393(16)
71.368(12)
89.872(10)
987.4(4)
2
1431

C22H23Ns04S
453.52
monoclinic
C2/c
296
22.431(3)
16.048(3)
12.900(2)
90
109.888(6)
90
4366.7(13)
8
1.380

Ci17H18N404S
374.41
monoclinic
P2i/c
299(2)
9.944(4)
7.906(3)
22.650(12)
90
96.56(2)
90
1769.1(13)
4
1.406

CioH10NsO4S, Co1H23N504S,

445.51
monoclinic
Cc
296
11.813(2)
20.427(4)
10.2167(17)
90
123.016(3)
90
2067.1(6)
4
1.432

473.56
triclinic
28
298(2)
8.3482(7)
10.4251(15)
12.6635(7)
90.789(7)
95.355(5)
95.567(7)
1091.84(19)
2
1.444

Ci16H18N404S

394.46
monoclinic
P2i/c
298(2)
8.002(4)
29.90(2)
7.512(4)
90
106.380(18)
90
1724.6(18)
4
1.519



Radiation type &X ..

(mmY) 1.795
Reflns measured 40074
Reflns independent 3809
Significant [>2 11)] 3670
Parameters refined 272
Restraints 0
0 hax O hin (€ A% 0.367,-0.465
F(000) 444
RL[1>2 11)] 0.0435
WR: (all data) 0.1193

CCDC Number

OR ..
0.188
27903
5504
4248
292
6
0.381,-0.451

1904
0.0561
0.1200

OR ..
0.214
57483
9923
7423

235

0
0.404,-0.417

784
0.0425
0.1338

OR ..
0.295
7186
3309
3236
273
26
0.140,-0.232
928
0.0260
0.0654

&X ..
2.551
57119
4267
4010

290

0
0.331,-0.559

498
0.0344
0.1017

OR ..
0.340
76271
6931
3067

235

0
0.385,-0.445

824
0.0609
0.1916




&RPSXWDWLRQDO 6WXGLHV

+LUVKIHOG VXUIDFWMZAIOMHQVHRQD@QBEHUSULQW SORWYV
FDUULHG RXW XVLQJ WKH &U\VMW@PWOL(WORKQHFWLRQBORW!
')7 FDOFXODWLRQV XVLQJ WKH *DXVVLDQ SURJUI
5% /<BXQFWLRQDO GLEBBKVLYVY VHW ZHUH SHUIRUPHG RQ 3
WKH VL[ REWDLQHG FU\VWDOV ZLWKRR® FRERGXFWLQ.
PROHFXODU RUELWDOV ZHUH YLHZLQJ XVLQJ 0OXOWLZ

90"

6ROXELOLW\ ([SHULPHQWYV

Solubility experiments were conducted in sodium phosphate buffer solutions at pH

6.5 and 37 € to simulate intestinal physiological conditions. For each experiment,

anexcess crystalline solid was ¥eHG WKURXJK D P VLHYH DQG LQ
a flask witha screwtop containing 100 mL othemedium. The solution was stirred

at 200 rpm by a magnetic stir bar for 48 h to reach the equilibrium state. Sampling

was performed at 5, 10, 15, 20, 30, 45, 60, 90, 120, 180, 240, 300, 360, 540, 720,

1440, 2160 and 2880 min. After each sampling, the volintiee liquid removed

from the suspension was not compensated. The withdrawn suspension was filtered
WKURXJK P Q\ORQ ILOWHUYV -derfpnaried Ggxid HG SULR
chromatography (HPLC) analysis. The solubility experiment for each crystal form

was repeated in triplicate. After the last sample collection, the remaining solid

material in the suspension was filtered, dried and characterized by IR and PXRD.

7KH +3/& PHWKRG ZDV GHYHORSHG WR GHWHUPLQH W
0(/ XVLQJ DQ $JL\OHHQWYV ,QILQLWH +3/& V\VWHP $JLOH

':DOGEURQQ *HUPDQ\ $ & +3D& ¥FRXEKRQXRQ& PP



q° PP P ZLWK D IORE/WPEIWBBWHPSORGGVKH FROXPQ

WHPSHUDWXUH ZDV VHW DW & VLKMW EGOQDIUD PHRER Q E
DQG VRGLXP SKRVSKDWH EXIIHU S+ LQ D YROXPH
ZHUH GLOXWHG DSSURSULDWHO\ ZLWK WKH PRELOH
PHDVXUHG DW QP 7KH UHWHQWLRQ WLPHV RI 350 D(

PLQUHVSHFWLYHO\

2SWLFOWOLFDO OHDVXUHPHQWYV

Solid-state U\tvis spectra were recorded on a Shimadzu 3200 UV spectrometer.
Solid-state fluorescent spectra were collected by a Cary Eclipse Fluorescence
Spectrometer (Agilent, United States) with 3®Bn excitation light. The
fluorescence quantum yield values were performed on a Hamamatsu Photonics

C9920602G Instrument (Hamamatsu Photonics Co., Ltd).

5HVXO WV VOFX® VLR QV

&U\WWDO 6WUXFWXUH $QDO\VLYV

The salt formation of PRM or MEL can be rationalizedpiKavalues. ThelpKa

values are greater thdnn all cases since 4AP, 4DMP and PPZ are strong organic

bases (Tabld.3). Therefore, it is expected that the hydroxyl group of PRM or

MEL will be deprdonated and form charggssisted hydrogebonded salts with

these organic counteriorfiingle crystalf the six sak suitable for SCXRD were

obtained and their structures determinEtlipsoid plots of PRMAAP, PRM

4ADMP and PRMPPZ are shown in FiguredS and those oMEL-4AP, MEL-

ADMP and MELPPZ areshown in Figure 13. +\GURJHQ ER&@EBV DQG

interaction geometries are shown in Tabléd-$4.3 for PRM4AP, PRM4DMP



and PRMPPZ salts, and in TablestS-$4.7 for MEL-4AP, MEL-4DMP and

MEL-PPZ salts.

Table 4.3. pKa Values of PRM, MEL, salt formers and their (pKa values.

pKain water (pKafor PRM (pKafor MEL  structure

PRM 1.8625.46%
MEL 1.0924.18%

4AP 9.17"" 7.31 8.08 1:1 salt
ADMP 9.7078 7.84 8.61 1:1 salt
PPZ 9.727° 7.86 8.63 2:1 salt

it is the hydroxyl group that is deprotonated in this work.

PRM-4AP Salt

PRM-4AP crystallizes in2%&pace group with Z = 2, the asymmetric unit
consisting of one PRManion and one -dminopyridinium (4APH) cation. As
shown in Figure44a, a 4%:z; motif is formed between PRMand 4APH
throughtwo discrete hydrogen bondil4 H4A w2, 2.99A; and N4 +H4B w3,
2.89 A) and intramoleculahydrogenbonding ineractions[S(6), N3 4H3N w@3,
2.65A]. There are two more intramolecular interactions within the PaRMon
(C12H12we4, 2.87 A and CHIB W®2, 2.85 A), forming a S(6) motif and A

S(5) motif, respectively. Notice the bond angbé the methyl CH w®
intramolecular interaction is smaller than that of other interactishsch is
reasonable since fivemembered ring intramolecular hydrogen bonds usually have
the smallest angles and the longest distacoegared to the sigightmembered
intramolecular hydrogen bonds and are within the geometric limits of a hydrogen

bond as define® Moreover, the angle formed between the methyl hydrogen



and the plane of a $pxygenin PRM* anionis 45.4° which falls within the
required range (< 50%. Thismethyl C4H w@® intramolecular interactioim PRM*
anioncan also be found in PRMDMP and PRMPPZ saltsand theirdihedral
angles @ are listed in Figure £6. The basic unit is extended viao discrete
hydrogenbonding interactions, i.eN54H5Nw®4 (2.65A) and C19:H19w@1
(3.28A), resulting in a doubkayer 2D network (Figuré.4b). As shown in Figure

4. F W K@EhtéEactions between layers participate in the construction of the
threedimensional 8D) structure. The centroitentroid distances ofE
interactions from Cg2 to@b (orange), Cg5 to Cg2 (blue), and Cg3 to Cg3 (purple)

are4.18 4.17 and3.64A, respectively (Table &1).

(@)



(b)

(©)

Figure 4.4. Crystal packing and intermolecular interactions in the P&AW? salt:

(a) asymmetric unit (orange is PRM and green is 445) 2D hydrogerbonded
network (hydrogen bonding is displayed by dashed ljrees) (c) 3D network
UHV XOW LiQaiteratfoRs skndicated by dashed lines (hydrogen bonding is

not displayed for clarity).

PRM-4DMP Salt
PRM-4DMP crystallizes in the monocliniC2/c space group and contajnis the
asymmetric unjtonePRM*anion and one 4DMPHtation. As shown in Figure

45a, one S(5) and two S(6) can be found in the structuteedfRM*anion. The



two PRM* anions and two 4DMPHcations form a 4§:tt ; motif around an

inversion center via two discreiéd iH24 w1 (3.15A) and C22{H29w®1(3.40

A) hydrogenbonding interactionsThe discreteN5 iH24w@4 (2.69A) hydrogen

bond is also responsible for the construction of the tetrarhes.tetramer is then

extended by fourCiH w@® hydrogen bond interactions, displaying the 3D
hydrogernbonding network (Figuréd.5b and Table &£2). As shown in Figuréd.5c

and Table8. WKH ' VWUXFWXUH LVIiXUQYWHU D/AMN\DLERL@\W |EHHG

the two pyridyl rings of PRM and 4DMP (Cg2y5,4.07A).

(@)



(b)

()

Figure 4.5. Crystal packing and intermolecular interactions in the PHMP
salt: (a)tetramer (orange is PRM and green is 4DMB) 3D hydrogerbonded

network (hydrogen bonding is displayed by dashed ljreesj (c) 3D network



UHV XOW LiQaiteratfoRs &8 indated by dashed lines (hydrogen bonding is

not displayed for clarity).

PRM-PPZ Salt

The PRMPPZ salt crystallizes in the monoclinic system, space ge@up with
onePRM*anion and half of the PPZH dicationin the asymmetric unit. As shown
in Figure4.6a, the PPZH#* dication is located on an inversion center (protons
abstracted each from two PRM molecules) and theRRM* anions are at the
general position in the unit cell.nA42 : s s motif is formed betwen PPZEF* and
PRM*throughdiscrete NdH w® hydrogen bond interactioiN@ 4B w3, 2.70

A) and C#® hydrogen bond interaction ( C17417Aw®1, 3.48A). Along the

c axis, there arediscrete NH w® hydrogen bondsN4 H4A w@4, 2.65 A)
between PPZW* and anothePRM* DQLRQ 1R VLiJ® LUQMDHUMD F&/ LR Q'
participate in stabilizing the 3D structure of PHNPZ salts (Figuré.6bandTable

4.3).

(@)



(b)

Figure 4.6. Crystal packing and intermolecular interactions inRRM-PPZ salt:
(a) basicunit (orange is PRM and green is PPZ) and (b) 3D hydrbgewded
network (hydrogen bonding is displayed by dashed lines). One of the disordered

methyl hydrogen atom conformations has been omitted for clarity.

MEL -4AP Salt

MEL-4AP salt crystallizes as a 1:1 salt consistent with the atidse donot
acceptor ratio. OneMEL * anion and one 4APHcation are present in the
asymmetric unit of a monocliniCc crystal structure. As shown in Figut&a, an
42:x; supramolecular herosynthon is formed between one 4AP&hd one
MEL* via NiHW® and CIHW® discrete hydrogen bond interactions
(N2 iH20w®4, 2.89 A; C16iH16w®, 3.27 A). The methyl CiHw®
intramolecular interactiooan be observed in three MEL salts and tdéiedral
angles @ are listed in Figure &£14. Along thea axis, theMEL *anion in this unit

is furtherconnected with otheWEL *and 4APH through C14H12 w®3 (3.26A)

and N1iH1 w®1 (2.69 A) hydrogen bonds, respectively, extending into a 2D sheet.



These 2D sheets are further linked through iN21wh5 (3.02 A) and
C17iH17w®2 (3.29 A) hydrogen bonds to construct a 3D network, as shown in

Figure 4.7b. The structure is also stabilkG E\ LQWHURRQMKIKKODU &
interactions between the phenyl ring of MEL and the pyridyl ring of 4AP with a

centroidicentroid distance (CiCg) of aroundt.22A (Figure4.7candTable $1.5).

(@)

(b)



()

Figure 4.7. Crystal packing and intermolecular interactions in the MBEAP salt:
(a) asymmetric unit (orange is MEL and green is 4APB) 3D hydrogerbonded
network (hydrogen bonding is displayed by dashed ljrees) (c) 3D network
UHV XOW LiQaiteratfoRs skEndicated by dashed lines (hydrogen bonding is

not displayed for clarity).

MEL -4DMP Salt

The MEL-4DMP salt crystallizes in th@$§8pace group. The asymmetric unit
contains on®/1EL *anion and 4DMPHcation (Figuret.8a). The two components
interact via NiH win (N5 iHO5 wii3, 2.79 A) discrete hydrogen bond interactions.
The 3D structure is further assembled by thi¢i@® (C15iH15A wW®3, 3.35 A;
C16iH16AW®3, 3.45 A; C16H16CwW®2, 3.24 A and C20H20w®@4, 3.16 A)
hydrogen bond intactions between the 4DMPHation and adjacerMEL *
DQLRQV $Gi@htevdcio@sibexwden the phenyl rings friL *(Cg3
Cg3,3.80A) contribute to the extended 3D structure (Figu#8b, ¢ and Table

$46).
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(b)
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Figure 4.8. Crystal packing and intermolecular interactions in the MEIMP
salt: (a)asymmetric unit (orange is MEL and green is 4ADMPB) 3D hydrogen

bonded network (hydrogen bonding is displayed by dashed liaed)(c) 3D



QHWZRUN UHYViXiptaracqoasddiimieatde by dashed lines (hydrogen

bonding is not displayed for clarity).

MEL -PPZ Salt

MEL-PPZ salt crystallizes in the monocliri:/c space group. The asymmetric
unit contains on®EL *anion and half of the PP2H dication As shown in the
top of Figure4.9a, the PPZH* dication connects to tWwdEL *anions viaN iH w®
and NiH w& (N4 iH4Bw®1, 2.93 A; N4iH4Bw&1, 3.31 A discrete hydrogen
bond interactions, generating &8 : x; motif (as shown in the top of Figu#e9a),
and N4iH4B w1 (2.93 A) discrete hydrogdronding interactions (in the bottom
of Figure4.9a). This trimer is connected with adjacéfEL *and PPZH* via

N iH wit and CiH w® (N4 iH4A wiil, 2.85 A and C3H3 w®3, 3.28 A discrete
hydrogen bond imtractions, stabilizing the 3D hydrogen bonding netwdte
QHLJKERULQJ OD\HUV DUH | X@Emekaetichskd.D S ttWRIHWKH U

generate a 3D structure (Figudesb, c and Table £&7).

(@)
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Figure 4.9. Crystal packing anthtermolecular interactions in the MERPZ salt:
(a)basic unit (orange is MEL and green is PRE) 3D hydrogerbonded network
(hydrogen bonding is displayed by dashed linasg (c) 3D network resulting

| UR H (hiteractions as indicated by dashed din@ydrogen bonding is not
displayed for clarity). @e of the disordered methyl hydrogen atom conformations

has been omitted for clarity.



7KHVH DUH WKH ILUVW H[DPSOHV RI WKH R[LFDP VDOW
/50 DQG 710 ZLWK 33= D&URPSERBEQJ WKH FU\WWDO VWU X
IRXU R[IAFDFDOWYV UHYHDOV WKDW WKH\ DOO KDYH D

GLFDWLRQ OLHV RYHU DQ LQYHUVLRQ FHQWHU ZLWK
R[LFDP PROHFXOHV DQG LW ERQBJWYXWRKHEWZR R[LF|
K\GURJHQ ERQGV 1R DFDBWRIBS{FDWLRQ LV LQYROY

PRUH K\EARQJGEIQQI LOQWHUDFWLRQV WKDQ WKH RWKHU W

SK\WVLFDO &KDUDFWHUL]DWLRQ

The PXRD patterns of the PRM system and the MEL systersleown in Figures
A4 and .12, respectively. For all six salts, the experimental PXRD patterns
match the theoretical patterns obtained from the SCXRD analysis, revealing these
salts were reproduced in bulk quantities by the slurry method.

FT-IR specta of PRM and MEL systems ashownin Figures 8.3 and 3.11,
respectively. The new crystalline solids exhibit different vibrational frequencies
compared with those of the pure API and the salt fornf@rexample, for PRM

the characteristic absorption peak at 1628'cassigned to the C=0 stretching
vibration is redshifted to 1626 crit, 1618 cni*and 1615 cnt in PRM-4AP,
PRM-4DMP and PRMPPZ salts, respectively. For MEL the C=0 stretching
vibration is redshifted from 187 cm*to 1614 cni' (MEL-4AP), 1611 cnt
(MEL-4DMP) and 1616 crt (MEL-PPZ). Furthermore, the unencumberié¢H
stretch in PRM (3337 cfy and MEL (3287 cfi) is lost in the PRM or MEL salts,
revealing theiNH group is engaged in the formation of hydrodpemds.These
changes suggest theeenstruction of hydrogen bond networks in those solids and

indicate the formation of new crystalline solids.



DSC and TGA studies were conducted on the six salts and their individual
components to obtain the melting pirand decomposition temperatures. The
melting trace and decompositibehaviar of each salt and the starting materials

are given in the Supporting Information (Figures43 and $4.2 for the PRM

system andFigures 8.9 and$4.10 forthe MEL system). Eackalt shows a single

sharp endothermic peak, suggesting that each product is in a homogeneous phase.
Moreover, the TGA traces indicateatno solvent or water molecule are involved

in the crystal lattice of these salts.

6ROXELOLW\ 6WXGLHV

PRM isdissolved and absorbed mainly in the intestine (in pl),6and MEL
undergoes significant degradation at lower(< 3)2% #Therefore solubility tests

of PRM, MEL, and their salts were performed in sodium phosphate buffer
solutions (pH = 6.5) to investigate tlability of salt formation to improve the
solubility of the poorly watesoluble APIs. Ashownin Figure4.10a, pure PRM
reaches its highest solubility (0.39 mg fiLat 60 min. Subsequently, the
concentration of pure PRM decreases slowly over time dughdocrystal
transformation from PRM anhydrate to PRM monohydrate and forms a plateau
(0.14 mg mL'"). Similarbehaviouiis observed for theophylline and caffefiiéll

the PRM salts exhibitWKH 3VSULQJ DQG SDU®mKhawhey SKHQRPF
dissolve faster than pure PRahdreach their maximum solubility within 5 min,
and then the solubility decreases slowly over time owing tarémsformation of

the salts into the less soluble PRiMbnohydraten solution (sed-igure 3.7 for
PXRD analysis confirming formation of the moryalnatg. The dissolved PRM of

PRM-4AP, PRM4DMP, and PRMPPZ salts are 1.08, 1.07 and 0.43 mg'iL



which are 2.8, 2.8 and 1.1 times higher than that of the anhydrous PRM,
respectively (Tabld.4). Looking at Tablet.1, while some reported cocrystals and

salts do not show any solubility advantage, these results are similar to the majority
of the PRM salts and cocrystals in the literature, demonstrating enhanced solubility

performance.

Figure 4.10. Solubility profiles of (a) PRM, PRMIAP, PRM4DMP, andPRM-

PPZand(b) MEL, MEL-4AP, MEL-4DMP, and MEL-PPZ.

Table 4.4. Melting point (Tm) and dissolved API of PRM, MEL and the six

salts.
. Dissolved PRM . Dissolved MEL
Solids Tm (mg mL"Y) Solids Tm o (mg mL™Y)
PRM 198i200 0.39+0.01 MEL 259(dec) 0.08+0.02

PRM-4AP 213i216 1.08+0.02 MEL-4AP 227i232 0.68+0.05
PRM-4DMP 207i209 1.07+0.01 MEL-4DMP 212i216 0.85%0.02
PRM-PPZ  208i213 0.43%+0.04 MEL-PPZ  246i251 0.28+0.03

Similarly, the solubility and dissolution rate of MEL are significantly enhanced by

salt formationAs shown in Figurd.10b, pure MEL dissolves slowly and reaches



equilibrium 0.08 mg mL'Y) at 90 min.7KH 3VSULQJ DQG SDUDFKXWH"

is also observetbr all the MEL salts, with PXRD analysis of the solid residues
collected after the solubility experiments indicating these undissolved solids had
transformed to MEL (Figure 4&15). The time to maximum dissolved
concentration of the salts is extended tonih, demonstrating the remarkably
improved dissolution rate in comparison witiat of pure MEL. The dissolved

MEL of MEL-4AP, MEL-4DMP, and MEL-PPZ salts i8.1, 10.2and 3.3 times
higher than that of the pure MEL, respectively. Furthermore, MEMP and
MEL-4AP can maintain the supersaturation state for more than 200 and 300 min,
respectively, indicating the two salts of MEL could be promising formulations for
achieving extended release without using polyrfre®. These two salts have
bettersolubility behaviourwhen compared to most reported MEL cocrystals and
salts,although the MEL aspirin cocrystal has significantly improved solubility
compared to all other systerfiable4.1).4

More recently, there have been reports of a correlation between the melting point
and the solubility of cocrystafé. ,Q W K L \ho\euvrl&@idn was identified
when examining the melting point and solubility of PRM salts; however, a
semiempirical negative correlation between the drug melting point and drug
solubility was found in the MEL system (Talflet) 52 8The melting point of the

MEL salts increase in the following order: MEIDMP < MEL-4AP <MEL-PPZ

while the apparent solubility increases in the opposite order:-FIEL < MEL-

4AP < MEL-4DMP.

S



IXPLQHVFHQFH 6WXGLHYV

It is known that PRM is fluorescent in dilute solutfSand we observed that PRM
and the three salts exhibit relatively strong ssligte luminescence. As shown
in Figure4.11, PRM, PRM4AP, and PRM4DMP are yellow and PRNPPZ is
pale pink in color nderwhite light illumination However, upon irradiating wit
UV light, the PRM4AP and PRMADMP salts exhibit strong cyan fluorescence,

while PRM and PRMPPZ show blue fluorescence. SedithteUV ptis absorption

spectra for PRM and its three salts were measured to further investigate the
luminescent properties (@ire4.12a). The wavelength of maximum absorption
for all four solids is ca. 405 nm, and there is a weaker absorption which peaks
around 560 nm in all three salts. In addition, the absorption bands for42RM

and PRM4DMP demonstrate a broad trend witlsleht redshift in the higher
energy absorption band. Based on analysis bgtlal on a different luminescent
systent? this suggests that the charge transfer interaction in these two salts is
stronger than that in PRIAPZ salt. Soliestate fluorescence spectra and quantum
yields of the four PRM solids ashiownin Table4.5 andFigure4.12b. Both PRM

4AP and PRMADMP salts display significantly reshifted spectra and higher
quantum yields compared those ofPRM, while a slight red shift and lower
guantum vyield are observed for PRMPZ. The difference of the luminescent
propeties among the three salts could be attributed to different fluorescence
mechanisms, such as aggregate quendfing,greater competition from nen

radiative relaxation processes in the case of HHHM.



