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Zirconia chemistry 1s dominated by Lewis acid-base reactions

Lewis Acid:  Zr+: H,0 + RPO,> = Zr*: RPO;*+ H,0
Other Lewis base examples: PO,*, RCO, , Catechol



A Novel Approach to Attaching
Chiral Selectors! to Zirconia?

Step 1 . Step 2 . '
‘ = ZrO, .= Lewis Base (Anchor) A=Chiral Selector
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1.  William H. Pirkle, et. al., J. Chromatogr., 316 (1984) 585.

2. 2. Phase I SBIR Grant (NIH).
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Interaction Strength of Lewis

ZirChrom» Bases with Zirconial
Interaction Strength Lewis Base (L)

Strongest Hydroxide
jee=bnate Small Lewis bases
pleniqe with high electron
Citrate density and low
Sulfate polarizability interact
Acetate more strongly with Zr
Formate atoms.
Nitrate
Chloride

Weakest Water

1. J.A. Blackwell and P.W. Carr, "Development of an Eluotropic Series for the
Chromatography of Lewis Bases on Zirconium Oxide," Anal. Chem. 64, 863-73 (1992).



f A Bidentate Phosphonate Anchor-
== the Key to Improved Stability!

ZirChrom
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Bidentate anchor

1. Phase IT SBIR (NIH).



(I

ZirChrom®

Zirconia CSP 2-Step Synthesis with
Bidentate Anchor (PDA)
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reaction CS-Coon
EEDQ coupling
reaction

CS = Chiral Selector




Chiral Selectors Evaluated!

NO,

ZirChrom NO,

Point of Attachment .
to Anchor Group el
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0 (S)-DNB-L-Phenylglycine
(S)-DNB-L-Leucine [(S)-PG]

[(S)-Leu]

1. Phase II SBIR (NIH)

(S)-N-[1-(1-naphthyl)ethyl]succinamic acid
[(S)-NESA]



(m-acceptor phase)

Chiral Separation on Zr (S)-Leu

ZirChrom®
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Chiral Separation on Zr (R)-PG

= (Another m-acceptor phase)

ZirChrom*

mAU
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=118 Trifluoranthryl Ethanol

% % Conditions: 99/1 Hexane/IPA, Flow=1, 30
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0 N oC
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] * 0 ok
30
25 o=1.14 ,
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15]
10 Conditions: 99/1 Hexane/IPA, Flow=1, 30
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== Chiral Separations on Zr (S)-NESA
ZirChrom®
e 2 1 8 (R/S)-3,5-Dinitro-N-(1-phenylethyl)benzamide.
200 Gi=:2"
150 Conditions: Pre-mixed 88.9/11/0.1
100 k Hexane/IPA/TFA, F=1 ml/min, 30 °C
50 ;
0 b
( 2 4 6 8 10 12 14 16 18
T ] (R/S)-N-3,5-dintrobenzoyl-a-amino-2,2-
gg 3 o= 1 28 dimethyl-4-pentenyl dimethyl phosphonate.
20 Conditions: Pre-mixed 88.9/11/0.1
10 Hexane/IPA/TFA, F=1 ml/min, 30 °C
] M.
0 : ; | : : :
0 2 4 6 8 10 12 14 16 18
mAéJE
35 3 1 6 5 (R/S)-(3,5-dinitrobenzoyl)-phenylglycine
30 : oa=1.
25 - Conditions: Machine mixed 15/85 (99.9/0.1
Al MeOH/TFA) / (89/11 Hexane/IPA), F=1
1 é) ml/min, 30 °C
O E T T T T T T T T T
0 2 4 6 8 10 12 14 16 min
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Sample: (R/S)-N-3,5-dintrobenzoyl-a-amino-2,2-
20 =550 dimethyl-4-pentenyl dimethyl phosphonate

Conditions: 89/11 Hexane/IPA, F=1 ml/min, 30 °C.

IR e S 7 8 9 min

a=1.42

N2:6942 5 Conditions: 90/2/8 (99/1 Hexane/IPA)/
MeOH / (70/30 Hexane/IPA), F=1 ml/min, 30 °C

100
80
60
40
20

0123456789m|n

250 o=1.25
200
150 N2:13,315

100 Conditions: 80 /10/10 (99/1 Hexane/IPA) /
50 MeOH / (70/30 Hexane/IPA), F=1 ml/min, 30 °C

0 1 2 3 4 5 6 7 8 9 min
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ZirChrom*

Norm.

14

12

10

Stability of Zr-(S)-NESA at pH 2

Zirconia CSPs are compatible
with reversed phase conditions

After 7000 column volume flush

Initial

6 8 10 min

Column ID: ZrCSP051605C, Mobile phase: 15/85 ACN/0.01 mM TFA
pH 2, Temperature: 30 °C. Injection volume: 5 ul, Wavelength: 254 nm.
Probe solutes:(R/S)-3,5-dinitro-N-(1-phenylethyl)benzamide.