Figure 4.11. Photographs of PR solids (from left to right: PRM, PRMAP,
PRM-4DMP, and PRMPPZ): (a) undewhite light illuminationand (b) under a

UV (365 nm) lamp.

Figure 4.12. (a) Solidstate UVwis absorption spectra and (b) normalized
fluorescence spectra (excited at 368) of PRM, PRM4AP, PRM4DMP, and
PRM-PPZ. The blue line in the insert is the difference between the normalized
fluorescence spectrum of PRM and that of RRREZ, showing an apparent

emission peak at about 417 nm in the PRM fluorescence



Table 45. Comparison of maximum fluorescence emission wavelengths,
fluorescenceguantum yields, andc R Q W U L E X \A(E RORdEdRén@dnding

of PRM, PRM-4AP, PRM-4DMP, and PRM-PPZ.

%3 QP OF EE K\GURJHQ ERQ
350
350 $3
350 '03
35033=

aFluorescence quantum yields excited at 365%RHIHUY WR WKH BREQVOW HXAW QRRIVA Q G
hydrogen bonding in the crystal structures. Valueohtained from Hirshfeld surfaces calculations (Table

S44).

From the structural perspective, PRM demonstrates different conformations and
intramolecular interactions before and after forming salts (Figure In pure

PRM, the hydrogen atom fronhd hydroxyl group forms an intramolecular
hydrogen bond with the oxygen atom from the carbonyl group. In the deprotonated
PRM, there is an intramolecular hydrogen bond between the hydrogen atom from
secondary amine and the oxygen ion. Based on the exstatalintramolecular
proton transfer (ESIPT) theory and internal charge transfer th&dfytwe
suggest that the fluorescence mechanism for PRM salts could be-fnarefer
induced enhanced luminescence with a moderate Stokes shift. Support for an
ESIPT mechanism is seen in the apparent short wavelength emission peak in PRM
that occurs on top of thenger wavelength emission, seen in PRM and its salts
(Figure 4.12). Here the short wavelength peak in PRM would match an enol
tautomer, while the longer wavelength emission in PRM and its salts would

correspond to the lowamergy keto stateAfter protan transfer, the new



conformation and new intramolecular interactions lead to thehiétbd spectra

of PRM4AP and PRMADMP, as well as the higher quantum yields compared
with pure PRM. In addition, the maximum emission wavelength of RPIRWIP

is slightly blue-shifted in comparison with that of PREAP, which could be
attributed to the relatively weaker@E Einteraction®> °2 The stronger
intermolecular interactions suppress vibrational relaxation to enhance the quantum
yields®3 consequently, PRMAP presents a higher quantum yield compared with
that of PRM-4DMP. However, the difference in the emission wavelength maxima
between PRM and PRIRPZ is not as significant as the difference between PRM
and PRM4AP or PRM4DMP, which suggests the fluorescence performance of
PRM-PPZ could also be affecteg bther factors, such as the electron distribution

in the ground and excited states.

)02V KDYH EHHQ XVHG WR H[SODLQ WKH UHDFWLYLW\ L
WKH PRVW UHDFWLYH SRVLW LR BRIPG [FRIQWRQJ IRW MK B \)\O\
KDV EHHQ XQGHUWDNHQ WR VHH LI LW SURYLGHV DQ
SURSHUWLHYV RI 350 DQG WK HMMH WIOUBHEHK ¥ DRIMVW $V V
RFFXSLHG PROHFXODRI BEELWREDWIHR RYHU WKH VNHC
350PROHAFYPHSWISKHQ\O ULQJ ,Q FRQWUDVW LW LV W
QRW LQYRMRIG VY WERFFXSLHG PROHFXODSB RUELWDO
DQG 3503 WKH +202V DUH PDLQO\ UHVWULFWHG LQ
HVSHFLDOO\ DURXDRWRWI®RG RWBEHQFXGIW LEQ OE HEWZHHQ

V X JJHWWKIEMH VW KKHUAFRVW UHDFWLYH SRVLWLRQV 7KH /
ZLWK WKH FDWQRQ V0 3®3HV SHFAMKIHVHORUH WKH GHSURW
RI 350 SOD\V DQ LPSRUWDQW UROH LQ WKH VWUXFW.

FKDHM RI WKK33DPMQG 3B VIVWHAKLFK DOVR VXSSRUW\



SURSRVDO WKDW WKH PHFKDQLVP IRU W&H DOXPLQHVF]
350 '03 LV FUHGLWHG WR WKH SURWRQ WUDQVIHU RI
HQHUJ\ JDS RI33BOVR FRQRVWIEKWROMWHAMG VSHFWUXP
FRPSDULVR@3VR 350

+RZHYHWKH®33= VDOW DOWKRXJK 350 LV BHSURWRCG
VLPLODU FRQIRUPDWLRIHFRRPSD WHAR WROWMKH WKH GLV
+202 DQG /802 YDULHV VLJQLILFDQWO\ %RWK DUH PI
PHWK\O JURXS WKH EHQ]JRWKLD]LQH PBLADWLRIQ350
VXJJHWKEMH SURWRQ WUDQVIHU VLVRWVY \DIURIQY RVQ W/KH
FRQMXJDWHG V\VWHP 7KHUHIRUH WKH REVHUYHG OX
VRPH IDFWRUV VXFK DV FU\WWDO SDFNLQJ DQG PROHF

WR TXHQFK IOXRUHVFHQFH LQ WKH VROLG VWDWH

Figure 4.13. Molecular orbital plts of the HOMOs and LUMOs of PRM, PRM

4AP, PRM4DMP, and PRMPPZ.



O0(/ FDQ H[KLELW IOXRUHVFHQFKRZHYYHKIH MROLMW EZROQN
IOXRUH@;FHQW)LJXUH bQ WKH FU\VWDO VWDWH SRVVL
IOXRUHVFHQFH TXHQFKLQJ FDXVWVHKG B\ABIIJUMIDWLRQ

'03 DQG 038= VDOWYV SUHVHQW D(A)(-,PRVW QR D@QXCGRUHVFH

UHVSHFWIPHQ\LQGLFDWLQJ TXHQFKLQJ GXH WR D.

&RQFOXVLRQV

In summary, six new pharmaceutical salts of PRM and MEL with three organic
counterions (4AP, 4DMP and PPZ) were successfully synthesized and
characterized by various solsate analytical techniques, including SCXRD,
PXRD, DSC, TGAand IR.In the solubility tests, the apparent solubility of all six
salts was enhanced relativethat ofthe parent ralecule (PRM / MEL) and the
dissolution rate of all of six salts was also improved significaiitig. salts exhibit
similar solidstate luminescent propertiss PRM and MEL The protortransfer
induced enhanced luminescence with a large redczhift! be used to explain the
luminescence mechanism of PRMP and PRMADMP. For PRMPPZ, the
mechanism could be the combination of the proton transfer process together with

some guenching processirshfeld surface analysis and HOMBUMO analysis

were al® employed to further investigate the differemhinescenbehavious of

PRM solids.Overall, this study revealed that salt formation by using organic
counterions is an effective approach to improve the solub#ihaviourof poorly
watersoluble APIs. Furthermore, the Iluminescent properties of organic
fluorophores can be altered and modified by forming salts involved proton transfer.
In this example, exposure of samples undeiilllivhination provides a convenient

and useful tool to examine tlsgnthesif new crystalline materials.
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6 XSSRUWLQJ ,QIRUPDWLRQ

Figure $4.1. DSC traces of PRM (blue), salt formers (4AP, 4ADMP and PPZ; red)

and salts (PRMIAP, PRM4DMP and PRMPPZ; black).

Figure $4.2. TGA traces of PRM (blue), salt formers (4AP, 4ADMP and PPZ; red)

and salts (PRMIAP, PRM4DMP and PRMPPZ; black).
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Figure $4.3. IR spectra of (a) PRM, (b) 4AP, (c) 4DMP, (d) PPZ, (e) RBRAP,

(f) PRM-4DMP and (gPRM-PPZ.
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Figure $4.4. (a) PXRD patterns of PRM (blue), 4AP (green), PRNP salt
(orange) and simulated pattern from the crystal structure (red), (b) PXRD patterns
of PRM (blue), 4ADMP (green), PRMIDMP salt (orange) and simulated pattern
from the crystal structure (red) and RXRD patterns of PRM (blue), PPZ (green),

PRM-PPZ salt (orange) and simulated pattern from the crystal structure (red).
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Figure $4.5. Ellipsoid plot of (a) FRM-4AP, (b) PRM4DMP and (c) PRMPPZ.

Figure $4.6. The anglg 2 formed between the methyl hydrogen and the plane of

a spg oxygen inPRM*anionin PRM-4AP, PRM4DMP and PRMPPZ
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Figure $4.7. PXRD patterns of residual solids of PRM (blue), PRAP (green),
PRM-4DMP (orange), PRMPPZ (red) after solubility experimentand the

simulated pattern from the crystal structure of PRM monohydrate (pink).

Figure $4.8.3D dhormsurfaces and 2D fingerprint plots of PRM in PRIP (left),

PRM-4DMP (middle) and PRMPPZ (right)

TableA1 +\GURJHQ ER® G PWBUEBFWLRQ JHRPHMNWULHYVY c¢ f

salt

Type D-H wi D-H H Wik Dwk D-Hwk ARU(@J)

1 Intra  N3-H3N w3 0.86 1.93 2.647 139
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2 N4-H4A win2 0.86 2.18 2.991 157 1556.01
3 N4-H4B wiw3 0.86 2.09 2.889 153 1556.01
4 N5-HSN ww4 0.86 1.83 2.653 159 1555.01
5 Intra  C9-HI9B wiw2 0.96 2.47 2.847 103
6 Intra Cl12H12ww4 0.93 2.29 2.867 120
7 C19H19wWw1 0.93 2.52 3.277 139 2666.01

Ca() Cg(J) Cg-Cg Interplanar distance Dihedral Angle Beta ARU (J)

2 5  4.1818(19) 3.5149(9) 1050(11)  22.3 2566.02
5 2 4.1727(19) 3.0843(9) 10.50(11) 33 2666.02
3 3 3.6422(16) 3.3605(7) 0.02(8) 227 2775.01

aSymmetry codes: [1556] = X, y, 1+z; [2566}% 1y, 1-z; [2666] = X, 1y, 1-z; [2775] = 2X, 2-y, -Z.

Cg2 represents the centroid of N2, @115; Cg3 represents tleentroid of CHC6; Cg5 representhe
centroid of N5, C18€22. Cg(l) = plane number |; C§g = distance between ring centroids (Ang.). Beta is
the displacement angle between the ring normal of plane | and the centroid vector.

Table $4.2 Hydrogen bond andBECE LQWHUDFWLRQ JHRPHWULHV ¢

4ADMP salt

Type D-H wk D-H H wi D wi D-Hww  ARU (J)

1 Intra N2-H23w®3 0.875(9) 1.907(8) 2.6504(10) 141.8(8)

2 N5-H24w@4 0.872(9) 1.853(9) 2.6881(11) 159.8(8) [1555.01]
3 N5-H24wh1l 0.872(9) 2.599(9) 3.1549(12) 122.6(7) [1555.01]
4 C5-H5 w@3 0.93 251  3.3852(12) 157  [7666.01]

5 Intra CIl2H12w@4  0.93 227 2.8577(12) 121
6 C14H14w@3  0.93 2.56  3.4297(13) 156  [6646.01]
7 C19H19w®@2  0.93 255  3.3241(12) 141  [2656.01]
8 Intra COH25w@l  0.96 2.49  2.8560(14) 102

9 C22H29wWiw 1 0.96 2.44 3.3961(14) 172 [7566.01]

Cag() Cg@) Cg-Cg Interplanar distance Dihedral Angle Beta ARU (J)
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2 5

4.0738(9)

3.4027(4)

1.82(4)

34.9

[2656.02]

aSymmetry codes [7666.] = 3823/2-y,1-z; [6646.] = 3/2x, -1/2+y,3/2z; [2656.] = 1X, y, 3/2Z; [7566.] =
1/2-x, 3/2-y,1-z. Cg2 represents the centroid of N3, @115 and Cg5 represents the centroid of N5, £16

C20. Cg(l) = plane number g £g = distance between ring centroids (Ang.). Beta is the displacement

angle between the ring normal of plane | and the centroid vector.

Table A3 +\GURJHQ ER®@ GCPWBUEBFWLRQ JHRPHRZULHV c f
salt
Type D-H Wi D-H H Wi Dwk D-Hwk ARU(J)
1 Intra N3-H3N w3 0.86 1.91 2.6447 143
2 N4-H4A ww4 0.89 1.81 2.6451 156 1545.01
3 N4-H4B w3 0.89 1.82 2.6959 168 1555.01
4 Intra C9-H9A w2 0.96 2.45 2.871 106
6 Intra Cl2H12 ww4 0.93 2.32 2.892 119
7 Cl17-H17AwWw1 0.97 2.59 3.481 153 3556.01
aSymmetry codes: [1545.] = Xl +y ,Z; [3556.]=xX, -y, 1-z.
Table $4.4 Summary of thevariouscontactcontributions to the®?RM Hirshfeld
surfacearea inpure PRM and itsalts
O-H H-H C-H C-O CC N-H O-N N-C N-N H-S 0O
PRM 27.4 37.3 14.9 4.4 6.2 64 08 01 11 0 14
PRM-4AP 28.1 42.2 155 1.2 51 5.8 0.2 1.7 0.1 0 0
PRM-4DMP  26.7 43.9 18 11 2.2 7 0.2 05 0.2 0 0.2
PRM-PPZ 24.3 39.2 21.1 2.8 23 84 0.2 0 0 0.1 15
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Figure $4.9. DSC traces oMEL (blue), salt formers (4AP, 4ADMP and PPZ; red)

and salts (MEE4AP, MEL-4DMP and MELPPZ; black).

Figure $4.10. TGA traces of MEL (blue), salt formers (4AP, 4ADMP and PPZ; red)

and salts (MEE4AP, MEL-4DMP and MEL-PPZ; black).
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Figure $4.11. IR spectra of (a) MEL, (b) ME4AP, (c) MEL-4DMP and (d)

MEL-PPZ.
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Figure $4.12. (a) PXRD patterns of MEL (blue), 4AP (green), MBRAP salt
(orange) and simulated pattern from the crystal structure (red), (b) PXRD patterns
of MEL (blue), 4ADMP (green), MEH4DMP salt (orange) and simulated pattern
from the crystal structure (red) and RXRD patterns of MEL (blue), PPZ (green),

MEL -PPZ salt (orange) and simulated pattern from the crystal structure (red).
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Figure $4.13.Ellipsoid plot of(a) MEL-4AP, (b) MEL-4DMP and (c) MEEPPZ.
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Figure $4.14. The anglg 2 formed between the methyl hydrogen and the plane

of a sp oxygen inMEL *anionin MEL-4AP, MEL-4DMP andMEL-PPZ

Figure $4.15. PXRD patterns of residual solids of MEL (blue), MBRP (green),
MEL-4DMP (orange), MELPPZ (red) after solubility experimentand the

experimental PXRD patterns with commercial MEL (pink).

Figure $4.16. Photographs oMEL solids (from left to right: MEL, MEL-4AP,
MEL-4DMP and MELPP2: (a) powder samples under daylight; (b) powder

samples under UV (365 nm) lamp
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Figure $S4.17. 3D dhorm Surfaces and 2D fingerprint plots of MEL in MEAP

(left), MEL-4DMP (middle) and MELPPZ (right)

J)LIXUH ®OROHFXODU RUELWDO SORWV RI WKH +202V DQ

$3 0(/'03 DQG 033=

Table 45. +\GURJHQ ERGGLOWEUBFWLRQ JHRPHWULHV ¢

4AP salt

Type  D-H wi D-H H Wi D Wi D-HwN  ARU (J)

1 NI-HIw®l 0.87(2) 1.835(19) 2.690(2) 166(3)  3445.01
2 N2-H20w@4 0.87(3) 2.07(3)  2.892(3) 157(2)  1555.01
3 N2-H21w5 0.86(3) 2.17(3)  3.019(4) 168(2)  4464.01
4 Intra N4-H22w@l 0.83(2) 1.88(3)  2.591(3) 142.7(19)
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5 Inra C5H5w@l  0.94 2.49 2.804(3) 100
6 C12H12w®3  0.93 2.57 3.259(3) 131 3455.01
7 C16H16W@4  0.96 2.52 3.274(3) 135 1555.01
8 C17-H17w@2 0.94 2.37 3.290(4) 168 2565.01
9 Intra C9H24w®3  0.95 2.5 2.852(3) 102

Ca() Cg(Jd) Cg-Cg Interplanar distance Dihedral Angle Beta ARU (J)

3 5  4.2197(16) 2.8815(10) 20.89(13)  27.2 2665.02

aSymmetry codes: [3445.] 4/2+x,-1/2+y, z;[4464.] =-1/2+X, 3/2y, -1/2+z; [3455.] =1/2+x, 1/2+y, z;
[2565.] = x, Ly, 1/2+z; [2665.] = 1+X, Yy, 1/2+7;[2464.] =-1+X, 1y, -1/2+z.Cg3 represents the centroid

of C1£6 and Cg5 represents the centroid of N1, €119. Cg(l) = plane humber Cg£g = distance

between ring centroids (Ang.). Beta is the displacement angle between the ring normal of plane | and the
centroid vector.

Table $46. +\GURJHQ ERGGLOWEUBFWLRQ JHRPHWULHV ¢

4DMP salt
Type D-H Wik D-H H Wi D wi D-H wi ARU (J)
1 N5-HO5 whi3 0.86 1.94 2.794(2) 172 [1555.01]
2 Intra N2-H2 wv3 0.86 1.86 2.5810(18) 140
3 Intra C9HOAWD1 0.96 243 2.865(3) 107
4 C15H15A W3 0.96 241 3.352(2) 169 [2766.01]
5 Cl6H16AWD3  0.96 2.52 3.454(2) 163 [2766.01]
6 Cl6H16Cw®2  0.96 2.53 3.241(2) 131 [2666.01]
7 C20H20w@4  0.93 2.26 3.162(2) 165 [2676.01]

Cag() Cg(J9) Cg-Cg Interplanar distance  Dihedral Angle Beta ARU (J)

3 3 3.7999(12) 3.4665(7) 0.00(9) 242 [2667.01]

aSymmetry codes> @[ \ 1> @[ \ ]> @[ \ ]> @[ \
]. Cg3 is the centroid of GC6. Cy(l) = plane number |; C§g = distance between ring centroids (Ang.).
Beta is the displacement angle betwt@ring normal of plane | and the centroid vector.
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Table A7 +\GURJHQ ER® G QPWBUEBFWLRQ JHRPHRZULHV c
salt
Type D-H wi D-H H Wi Dwh  D-Hwik ARU (J)

1 Intra N2-H2w®?2 0.86 1.77 2.520(4) 144

2 N4-H4A wiNl 0.89 1.96 2.847(4) 175 [1555.01]

3 N4-H4B w1 0.89 2.22 2.928(4) 136 [1455.01]

4 N4-H4B w1l 0.89 2.83 3.314(3) 116 [3667.01]

5 N4-HABWO1 0.89 232 2969(4) 129 [3667.01]

6 C3-H3w®3 0.93 2.46 3.276(4) 146 [3666.01]

7 Intra C6-H6A w4 0.96 2.38 2.817(5) 107

Cg(l) Cg(J) Cg-Cg Interplanardistance Dihedral Angle Beta ARU (J)

1 1 4.276(3) 3.3710(11) 0.00(13) [3667.01]

aSymmetry codes> @[ \ ]> @[ \ ]> @ [ \.Qglis thecentroid of

S1, C2€4, N1. Cyg(l) = plane number |; Ggg = distance between ring centroids (Ang.). Beta is the
displacement angle between the ring normal of plane | and the centroid vector
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Table $4.8. Summary of thevariouscontactcontributions to theVIEL Hirshfeld surfacearea inpure MEL and itsalts

O-H H-H CH CO CC NH ON NC NN HS OO SC SN SO SS

MEL 289 351 9.9 22 46 51 09 46 0 7.2 0 0 0 1.3 0.2
MEL -4AP 26.5 32 208 11 19 75 01 038 0 57 07 16 0.7 0.6 0

MEL -4DMP 278 366 176 07 33 58 03 12 06 438 0 0 01 0.7 05
MEL -PPZ 273 389 166 14 30 52 03 12 06 44 0 0 01 0.9 0




&KDSWHU 6WXG\ RI (QDQWLRVS|
DOQGADVWHUHRPHULF &RFU\WVWDO

/ $PLOR $FLGV DQG &KLUDWV&RFU




$SEVWUDFW

A comprehensive cocrystal screen ofLt&mino acids with both enantiomers of
four chiralcoformers(tartaric acid mandelic acidmalic acid and3-phenyllactic
acid was conducted to investigate the cocrystallizing behavioetween two
chiral componentsin addition to the four previously reported diastereomeric
systems and five enantiospecific systems found in the literasenesn new
diastereomeric systems agightdistinct enantiospecific systemere discovered

in this study Thus, a total ofeleven diastereomeric systems aribirteen
enantiospecific systems were identifieAmong them,three enantiospecific
systemsand one diastereomeric cocrystal paat form in different stoichiometric
ratios were structurally characterizedThe formation of diakereomeric or
enantiospecificsystens was explored using an examination of their hydrogen

bonding motifs

QWURGXFWLRQ

&KLUDO FKHPLVWU\ ZDV GLVFRXHQ®HEWWKBML Q3D VYV
FU\WVWDOOL]DWLRQ RI UDFHPLF VRGLXP DPPRQLXP WD
VROXWLRQ+RQHYHU LW WRRN DERXW \HDUV WR UHF
Rl FKLUDOLW\ LQ WKH SKBRH PIDAHX W DRORM LY G R BLAQ R

DFLGV HQJ\PHV PBDHBEHRKH\GDODWRRFSRXQGV )XUWKHUPRL
RI GUXJV FXUUHQW@®OQ® WKHUHUBUWKPDQO PRUH GUXJV
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DV UDFHPDWHY PHD @@ H WKLPRPPWVREVW RUH RI WZR H
JURP D WRHIOX®DHZSRVB®HVVDU\ WR ILJXUH RKKN ZKDW
HOQDQWI®BBNHOQ YLYRRUGHU RAUR DDAYY OLGDVW UMGEHH XQZ|
HIITHFWH/QYHVWLIJDWLRQ RI FKLUDO G UXJIWVR®EDWBI\GH V
ZLWK SKDUPDFHXWLF 30O RYHRGHBRRINPHDLW LHW IRU PDNL
PHGLFLQHV 7KHHMVRGHWIERQPSRUWDQW UROH LQ WKH
GHYHORSPHQW RI FKLUDO GUXJV

'"HV S MKHH \WIKEPDWM P PHWULF V \RDIGHHMQVI LKKIDWQW DGYDQFHP
WKHUNWEBEHOUDO FRWERWO\@WKHVL]HG DV UDFHPDWHYV
VHSDUDKWHRKJK DSSURSULDWH SK\WXFR M W HSIHSDW DR
+3/& 7KLV PHWKRG/HGPROWLQJ HOQDQWLRPHUV XVLQJ I
ZKLFK FDQ EH HLWKHU DQ +3/& FROXPQ SDFNHG ZLWK
FKLUDO PRELOH SKDVH DGGLWL,YHV HFGIGNGR WRUWK® PR
IRUPDKIL\R QPG DIV DQ DOWHURD WIEXH HYISQUIRPKIKUDO UH
$FFRUGLQJ WR 7KH (RWRSHDHQ PHGEEFU\WVWDOV DUH
KRPRIJHQHRXYKDWIHQ JBB\VWDOOLQH VWUXFWXUHV FRPS
FRPSRQHQWY LQ D VSHFLILF VWRLFKLRPHWULF UDWLF
FRPSRQHQWY LQ WKH FU\WWDO ODVWEWLRQIRA ERBG\W W
,QVWHDG FRFU\WWDOV DUH IRUPHG WKURXJK ZHDNHL
ERQGE@WDFNLQJ RU YDQ GHU :DDOV LQWHUDFWLRQV
&RFUOMWD®URQWQR QHZ YDULDWLRQV JRIXEKLUDO UHYV
(QDQWLRVSHFLILF FRTFXWARD W O UPIHWL KR U\D/VAV B 8,0 W]R
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ZLVRIQB®QH HQDQWLRPRW KRML QRO @MW HRV SHFLILE FREL
VIVWHP Rl OHY H/PDWGHWFPDBQG ZDV LQWWRIEXFHG E\
DORQJ ZLWK D VHSDUD WHRDUPRMWEREED Q/& B ®/L FR X O
DFLG IURP WRKIHWYBHFALF D VLQJOH FRF & R/QWDKIBDL\WD W L F
WDUJHW FKLEDEF BBURDQDO ZLWK RIDE K- KIQUDDIQON E R FRHULP H
JLYLQLV I WRDVWHUHRPHULZK ERKE WW WDPLSDUUWR GLDV
V D O WAL WHKRURMW R Q RFFXQVILHQW EHWZHHQ WKW RVZR FRPS
VWHS SURWRFRO IRU WsgtaZigkidnteZO WU BYIR BQWERE R
EDVLWKH IRUPDWLRQ RI D GLDVWibtatigirRhta)Z IFWKR F U\V W |

/| PDOLF DFLG

J)LIXUH 7ZR SRVVLEOH VFHQDULRV RI DFKLHYLQJ F
FRFU\VWDOOL]DWLRQ DGDSWHG IURP UHI
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$PLQR DFLBYRDENHE QAW LY H Z/KIEBKWD DIFGIWO\ XVHG LQ WK|
FKHPLFEQG SKDUPDFHXW|LEDDGGOWKRYUDDW QDWXUDO
SURWHLQV IURP DOO OLY LDFIL R B IDEWKPW KFR B MLH/SW RR C
JO\FLQH ZKRVH VLGH FIQDW® LW BRIDWRRHRW KH IRUPD WL |
HQDQWLRVSHOWVI IEFQBPRMHYWRPHULF FRFU\WWDO SDLUV
HVVHQWRID@R DFLGYV WMHYMHFKRVHQ DV WPRXWBW FRPS
UHDGLO\ DYDLODEOH DQG FSKL.DUDRD F R RBARKYE UG WHOH YL
ZHUH VHO/HFRVR G PGAHO\ WDUWTBUPP QGEHGLF DFLG

0'$ PDOLF DFL$S DQGSKHQ\OODFW&FS DRELUIG UHS$
FRPSUHKHQVLYH ERBUWDWVL@ K FOFHIBY ZLWK ERWK HQD(
WKH IRXU FRIRUPHUV ZDV XQGHUWDNHQ DQG IRXU F

GHWHUPLQHG

) L J X U HChemicalstructures ofl9 commorL-amino acids
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) L J X U HChemicalstructures of chiratoformers used in this work.

([SHULP H@RWDLR Q

ODWHULDOV

$00 PDWHULDOV ZHUH REWDLQHG IURP FRPPHUFLDO V
SXULILFDWL@BLVWLESHQHYN\SWRWKDEBRODQBHOLF
DFLGPDQGHOLF PEQGHOLAP DELE DFLGLF 'DFPOBOLF

DFLUG SKQ\OODFWLBKHQL\®ODFWLF BRH®\DQGFWLF DFL
ZHUH SXUFKDVHG |URFOX®/ DU R PRHAEFA. QE D QL QH

F\VW H DS D U W LFEHDVKLAR QQ R W DPYLIAL D UWDULF DFLG D
"/ WDUWDULF DFLG RHUM 7%XUF K B/REMEDIDUD I L Q H
SKHQ\O D/ODWIL@HSQIR O VQHW RY LEROHXFLWHBUMIBULF DFLG
ZHUH SXUFKDVHEOIWWRMEKDAPRO HWKDQRO DIFHWRQH

HWK\O DFHWDWH ZHUH REWDLQHG IURP +RQH\ZHOO ,Q\

BFUHHQLQJ ([SHULPHQW

JLTXD@VLVWHG JULQGLQJ

OHFKDQLFDO JULQGLQJ H[SHULPHQWYVY ZHUH SHUIRUPHC

PLQ DW +] HTXLSSHG ZLWHKLWWDQQ DAV VINHH B C
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PP VWDLQOHVY VWHHO JULQGLQJ EDOO SHBUDWDU %HIR
DGGHG WR WKH PL[WXUH RI WKH DPLQR DFLG DQG
VWRLFKLRPHWULF UDWLR ,QLWLDO H[SHUDRDRIBQWYV HII
VXEVHTXHQWORU DQOWLR ZHUH H[DPLQHG ZKHUH L

UHVXOWLQJ SRZGHU ZDV REWDLQB\GGLQIG MRVDIOR {H G ;B\ ¢

6OXHBHULPHQWYV

$PLQR DFLGV DQG FRIRUPHUV LQ LO®EWKEZARBD VW
GHLRQL]HG ZDWWWRRPWWHPSHUDWXUH IRU K UHVSH
VXVSHQVLRQV ZHUH OHIW LQ WKH IXPH KRRG DQG DOO

VDPSOHYVY ZHUH LVRODWHG DQG DQDO\]HG E\ 3;5°'

6ROXMERQVWDOOL]DWLRQ

,Q bOO FDVHV WKH VWDUWLQJ PDWHULDO ZDV GLVVRO
YLDO ZBR¥RKHUHG ZLWK SDUDILOP DQG D SLQKROH PL
YLDO ZzDV OHIW RYHU D SHULRG RI WLPH XQWLO RQO\ |
7TKHHUYUXOWLQJ VROLG FU\VWDQJDHV FIUNR\OMIY H® FRAL RXQU

6&:;5' DQDO\VLV

L-Met-L-MDA: L-Met (505 mg, 0.34 mmol) and-MDA (152.9 mg, 1 mmol)
were dissolved in 20 mL a mixture of acetone and deionized water (1:1, v/v)

and white platelike crystals were obtaineafter1-2 weeks.
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L-Met-D-MDA: L-Met (508 mg, 0.34 mmol) an®-MDA (51.7 mg, 0.34 mmol)
were dissolved in 5 mL & mixture ofMeOH and deionized water (1:1,w/and

colourless platédike crystals were obtaineafter1-2 weeks.

L-His-L-MA: L-His (77.6 mg, 0.5 mmol) andMA (67.1 mg, 0.5 mmol) were
dissolved in 10 mL ofa mixture of THF and deionized water (1:1, v/\gnd

colourless neediike crystals were ohinedafter1-2 weeks.

L-Leu-D-MDA: L-Leu (65.6 mg, 0.5 mmol) and-MDA (51.7 mg, 0.34 mmol)
were dissolved in 10 mL @mixture ofMeOH and deionized water (1:1, v/ahd

white needlelike crystals were obtaineafter 1-2 weeks.

L-lle-L-PLA: L-lle (65.6 mg, 0.5 mmol) and-PLA (83.1mg, 0.5 mmol) were
dissolved in 10 mL ofdeionized vater and white needlelike crystals were

obtainedafter4-5 weeks.

S3K\WVLFDO OHDVXUHPHQWYV

Differential scanning calorimetry (DSC) data were collected using a TA
Instruments Q1000. Samples&2ng) were crimped in nonhermetic aluminum
pans and scanned frod® to 350 € at a heating rate of 10 € mift under a
continuously purged dry nitrogen atsphere. Fourier transform infrared
spectroscopywere recorded on a PerkinElmer UATR Two spectrophotometer
using a diamonattenuated total reflectaneecessory over a range of 40000

cm'. An average ofour scans was taken for each spectrum obtained with a
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reolution of 4 cmi’. PXRD data were collected using a STOE STADI MP
GLIIUDFWRPHWHU ZLWK &X positidreehitiveldRetaier. QJ D OLQ
the 2 range of 3.545.5°with anincrement of 0.05at a rate of 2°min. The
samples wee prepared as transmission foils and the data were view&TO&
Powder Diffraction Software Package Witf¥'.1> SCXRD datawere collected on

a Bruker APEX Il DUO with monochromate@u .. U D G L D ¥IL5RIF8A).

All calculations and fenements were made usiBguker APEX software with the
SHELX suite ofprograns.® ¥’ Nonhydrogen atoms were refined anisotropically.
All hydrogen atoms were placed in geometrically calculated positions using the
riding model, with GH = 0.930.97 A and NH = 0.860.89 A, and Uiso (H) (in

the range 1-4.5 times Ueq of the parent atom). DIAMOND was used for creating
figures!®and PLATON was useaf theanalysis of potential hydrogen bonds and
short ring interaction¥ 2°Crystallographic parameteo$ L-Met-L-MDA, L-Leu
D-MDA, L-lle-L.-PLA and L-His-L-MA are listed in Table5.1, and
crystallographic parameteds L-Met-D-MDA are listed in Table &1 dueto the

low quality of the single crystal that was analyzexd its high disordered crystal

structure.
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Table 5.1 Crystallographic data for L-Met-L-MDA , L-Leu-D-MDA, L-lle-L-PLA and L-His-L-MA.

&U\WWDOORJUDSI/ OHWO0'$ /| /IHX 0'$ /| +LY0$ /| ,OH3/$%$
&KHPLFDO IRUPXt & + 12 6 & + 12 & + 12 & + 12
JRUPXOD ZHLJKW

&U\WVWDO V\VWHP RUWKRUKRP PRQRFOLQLRUWKRUKRP RUWKRUKRPE

6SDFH JWJRXS 3 3 3 3
THPSHUDWXUH
D c
E c
F c
f
f
f
9RO XPH c
'rFpod FP
5DGLDWLRQ W\SH OR. . &X . &X . &X .
PP

5HIOQVY PHDVXUH
5HIOQV LQGHSHQ
6LIJQLILFDQA& >
SDUDPHWHUV UHI
5 HVWUDLQWYV
UlprdlLoH C

)

5311, @

Z5 DOO GDWD
JODEN

I+
I+
I+
I+

I+
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SHVXOWVYMHX&VLRQ

BFUHHQXQFRPH

7KH RXWFRPH Rl WKH VFUHHQLQJ H[$H U L9PBNHNGY RQY V X F
WKHDPEULGJH 6WUXF&\6X WBIO UBW DWRYHBWHBRLERFU\VWD
DFLGV ZLWK FKLUDO FRIRUPHUV XVHG LQ WKLV ZRU}
VWUXFWXUHWKDPH EHREGFRBSIOHWH WKH FRFU\WWDO VFL
WKH/ DPLQR DFLGV DQG ERWK HQDQWLRPHUV RI IRXL
H[SHULPHQWYV H[DPLRHRXMRCHWU\ DQG VRENHTXHQWO)
UDWLRV ZHUH7KHDRERHH WKDQ VFUHHQLQJ H[SHUL
FRQGXFWHG E\ /$*RHWBRGUD IGSHULPHQWY LQ GLIIHUH
VLIJQLILFDQW GLIIHUHQFHV ZHW\H RRWQG QEHBN AHRFQ WAKKH
PHWKRG DQG WKH VOXUU\ H[SHULPHQWYV WKH /$* H[S}
WKH VFUHHGLDQGR3/$ ZLWK WHPLQR DFLGV $PRQJ DOC
VFUHHQLQJ SURGXFWV RQO\ DUH SURPLVLQJ Q
DQDLOAVZKLOH QR QHZ SKDVH RU QR SRZG#HN8 VDPSOHV |
*OQ*OX 6HU7KU DQ\® ZLWK DQ\ HOQDQWLRPHU RI FKLUDC
WKH H[SBEBRPMQWLRQV FDUULHG RXW LQ WKLV VWXG\
JLIX&H QR GHDDFBHRN FDQ EH IRXQG LQ WKH 3;5' SD
SURGREF®W® QG’$ IRU DOO VWRLFKLRPHRWKHV Z@&VIGWW
WKH 3;5' SDWWHUQW RERWH QO B\ [RU I3 \§'KSDABWHLQ V R

I 7%
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BUHYLRXV OLWHSWRIMWMHEGH K®WM VWHUHRPH U IQF WIRIFW\V W D
VWXG\ ZH LE@OBBAMLRGDO GLDVWHUHRPHULF V\VWHPYV
XVLQJ 3;5' )LJIXDIW 6 DQG RQO\ RQH GLDVWHUHRPH!
SDEDWQDO\]HG E\ 6&;5'

JRU LQVQWDQ BHIIUDFWLRQ SHDNYKRI 288K SIUR EXFW R
IRXQG GHPRQVWUDWLQJ WK H/ BEKAHZLDPKE RQHRIHD QHZ S
WKH DSSURSUHBVBH i D\WER ER@FZW EH FRQILUPHG RQO\
JRU3BKHO$ V\VWHPPH GLVWLQFW GLIIUDFWLRQ SHDNV DW
SUHVHQW LQ WKH3KHSM@S XZKWORI WKH DYG SUR
H[KLELW FKDUDFWHULVWLfF IBQGI UD KW VXQJSINWBN.\D D W K H
EH PRUH WKDQ RQH VWRLFKIKRP BWSLFLUOUHLE EHWZHE
:KLOH VXLWDEOH VLQJOH FU\WVWDOV IRU 6&;5' DQDO\VL
IURP WKH 3;5' SDWMHBEQQ WRKIDPND GLDVWHUHRPHULF V
HQDQWLRPHUV RI 0$

2XW RI WKH FRPELOQDWLRQWPIVQEBAUHGIRXQG WR |
HQDQSHREHKDYLRNY LQFOXGHV  V\WWHPV SUHYLRXV
OLWHUDWXUH¥\VWHPV GLVFRYHUHG 6Q WY VWXG\ )L
6 $V VKRZQ LQ )LIXQH B SKDVH FRXOG EHBOWRGXFHG
DQGO$ DV WKH 3;5° SDWWHUQV/ RDOWRDGS DREXFW RI
VLIJQLILFDQWO\ GLIIHUHQW IURP WKH 3;5' SDWWHUQV
GLVWLQFW SHDNV RI WKH SURGXFWV FDQ EH IRXQG DW

DUH QRW SUHVHQW UQV@RK® B Q&S D WRWQ WBRDEMWY WLQFW
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3:5' GLIIUDFWLRQ SHDNSIM B KUV IE Q. Q QGKIFEDWLQJ
WKDWO FDQ IRUP DQ HQDQWLR¥SHFLILF VIVWHP ZLWK
7ZR/SHFIDDVHY KDYH EHHQ REVISOBBIRUL QHZ \S K DAXHGW
ZLWK ERWK HQDQWLRPHUV RI 7$ +R&HD7ISUD Q\GKH 3;5' S|
$0D7$ H[KLELW UHPDUNDEOH VLPLODULW\ VXJJHVWLQ
KDYH ODRGICG IRUPY 6VHRQHIXRVVLEOH H[SODQDWLRQ F
WKH K\GERQJGKWG LQWHUDFBARQVQEHWAHHQGHQWLFDO
+RZHYHU D VLPLOPDVSKHIQO®R REWRKYYKGSXEOLVKHG UHV
ZKHUH WKH 3;5' 3 BWIWHWIQWHRIPHULF FRFU\WWDO SDLU t
FDQ EH DWW UH[RWUMHPG OKRGWARBHIQU ERQGLQJ DQG FU\VW
DUUDQJHPHQWYV EHVRENWNDOWERPBYRIQMDEPYODU WUHQG L
DOVR REVHUYMHS LQ$WKWWHP ZKHUH FRPSDUDEOH 3;5
ZHUH REVHUNMGS$IPQGUS7$ )LIXUH 67KHUHLRWHYV
OLNHO\$WRIDTWBLWK7$DUH |RUPLIDQV\WH B HFRAFWWWV WD O SDL
ZLWK VLPLODU K\GURJHQ ERQGYV
2YHUDOO WGKWDWAMVBUHRPHULBQGVWHOBQWLRVSHFLILFE \
DPRQJ WKH SRVVLEOH FRPELQDWLWRIPL ODKILFK D
OLNHOLKRRG IRU WZR FKLUDO FRPSRWHP W B \WKH LR WK D
D GLDVWHUHRBHWKHR SPLQR DFLGV DQG WK IRXU FRIF
VHDUF K 6'QRWKH LVWLQJ HQDQWLRVSHFLILF DQG GLI
DPRQJ PXOWLAREPSRWKQMN FRQWDLQLQJ WZR RSWLF

LQGLFDWHG WKDW Rl WKHVH VA\VWHPVY¥RZKYBHUW HQD!
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DV LQGLFDW6G WRH/DEORDWLRQ RI HQDQWLRVSHFLILF
FRFU\WVWDOV E\ WZR FKLUDO FRPSRXQGYVY FDQQRW EH F
FRPSRXQGYVY DV FHUWDLQ FKLUDO DPLQR DFLGV DUH I
HQDQWLRVSHFLILF DQG GVDWMHNVHSK HHIDLG WALARRFAS\N LD L
FRFU\VWRO/'DQ® GLDVWHUHRPHULF FRRWOWDBDODFMLUR Q
EHWZHHQ WZR FKLUDO FRPSRQHQWYV PD\ GHFLGH Z
HOQDQWLRVSHFLILF FRFU\WVWDO RU D GLOVY HUNRWHOLF
VWUXFWXUH SUHGLFWLRQ RI HQDQWLRVSHFLILF DQG
+DEJRRG VXJIJHVWHG WKDW WKH IRUPDWLRQ RI D Gl
IDFLOLWDWHG E\ D VWURQJ RULHQWDWLRQDOO\ UHVW
K\RUHQ ERQGLQJ EHWZHHQ WKH WZR FRFU\VWDOOL]L
LY DGYDQWDJHRXVY WR DYRLG FRPSHWLQJ PRWLIV DQG
PRWLIV DV WKH H[FKDQJH RI RQH HQDQWLRPHU IRU Wtk
PD\ GLVUXSVHWKHFER®GDU\ PRWLIV

Therefore, to further explore the propensity wfo chiral compounds to

cocrystallize in @iastereomerimmanneror behave enantiospecifically in this work,

a detailed structural analysis is requirgldwever, after numerous attemps)y

a small percentage (1%) of the new phases yielded single crystals suitable for
SCXRD. Among these, three systems show enantiospecific cocrystal / salt
formation (-LeuwD-MDA, L-lle-L.-PLA and L-His-L-MA) based on the

experimenal conditions employed in this study, while one system behaves
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diastereomerically LtMet with D/L-MDA). Hydrogen bonds geometriesear

displayed in Table§5.2-S5.6, and ellipsoid plots are shown in Figure.s

SK\VL&KOMDMUDFWHUL]DWLRQ

The enantiospecific cocrystaland salti.e., L-Leu-D-MDA, L-lle-L-PLA andL-
His-L-MA and their corresponding starting materials were characterized by DSC,
IR and PXRD.The melting trace of eaalew productand the starting materials
are displayed irFigure5.4. Each of the threenantiospecific cocrystalshowa
single sharp endothermic peaind their melting points are in between those of
the starting materialsThe new crystalline solids bibit different vibrational
frequenciescompared with those of thstarting materials (Figure53). The
PXRD pdterns ofthese three systerase shown in Figur85.2. The experimental
PXRD patterns match well with tlleeoretical patterns obtained from the SCXRD

analysis indicatingthesecocrystalscan bereproduced in bulk quantise

JLIXUH'6& WUDFHN/IRXEODFN'$S UH®QGHX 0'$
EOXHE/ ,OBODFB/$ UH®QEOMH3/$ EOXHQE/ +L\EODFN

/0$ UH®QG&L¥0$ EOXH
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7KH GLDVWIFRAEPHMDBHWO'S DQGOHWO0'$ GLIIHU
VLJIQLONF@/EWHO W L QJ) ISRIWHN KH PHOWLQOHVRLQW RI
0'$ e« LV EHWZHW&HVK VW RUWLQJ /POHMWHUL DOV ZKLC
PHOWY DW + ORZHU WKDQ WKH PHOWLQJ SRLQW RI H
GLIIHUH@F®WLUQJ SRLQW PD\ SURYLGH H RXHZ DB SUR
VHSDUDWLR @ @& RIHIFW L)W DELOIH UE D W, 3VIS P FMUDWRIU H V
/ OHWO0'$ DQIOHWO0'$ DUH GLVSOD\BG LKH)GLXIHWHQFHYV
LQ YLEUDWLRQDO IUHTXHQFLHV LQGLFDWH WKH IRUP
VKRZQLU®UH BVKHHW ' 0'$ FRFU\VWHIRNSMHMHUDO QHZ
GLIIUDFW MRWBHDRRW SUHVHQWOHRWKE'S DHWRWKUQV RI
VLPXODWHG 3:;5' SDWWHUQV GHULYHG IURP WKH VLQ.
H[SHULPHQVD® \8U4HYQH D QHQIFWKHWDOOLQH IRUPV ZLWK

FDQ EH REQVDKQA®LWLHYV

J)LIXUH'6& WUDFHNORMEODFN'$S UH®OQGHWO'S$

EOXBDQE OHWODFR'$S UH®Q@GHWO0'$S EOXH
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&U\WVWDO 6WUXFWXUH $QDO\VLYV

/' /THX 0'$ FU\WVWDOOL]JHV ZLWK WKH DV\PPHWXLF XQLW
]ZLWWBIQRERHD '$ PROHBXOHKRZQXUBDLOHXD QA '$
connect throughl. + $w€ GLVFUHWH K\GURJHQ ERQGLQJ LQWH!

XQLW LV H[WHQ6HWE KACL RERQIGH QI ++ %@ 1

I+

+ &M@ NOHICWR21 DQG D RLWFUMMWHK\GURJIHQ ERQGLQJ

LQWHUDFWLAQWD Q& LZPRRW L | ¥ HDVWX® WMLKQBHIFHR VLR QDO

K\GURJHQ ERQGLQJ QHWZRUN )LJXUH

@

295



(b)
JLIXUH+\GURER@Q@GHG QBWZRIXNO'$S FRFU\\VDDD®R Q J

WIKB[LY BERQOCGRQEDWMKMHGURJIHQ ERQGLQJ LV GLVSOD\HG E

L-lle andL-PLA form a cocrystal that crystallizes with ondle zwitterion and
oneL-PLA moleculein the asymmetric unifThe two components interact with
each other througf®13413ww3 and C4 44 ww13 discrete hydrogen bonds,
resulting in @ 48 : x; motif (Figure5.7a). An 48 :w, motif connects -lle molecule
and L-PLA molecule via N5H5Bw®11 and N5H5B wwl5. Additionally,
discrete NSH5AwW®1 and No H5CwW1 hydrogenbonding between L-lle

zwitterions forman 49 :{; motif (Figure5.7b).
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@

(b)
JLIXUH&U\WWDO SDFNLQJ DQG LQWHUPROOHERXODU LQW
cocrystal. DDV\PPHWUDR X ®BLBURIRQGHG QHWZRUN K\GU!

ERQGLQJ LV GLVSOD\HG E\ GDVKHG OLQHV
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/ +LYO0$LV D PROHFXODU VDOW ZLWK WKH SURWRQ WUD
RII0$ WR WKH QLWRURNMKIQGCDWRPHQIHYRKSLROS
FU\WWDOOL]JHV LQ WKH IRMWWKRUKRPELHKF YURWEP 7KH
DV\PPHWULF XQLW IF\RQWDREHY RQB WKHVH WZR FRPSR
DUH OLQNHGWEKRRERDM/LVWHG K\QURXHB ERWQG
VKRZQ LQ JEJOORE[LNRXYLWDWQG IRSURUP EXLOGLQJ
EORFN ZKLFK LV PDLIGOMXYGHREDO EEQGVRAHWZHHQ 14
+LWQG WKH+RWKIBS IRUPLQS:WDWDQG4HQ PRWIZIKH

' K\GURJHQ ERQGHG QHW HRGM-GM IDODREAWE U D Q G

&++w2 LQWHUDFWLRQV

@
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(b)

JLIXUH&U\WWDO SDFNLQJ DQG LQWHUPRWDHFXDDU LQWH
DV\PPHWU DR GEQK\\@ URBRQGHG QHWZRUN K\GURJHQ E

GLVSOD\HG E\ GDVKHG OLQHYV

/ OHW0'$ FU\WVWDOOLRHMKRUWRKMPEVBDFH JURXS LQ WK
DV\PPHWULFRRGLWMNVRIDBKS ' DQG WZR/ QHXRMRIDHFXOHYV

= 7KK\GURJHQ DWRP EHRWARKB0'$S WWUDQWRUUHG
WKH DPLQR OHWXKLRK DUH.®L\GNHHEAWD7 K\GURJHQ
ERQGLTKLY UHVXOWY LQ WZR QHZ LQWUDPROHFXODU
0'$' DQLRRUPLMWZIR 6 BLDAN2 w28 DQG &% W&
K\GURJHQ BER@®GS PROHFXOH FRQQMEWVKIIRVK WKH

+ &2 DQGHl &2 K\GURJHQ ERQGIVQ8H QB WDH IF W DRQ
PRWDIGEB QQHEIFVDK) RWB'UPROHFXDH X LD K\GURJHQ

ERQGLQJ LQWHUDHEFSM RERZQ LQ BLWKUM XQLW LV H[WH:
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YLDHMLKHIAW®1l DQG +f %W KSURJHQ ERQGLQJ LQWHUI

EHWZHHMeW ZR UP QZIv:IPRWAW KHEWM2 2+we DQG &

+w K\GURJHQ ERQGLQJ LQWHUDFWLRQV DUH DOVR SUH

@

(b)
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(©
J)LIXUH&U\VWDO SDFNLQJ DQG LQWHUR&OMIAXODU LQWH
DDV\PPHWULE X08KWG UREBRQGHG QKWEDRUNQ ERQGLQJ L

GLVSOD\HG GL@DWKHG

2EWD L\QUQUIOH FU\OMWDOY \RALWDEOH IRU 6&:5' ZDV H[W!
GLIILFXOW GXH WR GLVRUGRUY HD WKHHR F/S\RIXHQWX DH) GH \
WKH SKHQWKBLRPROHFX®@E ;5 UHVXPRVWKH EHVW DWW *H
VKRZV/WKW $ FU\WVWDO RIJHOM WRWKFXOH DGG RQH

PROHERWOKH DV\PPHWIESFHEIGMNW'$ LV D FREQ\&WWDO

OHWV SUHVHQW DV D ]JZLWWHULRQ DOWKRXJK WKH SR
PHDQV WKLV LV QRW 7KRIRISIORWHH OW KHURO®QQZLQJ GHVF
FU\WWWDO VWUXFWXUH LKNHEWYRCGFRPSW®&HD\WR AW HUDF

RWKHU YLD D+G& VFUKWEH RUHQ)ERQWBDHY VKRZQ LQ
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)LIX® HE DDRQJIFWVKN 4'D{QPRW LI DIf9G; PEWIWUH JHQHUDWHG
DPRQOHWQGO'S PROHFXMRURXIK 2 1 + & 2

1+ % 2 DQ& =++ 2 K\GURJHQ ERQG LQWHUDFWLRQYV
ODWWXBWHRMUELOL]H& B\ IKNGURJHQ ERQ®QR@HUDFW
WIEB[LV

+\GURJHQ ERQGLQJ LQWHUDFWLRQV DUH JHQHUDOO\ |
LQWHUDBRYI®W XWRNVXUH RI FREU\WWDOV ZKLFK VKRZ
WKH GRRIRWY DW W KW KBFH DWYPBOHDOWG XVXDOO\ OLQH
LQIOXHQFHP BORRUQYWDO VWUXFWXUHV ZKLOH VHFRQC
DEE/WDFNLQJ LOWHUDFWLRQV HOHFWRRYV®WWIH SRW
WKH K\GURJHQ ERQG DZD\+RARPLEAUQBBUWWRQ WR WKH
K\GURJHQWERQIRWPDWLRBODR BRFBIVWMYEGGEHU :DDOV
LQWHUDFWLRQV DQG VWHILFIKF QWJDRGXEDC W Q REKH
VWDELOL]DWLRQ IUHH HQWKDOS\ Rl FRFU\VWDO IRUPI
&U\VWDO ODW VEIH N VHIQCHIKBDGF I D@6 MADWRU RI WKH VWD
FRFU\WWDOV ZKLFK FRQVL\OMFEFWRIRNWIBMURROHFXOTD
L QW H U P RHDIXFOXEDLIZRER US\RLVR D Quid/ LDDQIR W U D P R IEDHHAUXIQ Bl
0(Lowunl WKH ODWRMLWK HH @HWINYWO RR AU\ WW BIQ KK H V X P
FRPSRQHQWVT O DWW LFFRF BI\YMUDIQ HWK H [JSFHRFGACR B PW RDBH
WDEOH DQG OLNHO\ FDQ EH IR URWGDOD @G WULEW HGH UA
FRPSDULVRQ RI FHQMWY OR IO B R/ FRRIPG RIQHIDIGW V

GHPRQVWUDWHG WKDW WKH VWDELOL]DWLRQ IUHH HQ
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VPDRMON- PRO/LQFH WKH ODWWLFH HQHUJ\ RI D FRFU\V
WKDWKRIVHBFRPSRQHKQW FDQ H[SODLQ WKH ORZ VXFFH
FRQGXFWLQJ FRFU\VWDO VFUHHQLQJ DQG HYHQ D VP|
FKLUDOLW\ LQ WKH VWUXFWXUH RI WKH FRFU\VWDOOL
RI FREFW\WWHH®LQJ 7KH FKDQJHV RI WKHVH LQWHUDFW
ODWHQINED UJHU WWEBE WKBDRRRRSRQBWOW UHVXOW LQ VI
FDVHV D FKLUDO FRPSRXQG FDQ RQO\ IRUP DQ HQDQW!I
HQDQWL@®PMKLY VWXG\ GUNWLDEWILMWH ZHIDHSKREVHUY H
HQDQWLRVSHFLI/IHX PRF BAVWBON@/ ,0MH3/$ 48:w

48:x;@DQG RQH HOQDQWLRVSHAMOF FROBEE NG B UQRD O W

GLDVWH UFHRERKNVYWBD O SDLIRW 2ZMKHY HR QWK HPFVRQ G X FW H.
H[SHULPHQWY D UHDVRQDEOH K\BERWGHY L\ QW NHUKDAW |
PD\ FRQWULEXWH WR VDK RXWIREGHIUN HRVQ FER®IDUHG

GLDVWHUHRPHULF V\VWHPYV

JRU WKH IRUPDWLRQ RI D GLDVWHUHRPHULF FRFU\VWD
ERQGLQJ QHWZRUN DQG PROHFXODU DUUDQJHPHQW D!
LQIOXHQFWHRR QUKMU\ L DQGWHBLFIWFE RVGYVWWRRV VK HF R FU\V W D
VWDELMHQBWILRROPPDUWKRWDEKW PRVIRLIGR DFLGV ZLWK

HQD QW L RWPKIH ' RKIB RA RUPEROER WK VDIQLG/ VERH NOLWHUDW X
GLVSOD\HG LQ /TREF®H) ARUP D GLDVWHUHRPHULF FRFU\
HQDQWLRPHU RI 7$%RWX DPURWLRIRXS DQG FDUER[\OL
/\V DUH LQYROYHG LQ 4§KH PIRWEBWKE RQ@YRI DR
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ZKLOH DD/QWQGLUIFHUHQER QG LKQG WURWHUDFWLRQV FDQ E
IN\V''7% L H/MWMZPQG ROMHRUM/B® PRWIOOHDGLQJ WR WK
UHPDUNDEOH FKDQJHV LI\ WWHEH BERRYWMHQ 6 EH\PLRQQYV W U D
W KEDRA 10 QGGHQDQWLRPHUV Rl PDQGHOXU\FLRFURBOAMP EH U
DV D UHVRAYR®JDDUBOMPLF PL[WXUH E\ YDUVR®@J WKH V
/| SURGIPQM)GHOLF DFLG SDRGPOPWRHOLFZRAUG WKH
K\GURJHQ ERQGLQJ RI WKH WZR FRFU\VWDONW DU\ VLJ
FDQ IRUP D VWRLFKLRPHWULFDOO\ GLYWKMHGGLDVWHU
0'$ $OWKRXJIJK WKH FU\VW D NWQW % RAD X UDIDV B Q DROQ WU K HF
GLVRUGHUHG PRGHO VRPH VLJQLILFDQW GLIIHUHQFH\
SDFNLQJ EHWZHHQ WKH WZR FRFU\VWDOV FDQ EH REV
OHWO'S$ LV DQG WKH SURWRQ WUDQWDE RFEKU EHW
0'$" ,Q FRQWUDVWOHWKB Q®WQRHRW0'$S FRFU\VWDO LV
DQGHW WPIWW ]ZLWWHULRQ ZKLFK/IDPYQRLDBIGWR W
LQ WKH PDMRULW\ FRFU4&WBRW L ) X WWREMHERMWG DQ WK
/ 0'$ FRFU\VWD@/ZKRRPW LDOmO ; PRWLI FDQ EH IRXQG LQ
FU\WWWDO VWURAWX'S$H- RFWKMWDO Z K LLFIXWAIRGDHDMOU \V K H U
IRUPDWLRQ RI WKH GLDVWHUOHRRWHKLE RVRE HY /O LRPIH

0'$
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&RQFOXVLRQ

,Q WKLEFRRUWWDO VFWPHQRQDARIGY ZLWK EMWK HQDQW
0'$ 0$DQG/$ ZDV FDUULGIHEZ RSKINAHY REWDLQHG FRQVL
RVHYGIQDVWHUHRPHU LB QR BHDVQ IV FB\DS KWL ILF FREU\VV
LQGLFDWHY WKDW GLDVWHUHRP EKIL® HF RBD\Y W DROWS B F
FRFU\WWDOV PR®XW KRB WRHAU\VWDOO IH[DPIL §HMBMH P V
PXOWLSOH DWWHPSWYV WZR /HQDQWDRRGOHBLILF FRFU\V
DORQJ ZLWK RQH HQBQWILR VZSHMH \LXFFEBI®WIXO0O0\ REWD!
WKHLU FU\WWDO VWUXFWXUHV ZHUH GHWHUPLQHG $G
SDLU LQY¥ROWLDQGO'$S LQ VWRLFKLRPHWDREG UDWLRV R
UHVSHFWLYHO\ ZDV V\QWKHVL]HGWSXWIKFHMAKRW KH UH (
0'$ FRXOG QRW EH GHWHUPLQHG GXH WR VLJQLILFDQW
ERQGLQJ SDWWHUQV DQG FU\WWDO SDENLQJV RI WKH
GLIIHUPK@WHNG RQ WKH DQBW\FRW RIVIUQ KK X AWXK HW\ V)
HIDPLQHG LQ WK BV NWEHYBY &/ MK H QG QDWLWVRNSHR P HELF
VIVWHPV LQYRPIYQRJIDFLGY ZLWK ERWK HQDWWLRPHUYV
SUHVHQFH RI K\GURJHQ ERGRE QW WP RI@WPOUNEDRV IS HFR | 1A
IRUPDWLRQ RI HXYHRXIVDEWHIROOH PRUH KRICD@IHYD LQ
ERQGLQJ QHRBRWNRREKGLRPHWULF UDWLR RI GLDVWHUFL
REVHRYM®DOO WKLV LQYHVWLIJDWLRQ \LHOGHG YDOX
RI GLDVWHUHRPHULF DQG HQD QVDIPR\QYRHB E LIGV FIRE G \ &K\

FRIRUPGBKIEWHTXHQW UHRGWURHAXMORRQ LQYHVWLJIDWL(
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FRFU\VWDEHKDIRMRRIOLUDO $3,V DQG FKLUDO FRIRUPHL

GHYHORSPHQW RI FRUUHVSRQGLQJ VHSDUDWLRQ PHWK

5()(5(1&(6

JODFN + ' /IRXLVY 3DVWHXU V GLVFRYHU\ RI PF
VSRQWDQHRXYV UHVROXWLRQ LQ WRIHWKHU Z
FU\WVWDOORJUDSKLF fFQ\® RUIHRRMMFD O+ ZRUN
-D\DNXPDU 5 O9DGLYHO 5 RI$SQBROWDKALW LORAMKJI
2UJDQLF OHGLFLQDO &KHP -

OF&RQDWK\ - 2ZHQV 0 - 6WHUHRFKHPLINYWI\ LQ
&RPSDQLRQ - &0LQ 3VWKLDWU\

$QDQWKL 1 5ROH RI ZK&,UDOLWN LQ "UXJV
%URRNV : + *XLGD : & 'DQLHO . * 7KH 6LJQL

LQ 'UXJ '"HVLJIQ DQG&MHYWHOMRSP HGW & KHEP

&HGISOXR $ $IXLODUSODPR )O R WBHHIDRRDURH V)

-XQ¥RRN + $ VWUDLJKWIRUZDUG DQG HIILFLHQW

HQDQWLRPHUVKD®WGR W KFHHWIHWWRKHEURQ $V\PPH\
+

/HRQDUG U 5HQGHUVRQ ' : OLOOHU 5 $ 6SHQF

2 6 %LED O :HOFK & - G6WUDWHJILF XVH R

FKURPDWRJUDSK\ IRU WKH VIQWKHVLV RI D SUHFOL
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&KLUDOLW\ =

SHIOHFWLR®KHD XNH RQOFRFU\VWDOV RI DFWLYH VXI

SURGXFWYV |KWWSV 7277 HPD HXURSFD_H-H(XIW-ILQLCERFXF

JXLGHOLQHS KOHR W U RN WONEHYV WPHE HAM- Q D O

SURGXFWVBHQ SGI

6iQFK'KDGDUUDPD 21DYWQGR]D) & &HG I$0 O-XKQJ
&RRN + S$DHBIDV - , 'tBIORDGRIUSMYD
ORUDBRIMDYV + +|SIO + &KL56B0DSHVRIDXWH® QY IR
'LDVWHUHREHULWD®R3IDLU )RUPDWERRUXVWK /
*URZWK 'HV +

BSULQJXHO * /H\WVHQV 7 ,QQRYDRWIYH &KL

(QDQWLRVSHRMWD GAL]DW BRIQVMQ 6 BRRXWHK. RV

ORXUD $ 6DYDJHDX 0 $ $OYHV 5 B5HODWLYH $
6LIQDWXUHV Rl 2UJDQLVPNR®QRAHQYHURQPHQWYV
)X < +DQ&KMHQ 4 :DQJ < =KRX - =KDQJ 4 §$

IRU FKLUDO UHFRJIJQLWKR® RIRPPX@QR DFLGV

7TXPDQRYD 1 3D\HQ 5 6SULQJXHO * 1RUEHUJ
X1l & "RXWHUV - [/H\VVHAQLMR Y RXWR FRJI\ YWWKBIOEQ XP
PDQGHOLF DFEPOQBVHODWH FGREO\\6BWX FW

+
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(GGOHVWRQ 0 ' $UKDQJHOVNLV 0 )uLapLu 7
JULQGLQJ DV D WRRO WR DLG HQDQWKRRARRULF UHVF
&RPPXQ +

672( 3RZGHU 'LIIUDFWLRQ 6RIWZDWBHR2(3DENDJH
KWWSV ZZZ VWRH FRBRAMRBXFW VRIWZDUH
BKHOGULFN * 0 &U\WWDO VWUXF$PWMH &JUHM\QHP H

&

I+

$3(; Y %UXNHU $;6

+XDQJ 6 X - 3HQJ < *XR 0 &DL 7 )DFLC

3KRWROXPLQHVFHQFH DQG 'LVVROXWLRQ 3URSHLI

&RFU\VWDROWIWERRZWK 'HV +

X - +XDQJ < 5XDQ 6 &KL l= 74L&QREU\EWDO¥ R

LVROLTXLULWLJHQLQ ZLWK HQKDQFHG SKDUP

&U\WW(QJ&RPP =

6SHN $ / 6WUXFWXUH YDOLGDWISE@/ D@ BKHPLFED
' +

BHOYDUDM 0 7KDPRBNVKDUNMD\DOUDERAWXGLHV RI

FU\WWDOOLQH FRPSOH[HV LQYROYLQJ DPLQR DFLG

IHDWXUHV Rl VXSUDPROHFXODU DVVRFLDWLRQ DQ

RI DUJLQLQH DQG O\VISFHRLAMKWAMD UWDULF DFLG

1IDWDUDMDQ 6 +HPD 9 6XQGDU - ./ 6XUHVK

$VSDUDWDQUWWDULFBBPWDG&U\VAW R
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6KDQ < +XDQJ 6 & U\V W DOV N/ B INADXUIWWHH R |

PROQRK\GUDIH &ULVONRIO 1&6 *

+X = 4 ;X ' - ©X$GDgb@PDQGHOLF BFWD

&U\VW ( R R

+X = 4 X - X < = X - X02EGBQLFODKLG

6 DODQLQH KHFMWKDGUDWWN R R

)XMLL %DED + 7TDNDKDVKL/ § &QUNHIVOQB 6WU

ODQGHOLF $FLG 'BRVWHOBHIRPH WY

2NDPXUD . $RH . L +LUDPDWWDOWR T7LLVKLP:

+DVKLPRWR . &U\WWDO 6WUXFWXUHYV RI 'LDVWHU

DQ6 3KHQ\ODODROQGH OLFQILFR G6 FL +

=KRX ) &ROODUG / B5REH\QV . /BWREBQYH 7 6K

D UHVROXWIORQWR HQDW IHRW ERWK HQDQWLRPHUYV

HIFLWLQJ FDVH RI VWRLFKLRPHWHKHPRQWRWRFRXOMHG F

+

)XMLL , &U\VWD®G BUMB WRE XKDRHIG HO DAV H +

; UD\ 6WUXFW =

+XDQJ 6 )LW]JIJHUDOG ' &ROOLQV 6 * ODJXLUF

([SORULQJ WKH &U\VWDO /DQ&W\WMMNS H* BR ZWVDK) GHIYD D
6XEPLWWHG

6SULQJXHO ~* S5REH\QV . 1RUEHUJ % "RXWH

&RFU\VWDO )RUPDWLRQ EHWZHHQ &KLUDO &RPSRX
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IURP 6ROWW *URZWK 'HV =
+DEJRRG 0 $QDO\VLV RI (QDQWLRVSHFIMDP DQG
6\WWHPV E\ &U\VWDO 6 UXFW XUHR 3WKG'HAMW L R Q

+
$UXQDQ ( 'HVLUDMX * 5 .OHLQ 5 $ 6DGOHM
, &ODU\ ' & &UDEWUHH 5 + 'DQQHQEHUJ - -
+ * HIJRQ $ & OHQQXFFL % 1HVELWW D ' -
K\GURJHQ ERQG ,83%& 5HFRPPHOQ GEHINA REKH P

+

6KDKL $ $UXQDQ ( :K\ DUH +\GWAIQ 8FRQGV 'L
- +
7D\OR& 5 'D\ * 0 (YDOXDWLQJ WKH (QHUJHWL
&RFU\WWDO ZRUWPWYWALRRZ WK 'HWVi
,VVD 1 .DUDPHUW]DQLV 3 * :HOFK * : $ 3U
JRUPDWLRQ RI 3KDUPDFHXWLFDO &RFU\VWDOV %H
&RPSDULVRQ RI /D&WNYWH (QRIDWIKH\H ¥
1XOHN 7 .OD\WUL 5DRKGHQ®XHHHMDHZ 6 3UR
9 )JORRG $ ( 6HSDUDWLRQ RI (WLUDFHWDP
(QDQWLRVSHFLILF &RFURKWRO A PDWAHR®E FZ LHF K G

2PHJD i
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6XSSRUWLQJ ,QIRUPDWLRQ

JLIXBH ,5 VSHRWWIHXEOXH0'$S UH@QGHX 0'$
EODFEN ,OHOXH3/$ UH®QEOMH3/$ EODPRB/ +L\EOXH
/0$ UH®QGLY0$ EODFN
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F

Figure S5.2. PXRD patternof (a) L-Leu (blue), D-MDA (greer) andL-Leu-D-
MDA cocrystal ¢rangé and simulated pattern from the crystal structure (@)
L-lle (orang8, L-PLA (green andL-lle-L-PLA cocrystal black and simulated
pattern from therystal structure (regdand €) L-His (blue), L-MA (greer) andL-

His-L-MA salt(orang@ and simulated pattern from the crystal structure (red)
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J)LIXBH ,5 VSHRWWHHWEOXHO'$S UH@OQGB®HWO'$
EODFINQEY OHWVEOXHO'$S UH®Q@GHWO0'$S EODFN
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J)LIXBH 3;5'" SDWWHVQWWVEOXH'$S JUHHQHWO'$
FRFU\RWD@IWGLP XODWHG SDWWHUQ ITURP DUWK® FEU\VWDC
/| OHWVEOXHO'S JUHHQ@HWO'$ FRFU\RWDQ@IGMLPXODWHG
SDWWHUQ IURP WKH FU\VWDO VWUXFWXUH UHG
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H

JLIXUH 6OOLSVRLG /SIIRW'RI B ,0MH3/$ F+LV
0$ G/ OHWO'$S DQG OHWO'S$

@
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(b)
J)LIX&H &U\WWDO SDFNLQJ DQG LQWHURRDMIAXODU LQWt
DDV\PPHWUDRO &X QLW REBRQGHG QKVBARUKMQ ERQGLQJ L
GLVSOD\HG E\ GDVKHG OLQHYV

J)LIXUH 63;5' SDWWHIDQ VEBDRNVS EOXH DQG WKH SUR
REWDLQHG IURP WKEBW SHWHPLHOWY BHG JUHHQ
SLQN UDWLR
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J)LIXUH 8;5' SDWWHUQWREODFSUJ EOXH DQG WKH SUR

REWDLQHG IURP WKHUH[SHWEPIHQWV BHG JUHHQ D
SLQN UDWSREOBFSUJ EOXH DQG WKH SURGXFWV F

WKH H[SHULPHQINWER ILQ UHG JUBHQNDQDWLR
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JLIXUH B;5' SDWWHUQ@$ REODIFAKH EOXH DQG WKH SUR
REWDLQHG IURP WKIIBKH SHUSKLQ WV RH G JUHHQ ©

SLQN UDWLREOBF3KH EOXH DQG WKH SURGXFWV |
WKH H[SH ULPKH WLNKL Q UHG JUHHQ DQG S|
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J)LIXUH 63;5' SDWWHUGQ@YSRECGDRBNWJ UHG DQG WKH SURC
REWDLQHG IURP WKIBW[IHWEPHQWYV RDWLR ' RUDQJH
3/$ EODRBNWJ EOXH DQG WKH SURGXFWV REWDLQHG IL
$UJ ZLWI$ LQ RUDQUMHHQ DQG SLQN UDWLR
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JLIXUH &8;5' SDWWHUQ@V$SRE@ODFN UHG DQG WKH SURG

REWDLQHG IURP WKW \H[SIHBKP HQWYV RIUDQJIH JUHF
DQG SLOQN IBWEGDFE UHG DQG WKH SURGXFWYV RE
WKH H[SHULRW QW WBKBI L Q RUDQJH JUHHQ DQG

UDWLR
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J)LIXUH 63;5' SDWWHUQN$ REODRBWR EOXH DQG WKH SUF
RI 3UR ZLAK.Q REWDL QH G $HUHR[FS MUKLHHHENNG/ID X U U \
H[SHULBHBMQ

JLIXUH 68:5' SDWWHO'GVEIDFNLY EOXH DQG WKH SURG
/ +LV ZLWE LQ UHG IUMEHQ UDWLR
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JLIXUH 63;5' SDWWHB@Y RODRNYV EOXH DQG WKH SURC
/ +LV ZLWE LQ RUDQJH JUHHQ DQG SLQN U

JLIXUH 63;5' SDWWHUGQGY$SREODRBNWR EOXH DRWGRWKH RI
ZLWE/$ LQ RUDQJH JUHHQ DQG SLQN UDWL
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J)LIXUH 63;5' SDWWHO®VERIDIFADO EOXH DQG WKH SURG
/ 9DO ZLOBKLQ UHG JUHHQ DQG SLQN UDWLI

325



J)LIXUH 63:;5' SDWWHUQ'$ RAODRBND EOXH DRGDWKH RI
ZLWRS LQ UHG JUHHQ DQG' 7$ SHQINFNJDWLR D
$OD EOXH DQG MEKOD SALREKXRW RIUHG JUHHQ DOQ
SLQN UDWLR
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J)LIXUH 63;5' SDWWHUQ$ REODFNJS EOXH DQG WKH SUR
REWDLQHG IURP WK FAUS[ IHABKPG QW WRG JUHHQ DO
SLQN UDWBREODHFNS EOXH DQG WKH SRRGWKENMYV RE
H[SHULP HQWS ZRM$KL Q UHG DQG JUHHQ UDWLR
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Table S5.1. Crystallographic data fdr-Met-D-MDA cocrystal.

&U\WVWDOORJUDSKL /| OHWO0'$
&KHPLFDO IRUPXO & + 126
JRUPXOD ZHLJKW
&U\VWDO V\VWHP PRQRFOLQI
6SDFH JURXS 3
THPSHUDWXUH

Dc
Ec
F

C
f
f
f

9ROXPH ¢
'rpod FP
SDGLDWLRQ W\SFH &X .
PP
SHIOQV PHDVXUH(
5HIOQV LQGHSHQGC
6LIJQLILFDQ@& >
SDUDPHWHUYV UHIL
SHVWUDLQWYV
O!PD[U!PLQH C
)
531, @
Z5 DOO GDWD
JODFN

I+

7DEOH 6\GURJHQ ERQG/ EHX OLQFRRHPVWDO

"+ W '+ + W "W " twg  $58 -
1 1 + $wR 0.89 2.07 2.949(55) 167 [1445.01]
2 1 + %we 089 1.9 2.711(4) 151 [2556.02]
3 1 + &w2 0.89 215  2.893(4) 140 [1455.01]
4 2 + w 082 17 2.520(4) 178 [1555.02]
5 2 + we 082 211  2.848(4) 151 [2656.02]

aSymmetry coded2556.] = [2_556] =x, 1/2+y,1-7; [1455.] = [1_455] =1+X, vy, z;[1445.] = [1_445] =
1+x,-1+y, z; [2656.] = [2_656] = 1x, 1/2+y,1-z.
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7DEOH 6\GURJHQ ERQG/ cOH3/$PRWH R/ WD O

"+ W "+ + W "W " tw  $58 -
1 1 + $wme 0.8 2.08 2.878(2) 148 [3456.02]
2 1 + %we 0.89 227 2.880(3) 126 [3466.01]
3 1 + %we 0.89 2.06  28723) 151 [3466.01]
4 1 + am 089 1.89 2.779(2) 173 [1455.02]
5 2 o+ w 082 171  2511(2) 166 [1555.02]
6 2 + we 082 198 27952) 176 [1655.01]
7 & +we 098 246  3.227(3) 134 [1555.01]

asSymmetry codeq1455.] = [1_455] =1+x, y,z; [1655.] = [1_655] = 1+X, v, z; [3466.] = [4_466}=
1/2+x,3/2y,1-z; [3456.] = [4_456] =1/2+x,1/2-y, 1-z.

7DEOH 6\GURJHQ ERQG/ €L¥ 0% QD KMH

"+ W "o+ + W "W " twg  $58 -
1 1 + $wm@  0.89 193 2.769(4) 157 [2564.02]
2 1 + $m@ 089 258 3.1304) 121 [2564.02]
3 1 + %2 0.89 1.89  2.738(4) 158 [1655.01]
4 1 + %we 0.89 248  3.153(4) 133 [1655.01]
5 1 + am@ 0.89 2.03  2.855(4) 154 [3565.01]
6 1 + we 0.86 1.87  2.701(5) 163 [3466.02]
7 1 + w2 086 197  2.8204) 170 [4555.02]
8 2 + wR 082 193 27304) 164 [1455.02]
9 2 + wR 082 185 2616(5) 155 [1555.01]
10 & + $we 0.97 255  3.228(5) 127 [1655.01]
11 & + wa 0.93 254  3.4647) 171 [1655.02]

aSymmetry coded2564.] = [2_564] = 1/, 1-y, -1/2+z [1655.] = [1_655] = 1+xy, z; [3565.] = [4_565]
= 1/2+x,3/2-y, -z; [3466.] = [4_466] =1/2+X,3/2-y, 1-z; [4555.] = [3_555] =x, 1/2+y,1/2-z; [1455.] =
[1_455] =-1+x,y, z
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7DEOH 6\GURJHQ ERQG/ @HWO LSQVWIRMF UPVWDO

W b+ + W LW "W $58 -
2 + W >
2 +2 W >
1 + $we >
1 + $we >
1 + %w >
1 + %we >
1 + &k >
1 + &k >
2 +2 W2 >
2 + W >
2 +2 WR >
2 +2 w2 ,QWUD
2 +2 we >
& + W& >
& + we ,QWUD
& + w >

°6\PPHWU\ FRGH& > B @] @ >B [@]> @B @I
L e @ >B @]>[ @ >B[@ \ ]

7DEOH 6\GURJHQ ERQG/ GHWOLRFREKHPVYWDO

LW T ™ " +w8  $58 -
1 2 + w& 082 207 257409 119 [1545.02
2 1 + $wm@ 0.89 201  2.780(11) 144 [2745.02]
3 1 + %wR 089 192  2.745(14) 154 [1545.02]
4 1 + &mw@ 089 2.3 2.960(11) 131 [1655.01]
5 & + w& 098 242  3.296(15) 149 [1445.02]

P6\PPHWU\ FRGH& > B @1 % @ >B [@ \] > @ > B @
\] > @ >B [@ \ ]
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7DEGH 2YHUYLWZ RHERBULPHQWYV

Amino L-TA D-TA L-MDA D-MDA L-MA D-MA L-PLA D-PLA |
acids | 1:1 1221111221112 2a]1a|2]2a 1112221122211 1221 ]1:1]12]21
L-Ala
L-Arg
L-Asn

L-Asp
L-Cys
L-GIn
L-Glu
L-His
L-lle
L-Leu
L-Lys
L-Met
L-Phe
L-Pro
L-Ser
L-Thr

|
|
|
L-Trp -----
|

L-Tyr
L-Val

PxUD\
WKLV IUPWNR LV POQXYMNHEUVIOLQGER[HY DUH UHIHUHQFHV

QRSRBYH RU SRZGHUHGESUNRG XHOD REW RAHFHGR L F G L D VIWHNIHIRRIPIQULFU\VWDO VWQXFWXUH

E/OHWQXD'$ L@ PRODWDPWH®R LQ WKH/IRHWWD'WLRQ RI
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7TDE®OH6XPPDU\ RIVHIWDWPRWERLAR DFLGV ZLWK HQDQWLRF

0'$ 0$ DQG 3/%

FU\WwWDQ( JUDSKW PRWLI
I $UDTSH %:sr;

VO7
/'$ Q $ %ZSS;

I &\V 7%
PRQRK\GUDV ' &
I I\VI 7$ 6:sr:
I I\ 7

$ risg;

/ $0OD0'$ &
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1 $0D0'$ D&
KHPLK\GUDW,
/| &\V 0'$ 9:2;
/I &\V 0'$ .
/ 3KHO0'$ %:Sn
/ 3URO'S .
/ 3UROD'$ 8.y,
Lisv
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/ 7US0'$ &
81w,

/ OHWO'$ &
5. W

7.{.

/I OHWO'$ %
5.1s;

/I THX 0'$ &6
5.-W
6\
/ ,OMH3/$ 5%
RIX;
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/I +LVO$ R
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+DVKLPRWR . &U\WWDO 6WUXFWXUHYV RI 'LDVWHU
DQ6 3KHQ\ODODROQQH OLFQIFR G6 FL +

=KRX ) &ROODUG / BS5REH\QV . /BWROQYH 7 6K
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$SEVWUDFW

The crystal structures of (#nandelamideS-mandelamide andnantieenriched
mandelamide(94 S6 R) were determinedDiastereomericcocrystal pairs of
Smandelamidewith both enantiomers of mandelic acid and proline were
synthesizeds part of an investigation into the potentialSahandelamideas a

resolution agenfor chiral resolution.

QWURGXFWLRQ

Chirality, a distinctcharacteristic of objects that canta perfectly aligned with
their mirror image is present in various aspects of nature. For example, the
standard form of the DNA double helix always twists in a rigdgmided manner,
while snaik exhibit leftright asymmetry both internally and externaiyA large
number ofnaturally occurringnoleculessuch agroteins, enzymes, amino acids,
carbohydratesetc., are chiral andontain at least onstereogert center in the
structure, typically tetrahedral (pybridized) carbons with foudifferent
substituents and he two nomssuperimposable mirredmage forms of chiral
molecules are calleghnantiomer$.A review from 2003 states thapproximately
50% of thepharmaceuticalsnarketedand ugd in medical treatmenare chiral
compounds, and 88% among them are administered as racéniffesent
enantiomers of a chiral compound generally possess identical physical and

chemical proprties in an achiral environment, but they may exhibit significant



variations in biological activitiesFor example, the S)-(+)-enantiomer of
ethambutol is utilized for treating tuberculosis, while tReRJ)-( §-ethambutol
may lead toblindnesS. Nowadays, regulatory authorities require independent
pharmacological tests for each enantiomer as well as their combined effects, and
only the therapeutically active isomesnbe used in a mketed drug product
consequentlystereochemistryand chiral resolution aref paramount importance

in the pharmaceuticahdustry. The 2001 Nobel Prize in Chemistry was awarded
to three scientistor theirwork in thedevelopment of asymmetric synthesis using
chiral catalysts in the production of single enantiomer drugs or cherficedpite

of the rapid development alsymmetric synthesis recent yearsthere are still
numerous chiral compounds synthesized as racemates, and then separated by a
suitable physical separation approdch industry, two main categories of
techniques are often applied for chiral resolutiDrastereomeric salt formation
andenzymatic or kinetic resoluticare twoclassicatechnologiesandthe modern
approach is the use pfeparative higiperformance liquid chromatograpH*2
Themain restrictions of the above methods is that sonestthey arémpractical
anduneconomical

Cocrystallizationthe process of producing cocrystals, i.e., crystals with two or
more molecular species in a specific stoichiometric ratio within a crystal Jattice
has gained increasing attenticgcently as a feasible strategy to achieve chiral
separatiot®>*® This process enables the formation of nawstalline materials

involving two chiral molecules,leading to changes in its physical and



physicochemical propertié8§ Thisapproach involves two possible scenavib@n
both cocrystallizingcomponents are chirali) the chiral coformer onlyorms an
enantiospecificocrystal with one enantiomer of the target compound or (i) the
chiral coformer can form a diastereomeric cstay pair with each enantiomef

the target compoundtructural modifications in the supramolecular assembly in
enantiospecific cocrystals or diastereomeric cocrystal [ggdsto changes ithe
crystal lattice energy and related physical and physicomda® properties
enabling separatio(Figure6.1). Therefore, bothpossible outcomesan be used

to develop a chiral resolution process.

JLIXUH7ZR SRVVLEOH VFHQDULRV RI DFKLHYLQJ FKLU

IRURDDGDSWHG IURP UHI

7KH DSSOLFDWLRQ RI DFKWHWIRXJ Kk KHQUDOQWLRYRSE KWLR

IRUPDWLRQ LQ VROXWLRQ ZDV ILUVW LQWHKRGXFHG E\



GHPRQVWUDWHGH®E QW LR@ERBIH U R®LGEXQVDQDPLGH
ZKLFK HIKLELWYVY QRRWURSLF DFWLYLW\ DQG LV PDUNF
FDQ FRFU\VWEIPOMGHOAIFWE FLEBH ZIKQWHRWKH FDQQRW I
FRFU\VWPMYGIHOK F DFLG O HDGIL@QDOWR. RPHU WKSD UDWH
WKH UDFHPLF PL[WXUH LQ D VLQJOH FRFU\VWDOOL]DWL
D GXGXJ FKLUDO UHVROXWLRQ SORKFHWWL ED N HG CRRQ VW\K)
ZKHUH OHYHW RWIPF B WRFE FOIEBOURIWE LQ DQ HQDQWLF
PDQQHU DQG MXWHLFHKPHWMLREDQ EH DFKLHYHG DQG |
XOWLPDWHO\ REWDLQHG WKURXJK FRQVWURKEFMLQJ WK
UHFHQWO\ FKLUDO UHVROXWLRQ E\ IRUPDWLRQ RI L
/H\WVHQV ZRUN ARV

'LDVWHUHRPHULF FRFU\VWDO V\VWHPV KDYH EHHQ
FRPSDULVRQ WR HODQWLRVSHFLILF VA\VWHPV +|SI10O
GLDVWHUHRPHULPB BR&ZGguashwWIDIONRDIOL RIDFLG DQG WKH F
VHSDUDWLRQ ZDV HMFRESA VEWHRByRHteW RBO L F

DFLG FRFU\VWDO GXH WR WKH GLIIBUBQWHDHRPRIX\ F
FRFU\VIWDULROLQHYHQVWSRB RRVWHUHRPHULERRIKU\VWDOV
DQEHQDQWLRPHUV RI PDQGHOLF DFLG LQ GLIIHUHQW V
FKLUDO VHSDUDWLRQ FDQ EH DWWDLQHG E\ VLPSO\ D
FRQVWLWXHQWYV

Mandelic acid is a widely used compound for forming enantiospecific or

diastereomeric cocrystals. The literature and Cambridge Structural Database (CSD)



search indicate that approximately 40 cocrystals / salts ioiipg mandelic acid
with another chiral compound have been documented (T&8). Somewhat
surprisingly, no cocrystals involving mandelamide, the amide derivative of
mandelic acid, have been reported or deposited in the?€8Rn though it is an
important drug precurséf. In this work, the crystal structure of racemic
mandelamide[(£)-MDM], enantiopuremandelamide $MDM) and enantio
enrichedMDM (94 S6 R) were identified, and the potential 8MDM as a chiral
resolution agent via cocrystallization was considered. Two diastereomeric
cocrystal pairs 05MDM with both R- andS-enantiomers of mandelic acid (MDA)
and poline (Pro) (Figures.2) were obtained by both liquialssisted grinding and
slow evaporation, anfllly characterized byhermal analysis, Xay techniques,
and FFIR spectroscopy. Tturther investigate the diastereomdsghaviar of S

MDM with the chiral coformers, detailed analyses of crystal structures, motifs and

Hirshfeld surfaces were performed.

Figure 6.2. Molecular structures d&MDM and coformers present in this wark



([SHULP H@RWDLR Q

ODWHIM.D

SMDA, R-MDA andL-Pro ZH Wifainedrom Fluorochem D Q G3 UiRm 7 &,
FKHPLRKH-MOM was synthesizedfrom (3-MDA using a literature
procedurée? andwasrecrystallzed from hot ethanol to yield white plat&MDM
was synthesizeflom SMDA using a similar procedure to that used(rMDM,
see Supporting Information Both (3 -MDA, SMDA and commercialSMDM
were obtained from Sigma Aldriché R O Y H Q \MivchZdddUfkbmHoneywell

International;inc. D Qalbmaterials wereised as received.

ILTXB&/LVIMH® GLQJ

LAG experimentsvere performed by placing physicamixture of SMDM with
eachcoformerin a 5 mL stainless steel grinding glong with a2.5mm stainless
steel grinding ballAfter the additioQ R | / R cetatekheixiure was
groundusinga Retsch MM400 Mixer milat a rate of 30 Hz for 30 mifThe
producs obtainedwere analyzed by powder Xay diffraction (PXRD) A 1:1
molar ratio ofS-MDM: coformer was used in all cases. After single crystal analysis,

a 1:2 molar ratio o5-MDM with L-Pro was used.

&U\VWDOOLIMWLRQ RI

PJ RI VI\QWKH'VLIDE GLVVROYHG LQ P/ RI 7+) E\

&RORXUOBVYWHSEGDWHWDOV ZHUH REWDLQHG E\ VORZO\



VROXWLRQ DW URRP GMHRFSHUDWXUH IRU

&U\VWDOOBI(DWLRQ RI

PJ RI VIQVRHVIZIWG GLVVROYHGH2G EPKRDWLQJ
&RORXSOBWWH FEHIMDREWDLQHG E\ VORZO\ HYDSRUD
VROXWLRQ DW URRPGNDHY SHIHD WXON FRPPHUFLDO VDPS

E\ 3;5°

&U\WWDOOL]DWLBQ5RI 0'0

PJ RVIKRPPHBBLOAEADY GLVVROYHGKH) VRPNYRQW PL[W)
7+)DQG WRO XHIfyHeating &RY RpldteOked MystalsRD'0 ZHUH
REWDLQHG E\ VORZO\HJN G S\RRUDIWLICRIQOWDKWM UIRRWY WHPSH
GDDWQG RQH FU\VWDO ZDV LGHQM LILWIGFEALRLO DU H RQWI

60'0 DQG50'0 %XON TXDQWLWBHY ZHUH REWDLQHG
E\ GLVVROPUQWIKHRPPHWBLRLDAQW2PW URRP WHPSHUDW X
DQGHPRYLQJ WKH VROYHRRW URWHNO\HYDSRUDWRU %>
XQGHU D YDFXXP@PEKHD B REXXSE UB QD DA WK WKH
URWDU\ IODVN URWDWLQJ DW D VSHHG RI USP ZKLOH

f & Theresultng ZKLWH SR ZG HWhBigelagd &@iwad to dry in

the fume hood overnight



&U\VWDOOKRPMLRW DOV

7KH SURGXFWV IURP WKH /$* HISHULPHQWY ZHUH GLVV
the filtrate DOORZHG WR FU\VWDOOL]H E\ VORZ HYDSRUDWL
60'0 60'$ PJ RI SRA®HUKBG'$S ZDV XN@B2+

Colourlesglatelike crystals werdarvestedfter 3-5 days.

60'0 50'%$ PJ RI SRAG6HUBHG'$S ZDV XVEBWVGCROYHQW
PL[WXUOHZ2RD Q@\2 Y. Colourlessneedlelike crystals werefter
5-7 days.

60'0 / 3UR PJ R0O'0O / 3UR ZDV XWHKGI MM RMOKYHQW PL[WXU
(W2PQ&+& 0 Y. Colourlessneedlelike crystals werebtained after

3-5 days.

60'0 ' 3UR PJ RO'0 ' SURWIKHHYROVYHQRW QG 7+)

Y. Colourlesmeedlelike crystals were obtaineafter 3-5 days.

SK\WVLFDO OHDVXUHPHQWYV

3RZGHUD)\ 'LIIUDFWLRQ@KH;3:5' SDWWHUQV ZHUH FROO
672( 67$', 03 GLIIUZEWRPHWRBGLDWLRQVLQJ ® OLQHDU
SRVLWHBQLWLYH IGHWNEWRWOWDJH DQG DPSHUDJH ZH

P$ UHVSHFWLYHO\ (DFK VDPSOH ZDV VEDWKHWG EHW
ZLWK DQ LQFUHPHQW RI | FKBIW DPSODWN RHUM PSLLH S D
WUDQVPLVVQA®R QVKRLGWVWDD ZHUH YLHZHG YLD 672( :LQ;

VRIWZDUH



'LIlTHUHQWLDO 6FDQQLQJ &BRRIDPHMRQGXFH HG RQ D

, QVWUXPHQ@WIVPSOHWJ ZHUH SQRBHKG WDRHWPLLR L X P

SDOQGQMFHG KB UDQJH RI f&fBWVR KHDWLQJ UDWH RI

XQGHWRPWLQXRXVO\ SXUJHG GUODREZWWRNMLM PWP RV SKt

7KH GDWD ZHUH YLHZHG DQG DQDO\]JHG E\ 7$ 8QLYHUVI

)7.,5 6SHFWURVEFRSVSHBRZWUB UHFEQ@ DGHEBUNLQ(OPHU 8%$7¢

7ZR VSHFWURSKRWRPHWHU XVLQJ D GLDPRQG DWWHQ

RYHU D UDQJHFAPI RXU VFDQV ZHUHUMYRIOZWMR QFIRU HL

VDPSOH DQG WKH VSHFWUD ZRIUH PHBR XUHG RYHU WK

Single-crystal X-ray Diffraction (SCXRD): An optical mcroscope (Zeiss Sta

2000) was used to choose a suitable crystal for diffractiBCXRD datawas

performed using @ UXNHU $3(; ,, '82 ZLWK PRQRFKURPDWHG &
= 1.54178A). The structure was solveahd refinedby the SHELX suite of

programgrom Bruker APEX softwarg® 2’ All non-hydrogen atoms were refined

by using anisotropic displacement parameters while hydrogen ateragixed in

geometrically calculated positions using the riding model, @H#Hd = 0.930.98

A, O-H =0.82 Aand NH = 0.860.89 A and Uiso (H) (in the range 1125 times

Ueq of the parent atomffor MDM (94 S:6 R), there idisorderin two of the four

crystallograpically independent MDM molecules due ®MDM impurity,

which wasmodeled in two conformations BB8:12ratio. For SMDM-L-Proand

SMDM-D-Pro cocrystalsthereis disorder inthe proline carbon that is beta to

both the nitrogen and the carbon bonded to the carboxylic aditth was



modeled in two conformations in 50:80d 85:15atios, respectivelyPLATON
was used for the analysis of potential hydrogen bonds and short ring inter&ttions
29 Mercury 2022.2.0 an@IAMOND 4.6 were used for viewing struces and

creatingdiagrans.*® Crystallographic parameters are listed in Tahle

&RPSXWDWLRQDO 6WXGLHV

+LUVKIHOG VXUIDFWZRIOMQVHRQDQEHUSULQW SORWV

FDUULHG RXW XVLQJ WKH &U\VWDO([SORUHU SURJU

$QDO\VLV RP BMKEBABHX FWXWDBDVH

GHDUFKHWVREZMEKRQGXFWHG XV YU \&RRXA X H\K\M
IROORZLQJ UHVWULFWLRQV ZHUH DSSOLHG "FRRUGLC

DQG RUJDQLFV RQO\

&KLUDO3HIWIRUPDQFH /LTXLG &KURPDWRJUDSK\ $QD

7KH HQDQWLRSXULWB RD WEKRPFRPFPHUFQBOLBK V\QWKH
0'0 DQG WKH VLQJOH FWB\\VSWRBURI GHOWHUPLQHG E\ FKL!L
3HUIRUPDQFH /LTXLG &KURPDWRJUDX$K\B\OREH DQDO\V
FROX$PXWFKDVHG IURP 'DLFHO &K HRHFDI & GO®X\DW H WHW V
HPSOR\HG LQFOXGHGKB [PREMRSH BEDY R CR | D IORZ |
—PLQ D WHPSHUPSWRXQE BRIGHWHFWLRQ ZPYWKOHQJIJWK F
DQDO\VLV ZDV SHUIRUPHG RQ D :DWHUV $OOLDQFH

'DYHOHQJWK 83 0BOWHHRFRONRHWWY HPSOR\HG ZHUH RI +3/&



Table 6.1. Crystallographic data for (+)-MDM , SMDM , MDM (94 S:6 R), SMDM -S-MDA, S-MDM -R-MDA, S-MDM -L-Pro and

S-MDM -D-Pro.
(£)-MDM SMDM MDM (94 S6R) SMDM-SMDA SMDM-R-MDA SMDM-L-Pro SMDM-D-Pro

Chemical formula  CgHoNO> CgHoNO; CgHoNO; C16H17NOs Ci16H17NOs Ci8H27N30s C13H18N204
Formula weight 151.16 151.16 151.16 303.30 303.30 381.43 266.29
Crystal system monoclinic  orthorhombic monoclinic orthorhombic  orthorhombic orthorhombic monoclinic
Space group P2i/c P212121 P21 P212121 P21212; P212121 P2;
Z, =1 4,1 4,1 8,4 4,1 4,1 4,1 4,2
Temperature (K) 296(2) 296(2) 296(2) 296(2) 296(2) 296(2) 296(2)
a(A) 15.906(3) 5.5857(5) 8.2111(5) 6.4068(6) 6.9120(11) 5.6311(4) 5.19880(10)
b (A) 5.5263(12) 8.2971(8)  5.9441(4) 8.0493(7) 7.3147(12) 14.9687(11) 24.6214(4)
c (R) 8.5110(15) 16.8366(16) 31.3477(19) 29.633(3) 29.941(4) 22.9618(16) 10.51280(10)
(0 90 90 90 90 90 90 90

i 91.386(15) 90 95.190(3) 90 90 90 95.4650(10)

§) 90 90 90 90 90 90 90
Volume (&) 747.9(3)  780.29(13) 1523.73(17) 1528.2(2) 1513.8(4) 1935.5(2) 1339.54(4)



lealc (g CNMT°)

Radiation type
(mm?)

Reflns measured

Reflnsindependent

Rint

Significant | > 2 11)]

Parameters refined

Restraints

0 hax 0 hin (€ A9)

F(000)

Ru[l > 211)]

WR: (all data)

Flack

CCDC

1.342
Cu ..
0.806
4243
1231
0.054
899
101

320
0.0718
0.2077

2269509

1.287
Cu ..
0.772
4919
1319
0.030
1312
101

320
0.0342
0.0906
0.08(5)
2269510

1.318
Cu ..
0.791
18234
5155
0.029
4982
423

640
0.0277
0.0727
0.05(5)
2269507

1.318
Cu ..
0.823
9838
2677
0.028
2662
202

640
0.0379
0.1071
0.03(5)
2269512

1.331
Cu ..
0.830
12366
2589
0.048
2367
202

640
0.0375
0.0986
0.08(10)
2269508

1.309
Cu ..
0.822
11409
3325
0.030
2861
255

816
0.0383
0.1113
0.11(8)
2269506

1.320
Cu ..
0.819
17685
4582
0.023
4502
358
15

568
0.0314
0.0855
0.10(4)
2269511




SHVXOWVYMHX& VLRQ

Based on the molecular structures of mandelaraitboth coformers it was
anticipated that the weknown amideamide homosynthons and amideid
heterosynthonwould be observenh thar crystal structures (Figu&3). A search
of the CSDwas undertaken to identify common supramolecular syntl@ns
compounds containing a hydroxyl group in the alpha positioa psimary or
secondary amiddunctional group(shown in red in Figures.3). The 42:z;
homosynthon betweewo amidess commonly observed in 82 structuré8 of
whichare single component crysta@@nly one structure containing the amutgd

48:z; heterosynthomas been reported (Refcode NUGFAX

Figure 6.3. Expected hydrogen bond motifstilee MDM cocrystals.

6 W UXFWXFH/FRE DQEO' 0

Single crystals of racemiMDM and enantiopur&MDM were grown from THF

and MeOH, respectively, and the structures determined as shown insFagure

and 6.5, respectively. Thellgsoid plots are shown in Figure68. Hydrogen
bondsgeometries are displayed in Tablés1SandS6.2, separately.

(£)-MDM crystallizes in the monoclinie2i/c spacegroup withZ « $V VKRZQ

in Figure6.4a, two(x)-MDM molecules formedra 48 : s s motif through the Nt

350



i and C  #® hydrogen bonding. The hydrogen bonded network is further
extended byD #H w® hydrogen bonds between tWm)-MDM molecules. Along
the b axis, a 4§:z; motif is created among fout)-MDM molecules via Nt

K hydrogen bonding (Figure 4b).

(@)

(b)
JLIXUH+\GURJHQ ERQGLQJDDORQDDWIKH DQG E DORQJ W

ED[LV
351



SMDM crystallizes in thd?2,2:2; space group witlz « $V VKRZQ LQ )LJIXU
6.5, every twoSMDM molecules formed m 4§:{; dimer between hydroxyl

group and the amide group in a#&itail manner through the #®  hydrogen

bonding The 3D hydrogen bonded network is further stabilized @y wo

hydrogen bonslbetween twd&S-MDM molecules.

JLIXUH+\GURJHQ ERQ®LQJ

Interestingly during this study, a third crystalline form of MDM was isolated from
the solvent mixturef THF and tolueneAnalysis of the SCXRD showed that this
contained enantienriched MDM 04 S6 R) which results ina very different
structure relative to either the enantiopure or racemic forms. The chiral HPLC
results on another crystal from the same batch are consistent with the structural
analysis. (Figure &@11c).

MDM (94 S6 R) crystallizes in thd?2; space groupvith Z Héhtioned
earlier, disorder models were createth the hydroxyl group of two MDM
molecules (2 and 4). The diagrams of hydrogen bondinlgeohajor part (88%)

arepresengdin Figure6.6, and Figuré®.7 illustratesthe hydrogen bonded network
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of the minor part (12%). In the major part, all four molecules &dDM. In
addition, S(5) ring was created viai +  tramolecular hydrogen bond &
MDM molecules 1 and 3, while f{&MDM molecules 2 and 4, S(5) rings wer
generated through B intramolecular hydrogen bond (Figufe6a). As
shown in Figures.6b, two SSMDM molecules (1 and 2 or 3 and 4dje linked
throughO i®  and Cik® hydrogen bonds along thec axis, forming 48w,
42:w,and 42:z; motifs. Along theb axis, our SMDM molecules(1 and 2 or 3
and 4)are connected ia taitto-tail fashion WK U R X J K hydroge@ bonds
creating an4§ : z; motif, which further facilitateshe construction a8D structure

(Figure 66c).

(@)

(b)
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(©
JLIXUH +\GURJHQ HB®WGLQJ6 5 PDMRU FRPSRQHQW RI
GLVRUGHUHGDV@WNXNPWROHFXODU LQWHUDFWLRQV LQ IF
' K\GURDRQGLQJ QHWZEDNLYORQG WKH 'ERGWIRIHQ

QHWZRUN BDR®JI WKH

In the minor part, two molecules (1 and 3) &®&DM, while the other two
molecules (2 and 4) afRMDM. Similar S(5) ring viali+  #tramolecular
hydrogen bondavas observed in all four molecules (Fig6réa).Along thec axis,
42 :w; motifs were present betweano MDM molecules (1 and 2 or 3 and vij
Oi® and Cikd hydrogen bonds (Figure6.7b). Similar to the major part,
the D structurewas further stailized by 1 i+ hydrogen bondslong theb
axis betweendur MDM moleculeq1 and 2 or 3 and 4ih a tailto-tail fashion,
forming an 4§:z; motif (Figure 6.7¢). The hydrogen bonding betwedme two

MDM molecules of4) -MDM is differentto thatin the minor component &1DM
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(94 S6 R), with theformer forming an4g: s s, motif while latter forns an 43: w,
motif. Surprisingly, the crystal arrangement alonghifais in both thenajorand
minor components of MDM (946 R) exhibits similarity to the crystal packing
observed in (MDM, rather than the expected resemblanc&MDM, despite

the fact tha&-MDM constitutes 94% of MDM (9466 R).

@

(b)
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(©
JLIXUH +\GUR ERR@ GL@ D0 6 5 PLQRU FRPSRQHQW RI '
GLVRUGHUHGDVWQWEMRBBHFEXODU L QRARHOUHFRXDIHR/Q VEL Q
' K\GURDRQGLQJ QHWZEDNLYORQG WKH 'ERGWIRIHQ

QHWZRUN BDR®JI WKH

7KH VLQJOH FQOVIMVDUH REWDLQHG [URR "W K MQWKHVL]
FRQWDLQWO0'0O RIIKLOH WKH IRUPOWLRQ5 FEIRW®&B EH
DWWULEXWHG WR WKH FRPPHUFLBO$FRDWGLIQYJI WD WVHKL
FKLUDO +3/& DQDO\VL6W' OWKRIQFMRPIPGEHMLDQG R

50'0 J)LIXUHB7KH VPDOG ®BROQAWLW LQWR WKH FU\VWD
RBO'O DQGUIR:PL[HG F8\WIMMWO\VLY RI WKH EXON PDWH
0'0 60'0 DQG'O 6 5 PDWWKH WKHRUHWLFDO 3;5' EDV}

VLQJOH FU\VWDO DQDO\VLV )LJXUH 6
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7KH VWUXFWXUDO DQDO\VLV U H§ X: PR WELH WY H DI QHW Z\K K D
0'0 PROHFXOHV LV QRW SUHVHQW L@ODQ®\RWHGVWDO
PRWLIV)LIXUHDUH SU®WHKHVH WKUHH FU\WWDO VWUXEV
DUHIGR®G LQ UHSRUWHG VWUXFWXUHV ZKLOH PRWLI
VWWXBHVYFRGHE,/ '(=.85 12/&2* <(1'(& EDVHG RQ

WKH &6' VH@ DFXGLWLRQ PRWLIO'OFRROHWNORBY RI IRXU
0'0 DQG'0 6 5 RD DOVERX®G LQ WZR UHSRUWHG V

SHIFRGHM& DQQ1'(&

J)LIXUH7KH W\PHRWRIW'OLGHQWMWKHG ZIRFWPN H UV

LQGLFDWH RFFXUUHQFHYV LQ WKHIKN OHIW DQG LQ W
The twomain hydrogen bonding functiongtoups inMDM are theamide and
hydroxyl groups As shown in Tablé.2 and Figure 6.3, the characteristic IR

bands othe NH and OH stretclesin (x)-MDM andMDM (94 S6 R) are both
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increased compared with thoseéstMDM. In contrastthe stretching vibrations of

C=0 inthese two soliddisplay a decrease comparedsthiDM.

Table 6.2 'LVWLQEDMGAH® LQ WKH )7,5 68HFWQD RI

RFU\VWDOV

VROLG IRUP & & . 8 1
“0'0

60'0

0'0 6 5

60'0 60'$

60'0 50'$

60'0 / 3UR

60'0 ' 3UR

As shown in Figure 8, the melting point oft)-MDM is 133135€C , which is in
line with the reported dat§.DSC analysis bthe MDM (94 S6 R) reveals its
melting point is slighy lower than tiat of SMDM. In the book "Introduction to
Stereochemistry”, Mislow examined thmost commondiastereomeric phase
relationships that occur between two stereoisomessnaifar substance®® One
out of the four scenarios could explain the therbeddaviourof MDM (94 S6 R).

In this caseintroducing a small amount of impurifye., R-MDM) can result in a

decreased melting point compared to the pure comp¢B&HDM ).
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JLIXUH'6& FXURIHW'0O 60'0 DQGO 6 5

7TKHLDVWHURKRPUWVAIADUWBRIO DQG 50'$

SMDM-SMDA and SMDM-R-MDA cocrystalscrystallized in the same space
group P2:12:2,) of the orthorhombic systeand have similar unit cell parameters

(Table6.1). Hydrogen bonds geometries are displayed in Tabfie$ &1dS6.5,

separately.

60'0 60'$ FU\WWDOOR|GINO'DLWROHFXOH @G RQH

PROHE®MAHDV\PPHWULFUXD ZYWHVH WZR PRREEKEGWW® UH

YLR + w2 DQB + we GLVFUHWH K\GURJHQ ERQGV |

48:z; PRWIAR DV\PPHWULF XQLW +O 6@V DWEBUR X JK

+ W2 GLVFUHWH K\GURJHQ E FPR®H FX-DWHER WIL QI POUIR X U
E ,Q WKH RPRICGHF XREFRPRWRP RI )L J RGO

PROHFXOH6DQ$PR@HHFXOH LQW HY BiwaV W& GReX JK
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W2 GLVFUHWH K\GURJHD \ARPIROMRIORFXIOH] PRW LI YLD
+ W2 DQG+2 W@ GLVFUHWH K\GURJHQ E RDQUGV | XAKWM K HUW Z

DVVHPEORG+H\ W K\GURJHQ ERQG

(@)

(b)
JLIXUH +\GURJHQ ERQ®KRJI60'$ FRFU\VWNOPPBWULF

XQLW SD®NDIQG JUBMS LD/QG 'EK\GUREBRIQGHG QHWZRUN
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7KH DV\PPHWBDFOXRAU'W FRQWDWPW PROHEXOH DQG RQF
50'$ PROHFXOLHF KFPQOHFWHGE $W2D DQB + we
GLVFUHWH K\GURIWRTER@ERWEORQJ PADKHY WKH
DV\PPHW QLR X g IWWZ X QIOWD FHOWQG WKH ' VWUXFWXUH
WKUR23##W2 K\GURJHQ@ SRR@GRAS:w, P R\@L D QlG+we
K\GURJHQUER/GEFWLYHD$GGIMWULIRQDO K\GURJHQ ERQGL
60'0 DQB0'$S PROHFXOREVHUY HGRIDQ @ RDIMIGHLU DORQJ \

D[LV ZKAUHPRQLNVI FUH DWW KLU R JH Q) IEIKQER

(@)
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(b)
JLIXUH +\GURJHQ ERQBK I FH 0'$ FRF U\ '@ WQEDLO/

DQG JUKHM® LVD DORPODJLWKEQG EEDQ@RQJ WKH

The DSC data for th&MDM-SMDA and SMDM-R-MDA cocrystals show
single endotherim peaksat 85 and 8L , respectively, with the melting point of
the cocrystals lyindower thanthose of the corresponding starting materials
(Figure6.12a and b)As shown in Tablé.2 and Figures &4 and $.5, the &NHo,
HH, andC=0 bands o5SMDM exhibitshiftsin bothcocrystalsAll the observed
differences indicated that thosigree moietiesare involved m the formation of
hydrogen bonds ithe different cocrystalswhich is consisent with the crystal
structural analysis. As shown in Figugd2c and d thé®>XRD patterngor bothS
MDM -SMDA and SMDM -R-MDA cocrystalgnatch with the simulated patterns

extracted from the SCXRD analysis, indicating these cocrystals can be reproduced
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in bulk quantities by theAG method The products were the same irrespective of

thesource ofSMDM (synthesized or commercialsed in theexperiments.

JLIXUH '6& SORWYV DQG 3;609DWWHIBFRFU\VWDO SDLU

7TKHLDVWHURKBRRPUHVAIFDUWBRIO DQG ' 3UR

A stoichiometrically diversealiastereomeric aoystal system betweel®MDM
andL / D-Pro wasobtained Hydrogen bonds geometries are displayed in Tables
S6.6 and S6.7, respectivly. SMDM-L-Pro cacrystallized in theorthorhombic
P212:2; space group with on8MDM andtwo L-Pro moleculesn the asymmetric
unit. As shown in Figure5.13a, SMDM links L-Pro 1 throughO545 @027

hydrogen bondnd connects-Pro 2 viaN H @ andC H ® hydrogen bonds

forming an 4§:z; motif. 48:v;, 42:w and 47:z; motifs betweenL-Pro
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molecules interlink the chain (Figu6el3b), stabilizing the 3hydrogen bonded

networkof SMDM -L-Pro cocrystal along tha axis (Figure6.13c).

(©)
Figure 6.13. Hydrogen bondingn the SMDM-L-Pro cocrysta(pink isSMDM,
green id.-Pro1, and blue i$-Pro2): (a) hydrogen bondindgpetweerSMDM and
two L-Promolecules, (b) Ydrogen bondindpetweerL-Promolecules, and (3D
hydrogenbonded networlalong thea axis. One of the disorderedarbonatom

conformationsof L-Pro2 has been ortted for clarity.
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7KH0'0 ' 3UR FRFU\VW D OWKHRQRFOQ QIIHVVSDBIE JURXS
WH DVI\PPHWULF XQL6M' & FPROLWVAXYD RV TR PRDRHF X OH V
> $V VKRZQ LQ )WIEU'H PROHFXOHYV 3UERE AR O HV
FDBH UHJDUGHG DV WKH FU\WWDO 4BKEWPRIDLEXLOGLQJ
4l:ss PRWLI DUH F U H D8\ HIGPRROHPIXK@BIRERBUR PROHFXOHYV

YLDHIR DQG+2P K\GURBRQG 8:$ @ P R WELH W ZIRRKX@B U R
PROHFXXOHDWVR REVHUYHG LQ WKLW+EXKOBULRIHEGORFEN

ERQGL/XH ' K\GURJHQ ERQGHG QHWZRUN LV H[WHQGH
EXLOGLQJ EORFN WMRKURQ&K++ W& K\GURJHQ ERQGYV

OHDQZKL®O® KNAGURJHQ ERQGV &EHWZARIOHARQWR

FRQWULEXWH WR WKH VWDELOL]DW L& G SRRRWKIHWU\VWD
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Figure 6.14. Hydrogen bondingin the SMDM-D-Pro cocrystal.The minor

disordereccomponenbf D-Prohasbeen omitted for clarity.

A significant difference of melting point between ®&#1DM -L-Pro andS-MDM -
D-Pro cocrystals can be observed from the DSC plots (F&lsa and b). Th&
MDM-L-Prococrystal shows single endothermic peak 516 € , which is lower
than those of its two constituent$ie melting point o5-MDM -D-Prococrystalis
166 € , whichis in between that of the individual componentke IR data show
GLIITHUHQ RV 20n@ Q&dHndicatingre-construction of hydrogen bond
networks in those solids and the formation of new crystalline solits.
experimentalPXRD patterrs of SMDM-L-Pro and SMDM-D-Pro cocrystals
werefound to compare well with the simulatB&KRD patterrs obtained from the
SCXRD data (Figuré.15 ¢ and d). The different sources ®MDM used in the

cocrystallization experiments did not influence the products obtained.
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JLIXUH '6& SORWY DQG 3;603DWWSBUR RRFU\VWDO SDLU

$QDO\VLUWDRWHURBRPUHLAFIDUWG (RO

'KHQ FRQVLGHULQJ FKL U D 6RPH\RRDQML RROU RV L QAIK P X XOWH

WR IRU®LDVWH U HRMHQUQWIREOMNIU @ HSVWDKID O XH LV WKH

PDL@IOXHKREMDY ZKHWKHU DRRAQB/QWDICRY BMWIHUFRP H |
FRFU\VWDO SDLU LV IRUPHG LVPR®WGH DI'VYW\UM/@RWS UHGNL
DIIHFWLQJ WKH IRUPDWIh R@vidRs wbrk Springlévewvdd O

conducted a CSD search of the existing enantiospecific ddstereomeric

cocrystals and found that among #ilticomponent structuresontaining two

optically active compound$8 (86%) systemisehaveenantiospecifially.*! 7 K L V

LV EHFDXVH WKH VWDELOL]DWLRQ IUHH HQHUJ\ RI FRF

N- PRAOODV WKH ODWWLFH HQHUJ\ RI D FRFWKMDO LV .

VXP RDFRPSRQBWWRQJ K\GURUHQ ERRBGNMOOWKRIQVLGHU
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SULPDU\ GULYHUV RI FRFDURWWDY V¥ KDMWRHEPREQG RQ\V

@GEVWDFNLQJ LOWHUDFWLRQV HOHRYQR&MDWILIFOSRW

LQWHUDFWLRQV DQG V\NBBWHFQRIOBIBORFBRAHWEQ WK
IRUPDWLRQ RI FRFU\WWBWON B HUK HHXX RYRD OP E R BW\ WWRD
VWDELOL]DWIQROYKHHQRUBHU RI MVPROGRQV HMYXHQDBH

VP DRK® QIHWKH VWUXFWXUH RI WKH FRFU\VWDOOL]LQJ
L@EVROXVRW DG®DWLYH VWHY HRAKE PLR WHKDQJIHV LQ
LQWHUDFWLRQV DQG VWHUDIGIHW KR WR/X WFRP HP BW & F
IRUPDWLRR® ®KPRQVWUDW H GRW K@AYRGKBRE 7\ D P
IURRDHFWLUDFBQDPH DFKMHYHRGPEWLRQ RI HQDQWLRYV
FRFU\WWDOGKTD WLV FRORURPD QG @ LF$ D HIKGH
UHDVRQVKHKDVWHUHRPHUIE @RWUXRAWE O GDPHYWLIDWHG
HPSQRNU\ WWMDUXFWHGIHFWLRQ DQG P RO/HHRX O B B X/JIKP WH BIW
SUHGLFWHG K\SRWKHWLFDO FHRQGLQ JV WHERSFAWXWIHH B Q
(7,6 &/ 0$DUH H[WUHPHO\ VI6RT BD&J MR WKK-REHIRHUHQF H\
LOQURPDWLF LIDAVGH ODRWLIRFHYKQIHBIHQMUIRUBWKH IRUPL
(7,6 &/0$FRFU\VWPRUHRIBHHW XBBGO\ IDYR

JRU WKH IRUPDWLRQ RI D GLDVWHUHRWHKMGE RRHFQ\VW D
ERQGLQJ QHWZRUN DQG PROHFXODU DUUD®XHPHQW D!
LQIOXHQFH RI WKH VHFRQGDU\ LQWHUDFWLRQV DQG
VWDELOL]DWH\R © HQQWLILRIQGICD M WBIQ HHRP HUGEF' FRFU\WVWDO
ZLVWBK50'$ KDYH VXBILAWBHOO B@E DPKHMWMWWRLFKLRPHWU
EHWZHOH®RDQG WKH FRIRUPH#RZHBYHUN KMMKHEBR®RBURJIHQ

EHWZHHQ WKRDWQR VFRBSWKHVH FRFU\WVWDOV GLIIHU VL
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JLIXUH 7KH W\PHRWRBW'0 ZLWK FRIRPAWWKHG LQ

ZRUNXPEHUV LQGLFDWH RFFXUUHQFHYVY UQIWMKMH &6' OH

$V VKR2QIXKQHELQDU\KOGYRDHQ ERWGLQDUHBSUHVHQW
0'0 60'$ PRWLI 60D@Q@G0'$ FRFU\WWDOV PRWLI UHVS
JRU WKH 60'$ FRFU\WVWDX\RQR\ MRBRRXBDUER[\O JURXS
RO'$S VHUYLQJ DV ERREGL\GURBROQRU DQG DFFHSWRU
WKH K\GURJHQ ERQG IRUPDWLRQ ZKLOH ERWK WKH R]
DQG D K\GURJHQ DWRP + |5RPOVDKH EIQYRIMWHGLIQY W
K\GRJHQ ERQG FRQVWUXFWLR®O ,R0'BROMALUDVWDORU
K\GURJHQ ERQGLQJVRKRFXADUERQ\THRQPJIJHQ DWRP DQG |
JURXS R$ DQG DWKIGH RUFOXE ORWLLY QRW. QREQG

VWUXFWXUHV WK URZXKKRDWKAR B/B'8 U H D HRRWHBRBR U W

5HIFRGHV 9$®Q& ===5-*7KHWULHQWDWLRQDOO\ UH\
LOQWHUDFWLEBWRHRWLQH WKH IRUPDWLRQ RI GLDVWHL
EHWZBDH@Q DQE& 50'$ ORUHRYHMWINWKHQW FRQWDFWV LQ
FRFU\WWDOV FDQ EH YLVXDOL]JHA EXUMKSIDQG' 1D B OMU S L

6 +\GURERQLLQO'0 60'$ FRFU\WWWDO FRQVWLWXWH
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SURSRUWLRQ FRPSBUOHG Z0°W Ik RFKIRYWDOL@ ZKYWH LQ FR
YDQ GHU :DDOV LQWHUDFWLRQV D¥FEERWQBWOIKRU D ODUJFH
FRFU\VWDO 7KHVH VLJQLILFDQW GLIIHUHQFHV OHDG
FU\VWDOIBRWRKNVQILDVWHUHRPHULF SDLU

&RPSDUHGOWR BVKH$ GLDVWHUHRPHULF FRFU\WVWDO SDL
EHWZWKR'0 / 3UR BQ® ' 3UR FRFU\VWDOV DUH PRUH V
$SDUW | GRF WHRRWBP&WLI 6DURRE BURRWLIV DQG IURP
60'0 ' S3URVHVXOWIGQJII HURRW IRRFWLRQWDRIBRFU\VWDC
WKBLYUWLIQRRWHUSULQW SORWYVY DQG FRUUHVSRQGLQJ FI
6 E DQG ®OEOWVKH SULPDU\ IDFWRU WKDW RYHUFDI
VWDELOL]DWLRQ IUHH HQHWJV KR UY bR AN WOMTFLE B /D R V/
R60'0 DQG' 3URKLYV LV VLPLODU WR WKH UHFHQW UHSF

ZRUNHUSURWZLWK PDQGHOLF DFLG

&RQFOXVLRQV

,Q VXPU\ WKH FU\WWDO VWUXEWX DME'RI UBFHPLF 0'0
5 ZHUH LGHQWLILHG DQG IXOO\ FKDUDFWGOL]HG LQ W
6 5 FDQ EH UDWLRQDOL]JHG HLWKHU RQ WKH EDVLV
REVHUYHG E\ FU\WWDOOL]DWLRQ IURP D 7+) WROXHQ
XVLQJ WKH URWDWRU\ HYDSRUDWRU ZKLFK LV D PHWK
IRUPSGGLWLRQD WOMX®\ UHSRUWV WKH VIQWERRVLYV DQG
QRYH®VWHERRBISOLERD ' 0 ZLVRWK HQDQWLRPHUV RI PC
DFLE®M'0 60'$ DQED'0 50'$ DQG SUROLQKBUR BQG
0'0 ' 3UR &KH 60'$ DQED'0 50'$ FRFU\WWDOV KDYH VLP

XQLW FHOO SDUDPHWMRIVF BIQREP MWK B L \WDWRDQN. ILIRF D Q W O\
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GLITHWHEQWBEBRQGLQJ EHWZARHRUBRBBW ZIR FULWLFDO VWL
GHWHUPLQLQJ UROH BHOHO RBWHHRD WER3D 'R3IUR

GLDVWHUHRPHULF FRFU\WWDOV SURFHHGV ZLWK GLIII
UHFHQW UHSRUW RI SUROLQWKARIXNK MXHGCWHW UK DN X GH

IHDWXUHYV DUH YHU\ GLIIHUHQW

5()(5(1&(6

,QDNL O /ILX - ODWVXQR . &HOO FKEUDOLW\ L

ULJKW DV\PPHWUBRIGHWH ORDNQW 6RF /RQG % %L

/JLX < ;LDR - .RR -DOMBMLYH Q SKREIRORJILFDO HC

VWUXFW X UOH RH "R BMWOMU LOIDWH U +

%UDQGW - 5 6DOHUQR ) )XFKWHWRODHFXDOKH DG (

FKLUDOLW\ LQ WHFKQRIORJEAP O&KSIFPOLFDWLRQV

=KRX < :X 6 =KRX + +XDQJ + =KDR - 'HQJ -

< <DQJ - /XRO/SKEKLRDFHXWLFDOV (QYLURQPHQMW

KXPDQ KHDOWK LPSDFWV UHPHGLDWLRQ WHFKQR

(QYLURQ ,Qw

OF&RQDWK\ - 2ZHQV 0 - B6WHUHBRBKMP&DWH\ LQ

&RPSDQLRQ - &OLQ 3V\FKLDWU\

%OHVVLQIJWRQ % %HLUDJKL $ 6WXG\ RI WKH V\

XVLQJ FKLUDO OLTXLG FKUR®P D&KRRPDSKRIDQ G V\QW
+

%URRNV : + *XLGD : & 'DQLHO .KIUD/GKIHWELUI@L I

'UXJ 'HVLIQ DQG 'BEXHORBRPHQUMMHG &KHP =
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$XOW $ 7KH 1REHO 3UL]H LQ&KRPLEWRJ\ IRU

1JX\HQ / $ +H +X\ 3DRKLUDO 'UXJV,Q$Q 2YHUYL!}
%LRO 6FL -

/IHH + / +XQJ < / $PLQ $ 3UDWDPWUDWHMHH 7
$SSURDFK IRU &KLUDO 5HVROXWLRQ E\ 'LDVWHUHI
6WXG\ Rl 5DFHPLOGEXSWR&KEP 5HV

<DQJ & 'HQJ + 5HQDWD + G5HFHQW 3URJUHVV D
&KHPRHQ]\PDWLF DQG %LRFDWDO\WLF2UJQDPLF .L!
3URFHVV 5HV 'HY &

3LQWR 0 0 0 )HUQDQGHV & 7LULGWDQQO ( ¢

SBUHSDUDWLYH 6FDOH $ OHGLFLQRO HFOMHW WU\ 3RI

3DzZDU 1 6DKD $ 1DQGDQ 1 3DUDPELO - 9 6R
$ 6FDODEOH $SSURDFK IRWBERFAUDWWDO 3URGXFWLR
6SULQJXHO * /H\WVHQV 7 ,QQRYDWLYH &KL
(QDQWLRVSHRVMWP GRL]DWERBQ/ WQ *SURRIDIVWKL RHY

i
%XRO ; *DUULGR & & G5REH\QV . 7XPDQRY 1
- /H\WVHQV D 7 &KLUDO 5HVROXWLRQ RI ODQGHC
&RFU\WWDOOL]DWLRQ &LWW 1HJRZWKH WH\P

i
6KHPFKXN 2 76@P@IQRY 1 :RXWHUV - %UDJD ' *

/[H\WVVHQV D 7 &KLGBBYLBIHDHARHIWKINWPLRQRRY &RFU\VWD
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ZLWK 3KDUPDFHXWLFDOO\ $BENSW DERE WKR'BHM QLF
+
+DUPVHQ % /H\VOHRY &KLUBKDO 5HVROXWLRQ (QDC
&RFU\WWDO®6LFXSURQHRI 8VLQJ BHNWW L UDREHWID PH V
+
6KHPFKXN 2 *UHSLRQL ) /H\WVHQV 7 %UDJD '
&RFU\WWDOOL]DWLRQNVWUWK EKRIWPIDQLF 6D
6iQFK'XDGDUUDPD 21DYWQGR]D) & WBXHGISOORKQJ
&RRN + $DHBIDV - , 'tBOJPGR+HIXLHUD
ORUDBRIWDYV + +|SIO + &KLEA30DJHVRODXWH R QY RI
'LDWMRPHU&B\\RWWDO 3DLU )R WMDY ER QUG WK /
*URZWK 'HV -
=KRX ) &ROODUG / 5REH\QV . /HIVURBQWH7 6K
D UHVROXWLRQ DJHQW DEOH WR WDUJHW ERWK H
H[FLUWADNH RI VWRLFKLRPHWU\ FRRMR RECRPHPX KL UD
+
*URRP & 5 %UXQR , - J/LJKWIRRW 0 3 :DUG
6WUXFW XU BG MDVOE\DMH ~ +
BWRNHV 0 ( 6XUPD®@YRO 9 &XUJXODG]H ' /L
*DVSDUHN - %HW]HQKDXVHU 0 =KX * 'X + 5LJ
- 2SWLPL]DWLRQ RI D THRYH® GDQGHROREAEH PLGLQ
Rl 3(5. ,QKLEKLDWRADFHXWLFV
JORY\®QHV * & :DOO 3 ' B6ODXJKWHU - / 3DUNH}
(QDQWLRVHOHFWPOR KRRKDO@DWARQ RI GLEHQ]\OLC

PRGLILHG DOO\OLQGEXID XD IDEHF HYHD WHRQ WD QWLR|
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VW\QRDEHHWUDKHGURQ -
%DJ 3 3 5HGG\ & 0 B6FUHHQLQJ DQG 6HOHFWLYH
E\ )DVW (YDSRUDWLRQ OHWKRG $ &DVH 6WXG\ RI $V
ILIOXPLRRYEVY® *URZWK 'HV
6LQKD $ 6 5DR .KDQGDYLOOL 8 % 27&RQQRU
ODJXLUH $ 5 /DZUHQFHFUBV\DQARYRIOWKR QXWUD
VLQDSLEUD¥WGEQJI&RPP .
BKHOGULFN * 0 &UWQWHPO! QW ZX FWKKW-E( / /H YV W

&
$3(; Y %UXNHU $;6
X - +XDQJ < 5XDQ 6 &KL = 4LQ . &DL %
LVROLTXLULWLJHQLQ ZLWK HQKDQFHG SKDUPI
&U\WW(QJ&RPP -
6SHN $ / B6WUXFWXUH YDOLGDW LRRW DYSEKHPLFD (
+XDQJ 6 X - 3HQJ < *XR 0 &DL 7 )DFLC
3KRWROXPLQHVFHQFH DQG 'LVVROXWLRQ 3URSHLU
&RFU\WWDRQOWDWELRRZWK 'HV =
6SDFNPDQ 3 5 7XUQHU O - OF.LQQRQ - - :ROII
- -D\DWLODND ' 6SDFNPDQ 0 $ &U\WWDO([SC

+LUVKIHOG VXUIDFH DQDO\VLV YLVXDOL]DWLRQ

PROHFXODUY $SBWDWV +
%YUXQR , - &ROH - & (GJLQIJWRQ 3 5 .HVVC
OF&DEH 3 SHDUVRQ - 7D\ORU 5 1HZ VRIWZD

&DPEULGJH 6WUXFWXUDO 'DWDEDVH$BQY®G RIUNXWOL]L
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%

I+

$OPRJ - G5RIJLQ 5 .OHLUBYBSQWRK@PXL®BRKHQ 6

UHDFWLRQ EHWZHHQ SKORURJOXFLQRO DQG YLF

H[WHQVLRQ DQG PHFKDQLVWLF HOXFLGDWLRQ RI .L

ER2MKDSHG FRPBRXNQPEWGURQ +

6PLW - 3 &&'&[SHULPHQWDO &U\VWDO 6WUXFWXU
‘2, FFGF FVG FF WFT

3LQWHU ( 1 &DQWUHOO / 6 'D\ * 0 :KHHO

WDUWDUDPLGH P DO D RHZHHQWDY LMY PHPO WHSD UW X U

LQYHUVLRQ&UPPHMUERPP .

*DZUR VNL - *DZUR VND . 6NRZURQHN 3 5\FKO

% S5\FKOHZVNL - +RIIPDQQ O 6]DUHFND $

&RQIRUPDWLRQWRWDEI5F $FLG (VWHU $PLGH DQG 1L

., 5D\ 'LIIUDFWLRQ &LUFXODU 'LFKURLVP 1XFOHDU

$E ,QLWLR7BHWXGKH\GURQ i

-DQLDN $ 5\FKOHZVND 8 ODUFLQ .ZLWNB 6 *DZI

- )JURP 6LQJOH OROHFXOH WR &U\VWDO O0DSSLQJ

7JDUWDULF $FLGV D Q& KZHKRHAKA V&KW HPD W L+Y H V

.DQGD 7 1DUDRND $ 1DND + &DWDO\WLF 7

&S\DQRK\GUtBWWRRDP-LGRY &KHP 6RF *

OLVORZ . , QWURGXFWLRQ WR 6WHUHRFKHPLVWU\
<RUN $PVWHUGDP
*HRUJH 7XPDQRY 1 1RUEHUJ % 5REH\QV . )LOL

- /IH\WVVHQV 7 'RHV &KLUDOLW\ ,QIOXHQFH WKH
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JRUPDVERIURQW *URZWK 'HV i
6SULQJXHO * B5REH\QV . 1RUEHUJ % :RXWHUV
JRUPDWLRQ EHWZHHQ &KLUDO &RPSRXQGV +RZ &R
&U\WW *URZWK 'HV #
7D\ORU & 5 'D\ * 0 (YDOXDWLUQIRWKHI IRHUJIH
&RFU\WWDO ZRUWPWWLRRZ WK 'HVi
+XDQJ 6 &KHHPDUOD 9 . 5 7LDQD ' /DZUHQFF
DQG 7KHRUHWLFDO ,QYHVM#RQDWQRQ, QRVH Y DFWRLRL
&RFU\WWDOV RI &XQ VDNV XMOKREBL Q H +
$UXQDQ ( 'HVLUDMX * 5 .OHLQ 5 $ 6DGOHM -
&ODU\ ' & &UDEWUHH 5 + 'DQQHQEHUJ - - +I
* /HIJRQ $ & OHQQXFFL % 1R RULWWKHDK\'GURJHC
ERQG ,83%3& S5HFRPPHQ®DUHLROSYO &KHP

+

6KDKL $ $UXQDQ ( :K\ DUH +\GERHPQ BFRQGV 'LU

I+

1XOHN 7 .OD\WUL 5 &HGHQRHZA 6 1 D33JRPKD U3D N% X U
JORRG $ ( 6HSDUDWLRQ RI (WLUDFHWDP (QDQWL
&RFU\WWDOOL)RMWOQROQREDW G HOGF2BHUO

i
OLpRYi - 6WHLQHU % .Rya 0 /IDQJHU 9
&KDUDFWHULVDWERBRQ/ WQGOGQRJUDSK\ RI SURGXFWYV |
%HUJV UHDFWLRQ IRMRBHWREB\CGOGBAKPWRGLDOGR
IXUDQRWWERK\GU 5HYV +

S\FKOHZVND 8 :DUIDMWLYV 5 WIDIAND QUFPRIGIHS/ HRV
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DQG DPHFOMHY &U\V % +
+DEJRRG O $QDO\WLV RI (QDQWLRVSHFLILF DQG

6\VWHPV E\ &U\VWDO 6®WUW\XMEZWHRBWHGLFWLRQ

+

377



6 XSSRUWLQJ ,QIRUPDWLRQ

6 +\GUR[SKHQ\ODFHWDPLGH

7KLV zZDV V\QWKHVL]HG IROORZLQJ

SURFH®BXWHGUR[SKHQ\ODFHWLE DPFRREO ZDV GLVVROVYH
LQ OH2+ P/ DQG FRROHG WR & $FHWRO RRKORIM GH
DGGHG GURSZLVH WR WKH VROXWLRQ 7KH UHDFWLRQ |
WHPSHUDWXUH DQG VWLUUHG IRU K HBHXQBWIOWLC
UHGXFHG SUHVVXUH WR JLYH D FRORXUOHVV OLTXLG
P/ $TXHRXV 1P/ ZY ZDV DGGHG DQG WKH VROXWL
EHORZ f& IRU D IXUWKHU K 7KH VROXWLRQ ZDV WK
SUHVVXWH DVRKLIB/MHOVR TIKEFK ZDV UHFU\WWDOOLVHG U
WR \LHOG ZKLWH SOPBHV f& OLW f& .@

F LQ (W2+@>/LW F LQ (WRFP@$75
i+ 105 0+]
&' 2 + V2% + P DURPDWLILHF G
+] DURPDVWLEOS 0+] 2&° &+ 2+ DURPDWLF
&+ DURRDWLF DURSDWLF DURSRDWLF

& 2

“ +\GUR[SKHQ\ODFHWDPLGH

7KLVDVZ V\QWKHVL]HG IROORZLQJ D

SURFHGXNGUR[SKHQ\ODFHWUF PPPIRXO ZDV GLVVROYHG
OH2+ P/ DQG FRROHG WR f& $HHW\PPRIOO RWDM H
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DGGHG GURSZLVH WR WKH VROXWLRQ 7KH UHDFWLRQ |
WHPSHUDWWUBUBGGIRU K 7KH UHVXOWLQJ VROXWLR
UHGXFHG SUHVVXUH WR JLYH D FRORXUOHVV OLTXLG
P/ $TXHRXV 1P/ ZY ZDV DGGHG DQG WKH VROXWL
EHORZ f& IRU D IXUWWHBQ ZOVIMHKKWR FRQFHQWUDWH
SUHVVXUH WR JLYHODO ZKIAWMKHFKRDDLG UHFU\WWDOOLVHC
HWKDQRO WR \LHOGJZKLWBESO®&HV f& OLW

f& pplfFP $75 T+ 105
0+] &2 + V+2& + P DURPDWLF
+ G +] DURRDWLEOS 0+] 2&' &+ 2+

DURRDPWLF DURP&WLF DURPDWLF DURPDWLF
&t & 2

JLIXUH 6+ 105 VSHFWWXP RI 2' 0+] SHDNV DW
DQRG GXH WR OH2+ DQG WRWDO H[FKDQJHDEOH K\GURJI
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JLIXBH &105 VSHFW&XBP R&'2' 0+] 3HDNV DW
G XH&WR

J)LIXUH 66 VSHFWWOD REOXGD'0 EODFN DQG®60'0

5 UHG
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JLIXUH 6 VSHFWUD EODBR'$S SLQN6DQ@G60'$
FRFU\WUWDBO

JLIXUH 6 VSHFOWUD® RODBRN'$ SLQN6D@G50'$
FRFU\WUWDBO

JLIXUH 6 VSHFOWOUD EODFRUR SLGN'MMQPGUR
FRFU\WUWDBO
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JLIXUH 65 VSHFSWUD EODFBUR SL®GBN' MDOGUR

FRFU\WUWDBO
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J
J)LIXUH GOOLSVRLG SORW R60™ FO'0O 6 5 G

60'0 60'$ H60'0 50'$ 60'0 / 3UR D@®®B®'0J ' 3UR
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J)LIXBH ([SHULPHQWDO DQG WKHRUHWOFW®RS ;D E®WWH

60'0 DQGO 6 5 ERWWRP
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(b)
JLIXBH ' ILQJHUSULGWOSDBDBUY ®RI650'$ FRFU\WWDO

SDLU D&OGO E' 3UR FRFU\VWDO SDLU

@
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(b)

(©
J)LIXBH &KLUDO +3/& GDWD RE0'DD IRRRBFPHRIF DG ULFK

E VIQWKBWLPHEE F VLQJOHOFU\EWDO RI O
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7DEOH 6\GURJH® ERQGAQ'0 P

tW AW W +W $58
1 + $wme > @
JOW 1+ %hwe
1 + %we > @
2 + W& > @
& + Wi > @
aSymmetry coded#555.] = [4_566) = x1/2-y ,1/2+z [4564.] = [4_575] = x3/2-y, -1/2+7 [4554.] =
[4_565] = X,1/2-y, -1/2+7 [2646.] = [2_646] = X, -1/2+y,3/2-Z.
7TDEOH 6\GURJH® ERfQ&OQ0 P
W e +W8 $58 -
1 + $w2 > @
LOW! 1+ %we
1 + %we > @
2 + W& > @

aSymmetry codes: [4656.] = [3_656] =x11/2+y,3/2-z; [4746.] = [3_746] = X, -1/2+y,3/2-z; [4646.] =

[3_646] = 1x, -1/2+y,3/2-z.

389



7TDEOH 6\GURJH@ ERQG Q

6 5P

W b+ +WE W +Wg $58

1 + $w@ > @
,OQW 1+ %we

1 + %we > @)

2 + W& > @

2 +we $ > @

1 + $we > @

1 + owe > @
,OMW 1 + owe %

2+ $we > @

1 + $we > @
,OW 1+ %we

1 + %we > @

2 o+ W > @

2 + we $ > @

1 + $we > @

1 + %we > @
,OW 1 + o %

2 $+ twe > @

& + W& > @

& + w2 % > @
,LOM & + w2 $

& + w2 > @

& + w2 % > @
, QW & + w2 $

aSymmetry codeqd1655.] = [1_655] = 1+xy, z; [1645.] =[1_645] = 1+x,-1+y, Z; [2646.] = [2_646] = 1x,

-1/2+y,1-z; [1565.] = [1_565] = x,1+y, z; [2556.] = [2_556] =X, 1/2+y,1-7; [2647.] = [2_647] = 1X, -

1/2+y,2-z; [2557.] = [2_557] =X, 1/2+y, 2-z; [1455.] = [1_455] =1+x,y, z.
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7DEOH 6\GURJH® ERfQGAQOWKKBO'$ FRFUPYWDO

+ W '+

+ W

tWe

1 + \w

(93]
(o0}

+ $wd
+ Owe
+ W
+ W
+ W2
+ W
+ W
+ W
& + W

R NNNNPRP PR

V V V V V V V V V | &

~ AN AN /AN A N N o~

~

aSymmetry codes: [1545.] = [1_545] =4,+y,z; [1455.] = [1_455] =1+X, y, z; [1655.] = [1_655] = 1+x,
Yy, Z; [1645.] = [1_645] = 1+x1+y,z; [3466.] = [4_466] =1/2+X,3/2y,1-z.

7DEOH 6\GURJH® ERQG GOWKIB 0'$ FRFUPVYWDO

RIS '+ + W C W bW

(6]
(00]
1

1

1 + o%we
2 + W
2 + W
2
2

vV V. V V V V V| &

REE

2

aSymmetry coded1565.] = [1_565] = x1+y, z; [3566.] =[4_566] = 1/2+x3/2-y, 1-z; [1545.] = [1_545] =
X, -1+y, z; [1645.] = [1_645] = 1+x;1+y, z.
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7DEOH 6\GURJH® ERQG G@OWKH 3URRFUPYWDO

"W b+ + W "W +Ww8 $58

1 + $w > @
LOWI 1+ %we

2 + W > @

1 + $we > @

1 + $we > @
LOWI 1+ %we

1+ %we > @

1 + $we > @

1 + $we > @

1 + %we > @
LOWI 1+ %we

& + W > @

& + W > @

aSymmetry codeq1455.] = [1_455] =1+X,Y, z; [2564.] = [2_564] = 1/X, 1-y, -1/2+7 [3466.] = [4_466]
=-1/2+x,3/2-y, 1-z; [2565.] = [2_565] = 1/, 1-y, 1/2+z
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7DEOH 6\GURJH® ERfQGAQOWKH 3UR FRPU\VWDO

+ W '+ + W "W "W

+ Swl
Owe2

+

W2
w2

+
3
3
vV V V V V V V| &

w2
Sw2
oW
Sw2
w2
) >
& + W >

, QW

QW

P R R R R RPRNRRNERPR

+ + + + + + + + +

aSymmetry codeq1554.] = [1_554] = xy, -1+z [1455.] = [1_455] =1+x,y, z; [1655.] = [1_655] = 1+x,
Yy, Z; [2656.] = [2_656] = 1x, 1/2+y,1-z; [1556.] =[1_556] = x,y, 1+z

7TDE®H 6 XPPDU\ RD W.KRRIOMREOWULE XWIORERFULQYWDOYV

+ + 2 + & + & 2 1+ 12 22

60'0 60'$
60'0 50'%
60'0 / 3UR

60'0 ' 3UR
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7TDEOH ®&XPPDU\ RI UHSRUWHG FRFU\VWDOV RI PDQGHOL

$3, &&) &U\WWDO WWUXF

(W PDQGHODWH

'/ ODQGHOLF I

6(WLUDFHWDP
( 6 &KORRDQGH(

DFLG

B0DQGHOLF D
5DF%URPRPD (
DFLG

SDF
&KORURPDQG

5DF)OXRURPD
DFLG

SDBDQGHOLF

1R FU\VWDO VWUX

60DQGHOLF D

/ 3UROLQH
60DQGHOLF D

50DQGHOLF D
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53UROLQH DPLGH

60DQGHOLF

50DQGHOLF

5 6 FDPSKRUDPLF

SO0DQGHOLF

60DQGHOLF

5 WHXW\O
PHWK\OLPLGRQRIOL

60DQGHOLF
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50DQGHOLF D

3KHQ\ODODQLQH

50DQGHOLF D

60DQGHOLF D

/ 3KHQ\ODODQLQH

60DQGHOLF D
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/

5 &\WVWHLQH

60DQGHOLF D

S0ODQGHOLF D

6$ODQLQH

60DQGHOLF D

SODQGHOLF D

/

6 7TUNSWRSKDQH

50DQGHOLF D
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SOHWKLRQLQLXP

S0DQGHOLF D

50DQGHOLF $
IDPLYXGLQH

6560DQGHOLH

60DQGHOLF $i

IYDEUDGLQH +\GUH

50DQGHOLF $
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XWFORIHQ

60DQGHOLF

PHWK\ODPLQR
WKLHQ\O 8ORSDQ

60DQGHOLF

5 DPLEPRWDQRLF D

60DQGHOLF

6 3KHQ\OHWK\ODP

60DQGHOLF

60DQGHOLF

5 3KHQ\OHWK\ODP

SODQGHOLF
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(U\WKDRLQR
GLSKHQ\OHWKDQR

60DQGHOLF D

6HPRWLDGLO

60DQGHOLF D

SUHJDEDOLQ

60DQGHOLF D

DIDQLXP\OPHWK\
HWK\OVXOIDQ\O K

60DQGHOLF D| 1R FU\WWWXOFW XUH

REFERENCES

(1)

(2)

JORY®QHV * & :DOO 3 ' 6ODXJKWHU -/ 3DUNH
(QDQWLRVHOHFREOHR SRRERDODWARQ RI GLEHQ]\OLC
PRGLILHG D®OILGHGUKMBPSH@®W¥FHVYV WR HQDQWLR
VW\QRUFDAHWQUHDKHGURQ

(EEHUV ( - $ULDDQV * - %UXJJLQN $ =ZDQHQ

UDFHPLIDONMGL BY\PPHWULF W.UDXXBEM R U AVXWIHRQ FPIU E R
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®3)

(4)

(5)

(6)

(7)

(8)

9)

(10)

DFLGV LQ WMKMHJBKB®URQ $V\PP HWU\

%DL - =DPEURQ . 9RJHO 3 $PLGHV LQ RQH SRW
DPLQHV YLD VXDUIRQAWRMMHY  +
ODQGHODPLGH & + 12 &KHPVSLGHU

KWWSV ZZZ FKHPVSLGWUXRWX&KHPLFXAQPO DFF

7XPDQRYD 1 3D\HQ 5 6SULQJXHO * 1RUEHUJ
& |/ ‘RXWHUV - /IH\WVHQV 7 &RFUWWDOOL]DW

PDQGHOLF DFEOQBMHODWH FREO\\6WLX FW

1XOHN 7 .OD\WUL 5 &HGHQR 5 1DODRK 3 %)
9 )ORRG $ ( 6HSDUDWLRQ RI (WLUDFHWDP
(QDQWLRWRFALMWDOOL]BWORQREDWK BABF $FLG
2PHJD i
6SULQJXHO * /H\WVHQV 7 ,QQRYDWLYH &KLI
(QDQWLRVSHRAMWP GRL]DW BRQVMQ 6§BRRZWHK RIQV

+
'DQJ - IXHQIHVROXWLRQ RI +DORJHQDWHG 0DQG

(QDQWLRV SHFMWED GQBL]DWLRQ ADIROKIFHOHWLUDFHW

=KRX ) &ROODUG / 5REH\QV . /HBWREBRYH7 6K
D UHVROXWLRQ DIJHQW) DEWHRWRUW DRJJRWQERWK FH

HIFLWLQJ FDVH RI VWRLFKLRPHWHKHPRQRRFRXODHG F

RFN ' $ /HKPDQQ & : &KLUDOUWDA SSRHAGHHWP LQELC
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(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

GDPWILDVWHUHRPWWIFONRRI PDQGHMH DFL&GHDQG
&U\WWW(QJ&RPP

+X 4 1LH ;X - ;X =< &KHQ &KH FU\VWDO VWUXF
Rl WKH PROHFXODU FRPSOH[ RI FDPSKRUDPLF DF
SDUWLDO VHSDUDWLRQ RI D UDFHPLFG6PL[WXUH R
FDPSKRUDRLRIOHFRG&U\VWDOORJU

$FV 0 1RWRWIIAHU ( 6LPRQ . $UJID\ * O6WUXFV
RSWLFDO UHVROXWLRQV RBOGHDQ UBNR® X'W& DD &

UD\ VWXGLHV RI WKH GLD&KHPUHRF RBHUNE Q/DF 0 /C

+X A X 4 X =< X <« 0 < &KIAKQDBEWUXFW
&KHP
2NDPXUD$+LUDPDWM®Y KLPIXWBDWR +DOVKLP.RWR
&U\WWDO 6WUXFWXUHV RI 'LDVWHUMN®R®HBLF &
3KHQ\OD O DQ DG O6FQIBE G
)XMLL DED+ DNDKD¥KI&U\VWDO 6WHE &FWXHIHYHRI /
ODQGHOLF $FLG '5QDW H 6HDR BMUMI BW2QQLQH

[
+X A4 X 4 ;X =< 60DQLEPDQGHOLF BFWMD
&U\WWDOORSBSWUEBHRWS5HS 2QRLRH
+X A4 X 4 X =< :X < &KLDQJ OOBXQGHOLF
DFLGD®IDYH KHPLEFGUWDD WB\VWDOORJU & 6WUXFW &
R R
)XMLL &U\VWDO 6W 0UXFWKRUSKRBDHIQGHODWH  +

$QDO 6FD\ 6WUXFW $QDO 2QOLQH
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(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

6X 5 ;X DHWKLROBEPIDAPCGHOPWRGHOLF DFLG
$FWD &U\VWDOORJU ( &U\WWBOM®RJU &RPPXQ
6LOYD & & ODUWLQV ) 7 7KH HQDQWLRSUHIHULI

LQ ODPLYXGLQH FU\VWDO IF5&PV¥GHXLWK PDQGHOLF C

60IGNRYi 'DPPHU 2 6HGPDN * 6NR HSRYi ( L
, YDEUDGLQH +\GURFAGROLEBE H$RABY WORD ,Q 6LWX
SUHSDUDWLRQ GXE&UOQVWRORXODWLRQ
6RQJVHUPVDZDG 6 1DODRK 3 SURPDUDN 9
S5SHVRROW%BEORIHQ YLD D 1RYHO %YBEORCH&QRIFQGV W
/| ODQGHOL&EUBNMG *URZWK 'HV *
6DNDL . 6DNXUDL 5 <X]DzZzD $ .RED\DVKL < 6l
PHWK\ODPIWVDKRLHQ\O EORSID@HZ NH\ LQWHUPHGL

GXOR[HWLQHWDRIGWIO LT W B IDX $\G\ PR U \

7HQJ <0 6XQ

D @RQJ% 4 6+\GURJ\

SKHQ@QWHWLE5DPIPG GRWD QREFDWHUG $FWD

& U\V W DEHFRVEW LBHFRQ OLQH R

'LHJR + / 3KHQ\OHWK\ODPPRGHIMYEIHOLF $FLG
&1 &+ 21 &+ 2 $FWD &U\VWDODHRIW GMFIX F&Y

&RPPXQ

/IDUVHQ 6 'LHJR + / UVWRODWORQWLREHIUN FD X

YDULDWLRQ LQ WKH VWRLFKLRPHWULF UDWLR RI LU

FU\WWDO VWUXFWXUKHQWWHWKEDPPRQLXP

PDQGHODWH GLPEKGPOBRMBDFIBGIUNLQ 7UDQV
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(27)

(28)

(29)

(30)

(31)

.DUDPHUVW]DQLMIDQGDPDQRKDUDQ 3 5 )HUQDQGH!
9LFNHUV 0 7RFKHU ' $ )ORUHQFH $ - 3ULF
&RPSXWDWLRQDO 'HVLJQ RI 'LDVWHWHRPHULF ¢
([SHULPHQWDO DQG &RP S2WHQWDRIGKAODWREQ [RX P
SKHQ\ODFHWDW H3'K\WL YSIKWM PY M4/ +

6KLWDUD + 6KLQWDQL 7 .RGDPODGXFHSLURVH
5HYHUVHG 6WHUHRVHOHFWLYLW\ LQ 5HFLSURFDO 5

HU\WKRIRQR GLSKHQ\O-H 2K &R EC *

2WD DZDVKIPEALVKLVKLGD &RQIRUPDWLRQDO 6WX

6HPRWLDGLO D61RYH@QWDJIJRQH®KWD UFPXOO

6DPDV % :DQJ : *RGUHM ' % &RFU\V!
DPPRQLR PHAHKVKOO KH[D QR PIVGIG IDQIGS FB/ML G
&U\WWDOORJU ( &U\WWDOGORJIU &RPPXQ

6KLPDGD . 2KDWD < .RED\DVKL - 2QLVKL <

< $UDNDZD 1 ,QRXH 7 .LWDQR JXFRDWNXGD )

$ON\OVXOIDQ\O D Q/D00LR D¥ IBR/RBRVKHHPWW W
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&RFU\VWDOOL]D WR BPDVOLYRRIFRPEB REKBIQW FU\WWDOOLQH
VXFK DV VDOWAROK\BWBWHNYQG FRFU\WWDOV FRQVLV!
GLIIHUHQW PROHFXOHVWRMDGHRRIHYWHU ERWIRDV VX
ERQGIHEYWDFNLQJ RU YD® VGHLREFDDVOWDIRWAD QG VDOW
FRPPRQ VRWOWG IRUPV HPSOR\HG 7KH GLIIHUHQFHV E
FRFU\WWDOV DQG VDOWYV KDYH FRQVLVWHQWO\ UHPDLQ
UHVHDUFKHUV DQG FU\WWDOORJUD S WHUWV G KIKB S WIFRH V
EHWZHHQ SKDUPDFHXWLFDO FRFU\WWDOV DQG VDOW\
DQDO\VLY DQG FRPSXWDWLRQDO VAMRRGLED2 +LUVKIH
DQDO\RHKWHH VXOIDVDOD]LQH FRFU\VWDOV DQG WKUHI
FRQGXVFWHESW L QUX O/KODMFRB LMW DOV DUH FKHPLFDOO\
W KD X0 DV D O D [ILRER WIDADHOW LQWHUDFWLERQGHYSHFLD
LQWHUDFWLRQV SOD\ DQFRPSRIQW D QWF UROHD DQ LFXHD W
&KDSWMWWR JDLQ@G DRWKQLQVLIKW LBRURG IWKH LIKQW H R DHF@/ L
GHWDLOHG FU\WWDO VWUXFWXUDO DQDO\VHV RI HLJK\
VIQWKHVL]HG LQ WKLV ZRUN DQG WKUHH DOUHDG\
FRPSXWDWLRQDO FROFXODWLRQY VRBINFGL 0(36 DQ
DQDO\WHV KDYH EHHQ SHUIRUPHG ZKLFK LQGLFDWHYV
FRFU\WWDOV LV ERWK H[SHULPHQWDQ®H I G\ IF RPPIBKW L
GHFDGHV FRFU\WWDOOL]DWLRQ KDA DJDARASH Q@LIFQH L
WHFKQLTXH IRU PRGLI\LQJ WKH $R)VQFRKKS\WHEDO WHR
IRFXV ZDV RQ WKH VROXELOLW\ DQG OXPLQHVFHQW SU
VDOWYV RI SLUR[LFDP D QW& [PHOW KFIDIP GLYMRLOSRW B UJD C
7KH UHVXOWV GHPRQVWUDWHG QRWDEOH LPSURYHP]

GLVVROXWLRQ UDWHYVY FRPSDUHG WR WKH SDUHQW $3,
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VDOWY H[KLELWHG GLVWLQFW ORPILQHYV EH Q R/[ LISARORPS HWKV
SKHQRPHQRQ FRXOG EH HOXFLGDWWG® [EQ QMBRUF PG F K D Q
HQKDQFHG OXPLQHVFHQFH ZKLFK UHVXOWHG LQ D
ZDYHOHQJWKYV 7K H DWH® WKIVIBRP + XU2VKHU VXSSRUWHG
ILQGLQJV

Cocrystal formation has also been employed as an alternative to achieve chiral
separation in recent years. Chapter 5 incluaedmprehensive cocrystal screening

of 19 L-aminoacids with both enantiomers of tartaric acid, mandelic acid, malic

acid and phenyllactic acidTwenty-two new phasewere obtained, consisting of
sevendiastereomeric cocrystal paiasd eight enantiospecific cocrystal8ased

on the analysis ofgraphset motifs the presence of hydrogen bonding in
enantiospecificcocrystals maycontribute to the formation of energetically

favorable systemswhile more changes ihydrogen bonding network arfdor

stoichiometric ratio of diastereomeric cocrystalrpavere observedChapter 6

continued to explore the study of cocrystal formation involving two chiral
compounds. Notablysmandelamide demonstrated its potential as a resolution

agent for chiral separation by forming diastereomeric cocrystal pairsbeith

enantiomers of mandelic acid and proline. Moreover, the structures of racemic and
enantiopuré&smandelamide, as well as a mixed crystal mandelamid&.@®R),

were determined, providing the foundation for future investigations into the

potential ofSmandelamide as a resolution agent.

)XWXUH ZRUN FRXOG FRQWLQXH WR IRFXV RQ FKLUDC
DLPLQQIGWRQFH WKH XQGHUVWDQGLQJ DQG DSSOLFDWL
UHVROXWLRQ RSHQLQJ XS QHZS8MVDRMLARRIQVRH KM QR Q Wil

'"LDVWHUHRPHULE IPRIK G NWICHIHE B @ WAL Q J VEORFWOHINX/
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60'0 SURQWKHHW'S$ VI\VWHmRXOG EH VXIMQOHEIDHV LRU

\H S D U DSNUIRRVQREEER/GH\G F RROEQUV W D O X UDWKIHRUR BVH S
GLDJUDG®m™ FUXFLDG N\NRIDY LIQQY UREXNMNBE\WM)GOOL]DWLR:
SURFHRMWRIR/'SOH[ PXOWLFRFSHRQEIHFVDWOWOWHRU WKH VHSI
UDFHPLF FRPSRXQGV E\ FRHS\YWDMOLRRUF W/WDRMMHJILH\
GHYHGR SIH® H WDMDIDQA S KD VIR WG MWOKIHU Y BWOYWOH P VWRA
UDFHPBFDQG 3UR UHMSHXMYWKIDSHORWDWLRQ RI FKLUDO U
WKURXJK FRFU\WVWDO IRUPDW LRQY HORS LEH] EPRRIHG HF® L
UHVROXWLRQ DJHQWYV RSWLPL]LQJ FRFU\VWDOOL]DWL
WHFKQLTXHWKWXBIGC ®IWLRQ RI FKLUDQDPRXSNLQ B WLMH

UHVROXDMIRGQG\QDPLF SUHIHUHQGWIFDO FU\VWDOOL]DWLR

5()(5(1&(6

'DQJ < /LX 7 %X / /L - <DQJ & /L ; 7DR <

1IDQRDJIJUHIPMQRIG DQG BXKRWRQ BFBRRHHV

&U\WWDOIDIIUHH DYERBOHG 5HG 6KLIW DQG $PSOLILHC

(PLVVLRQ RLVGEPHWK\ODPLQR VW \ WB\\\D QKKIPD RRH Q H

+

&KDUSHQWLHU 0 ' O9HQNDWUDPDQDQ 5 5RXJHRW
+RUVW - + W OXOWLFRPSRQHQW &KLUDO 4XD

&LUFXODU 'LFKURLVP 6SHFWURVFRS\ 7HUQDU\ DQG

RI /HYHWLOUP®HSIPUPD FHXWL +

.ROHVLQVND % .DPLQVNL = - 'HVLJQ 6\QWKH

(QDQWLRVHOHFWLYH &RXSOLQJ 5HDJHQWJIZLWK D 7

/HWW +
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'LRXUDV & +RUVW - + WHIPQUGHY ¥ 9 &RXSO
9LHGPD 5LSHQLQJ ZLWK 5DFHPLF &U\VWDO 7UDQVI
'HUDFHPLEDMWM\RQ*URZWK 'HV  +

teUJHV . 3HWWXEDPKND. (OVQHU 0 3 /W] 6

DVVLVWHG SK\VLFRFKHPLFDO HQIDQMLRVHSDUDYV
2YHUFRPLQJ \LHOG OLPLWDWLRQV E\ G\QDPLF NLQ
YLD SUHIHUHQWLDO FU\VWD ®Q |DPDIMbRRGY HDRKGE RIM ]\ F
%LRHQJ -

%HQUHQ / &U\QWPPHG]DWDPQF .LQHWLF 5HVRC
3KHQ\OJO\FLQKLRMHNGH- 2UJ &KHP =

5RXJHRW & +HLQ - ( $SSOLFDWHRWLRIO &RC
&U\WWDOOL]DWLRQ WR (IILFLHQW QAUSF BHNRFHE B QW L

SHV 'HY *
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