12
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Stability of Zr-(S)-NESA at pH 2

ZirChrom*®
2.00
5.0
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0 2000 4000 6000 0 2000 4000 6000
Column Volumes Column Volumes

Column ID: ZrCSP051605C, Mobile phase: 15/85 ACN/0.01 mM TFA
pH 2, Temperature: 30 °C. Injection volume: 5 ul, Wavelength: 254 nm.
Probe solutes:(R/S)-3,5-dinitro-N-(1-phenylethyl)benzamide.
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Stability of Zr-(S)-DNB-Leu at pH 8

————
ZirChrom®
5.0 1.30
40 | = K'(Less Retained)
k'(More Retained)
>1.20 -
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% 110 - S0000000000000000000 0000000 0tna,,
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0 2000 4000 6000 0 2000 4000 6000
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Column ID: ZrCSP032805A, Mobile phase: 15/85 ACN/5 mM ammonium
hydrogencarbonate pH 8.0, Temperature: 30 °C. Injection volume: 5 ul,
Wavelength: 254 nm. Probe solutes:(R/S)-2, 2, 2-trifluoro-1-(9-
anthryl)ethanol
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Production Scale-up of
Zrx (S)-NESA

ZirChrom®
Norm.
| —— 7.5 g zirconia per batch
120 used for coating
4X scale-up 30 g
100 zirconia per batch used
for coating
i Napropamide
Conditions: 90/10 Hexane/IPA, Flow=1
60
40 (( \
|\
2( 0
. J}
0
25 5 7.5 10 12,5 15 175 min
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2-Step Synthesis of Zirconia CSPs
for Chiral Selector Screening

. 0=

Anchor adsorption

CSP StrippingI A 1 CS bonding

. . Chromatographic Test .
<

A =Chiral Selector

(Il

ZirChrom®

Zirconia

‘ =710 - Lewis Base (Anchor)
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2-Step Online Zirconia CSP
Synthesis for Chiral Screening

o

()

ZirChrom®
HO\”

(Pamidronic acig)

1) Lewis Acid-base Anchor
Attachment (10 mg/mL aq.
PDA, recycle for 16 hrs at 1

mL/min and 60°C)
2) EEDQ Coupling Reaction
4) CSP Column (CS reagent in THF
Process not Stripping (IM NaOH overnight (16 hrs) at 30°C)
optimized for for 2 hrs at 60°C,
water and 1M HNO, 0

time
finish) o\”
3) Chromatographic o— "
0 NH cs
[roma] g ST T
O/ \\o OH 5

CS (Chiral Selector)
17



Changing Chiral Selectors

ZirChrom*

NO
NO, .

(S)-DNB-L-Phenylglycine (S-PG)  (R)-DNB-L-Phenylglycine (R-PG)

Pamidronic acid derivatives

18
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Stripping Experiment: (S)-PG CSP

ZirChrom®
After
Norm. strippin After coating

200 (2+3) ¥ \
(D) )
150 | ( H) (3)

100 |

50 |

0 1 2 3 4 5 6 min

Pre-mixed 98/0.5/1.5 Hexane/TFA/IPA, flow rate=1 ml/min, ambient temperature, 254 nm, Column: ZirChrom
PDA-(S)-PG, S/N SPG122005D (100 x 4.6 mm, 3 pm, Running HPLC coated on PHASE110805A, batch#: 52-132).
Solute: (1) 1,3,5-Tri-t-butyl-benzene, (2) (S)-2,2,2-Trifluoro-1-(9-anthryl) ethanol , (3) (R)-2,2,2-Trifluoro-1-(9-
anthryl) ethanol 5 pl injection.

19



Changes During (S)-PG Stripping

ZirChrom®

450
= 4.00] , .
e | —— k' (5)-2,2,2-Trifluoro-1-(9-anthryl) EtOH
S ——k' (R)-2,2,2-Trifluoro-1-(9-anthryl) EtOH
[y  3.00]
g 4
5 2.50;
= 52000
D et1050 ]
O ,
2  1.00

0.50 |

0.00 |

0 1 2 3 4 5

1- Original column.

2- Column flushed with 15/85 ACN/pH 12 NH,OH for 10 column volumes, then 10 column
volumes of water, 10 column volumes of 1.0 M nitric acid, and 10 column volumes of
water.

3- Column then flushed with 50 column volumes of 20/80 ACN/ 1 M NaOH, then 10 column
volumes of water, 10 column volumes of 1 M nitric acid and 10 column volumes of water.

4- Column then flushed with 20/80 ACN/ 1 M NaOH for 50 column volumes at 60 °C, then
flushed with 10 column volumes of water, 10 column volumes of 1 M nitric acid, and 10
column volumes of water.

20



f Changing (S) to (R)-Phenylglycine
= CSP on Same Zr Column

ZirChrom®
mAU R 4 2-Step Load (S)-PG CS
28 ] k’(less) = 2.84
e k’(more) = 3.81
0 o=1.34
mAU]
200
150 Strip (S)-PG CS
i3 : No separation.
0 s
mgou o 2-Step Load (R)-PG CS
= k’(less) =2.92
S L ’ k’(more) = 3.83
T 2 3 4 5 6 mn 0=134

Pre-mixed 98/0.5/1.5 Hexane/TFA/IPA, F=1 ml/min, rm °C, 254 nm, Column: ZirChrom PDA-(S)-PG, S/N
SPG122005D and ZirChrom PDA-(R)-PG, S/N RPG020806A (100 x 4.6 mm, 3 pm, Running HPLC coated on
PHASE110805A, batch#: 52-132). Solute: 1,3,5-Tri-t-butyl-benzene, (R orS)-2,2,2-Trifluoro-1-(9-anthryl) EtOH.

5 pl injection.
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1-Step Synthesis of Zirconia CSPs
for Fast Chiral Screening

(Il

ZirChrom®

Zirconia —.__‘

-
CS with Anchor Attached

Stripping-zm

‘ A/hromatographic Test

710, h= Chiral Selector with

Anchor Group

22



E—; Example 1-Step Attachment

ZirChrom and Detachment Cycle
« Pass a solution of 20 mM N-(4-nitrobenzoyl)- o
L-glutamic acid (CSP) in tetrahydrofuran for >_®7NOQ
10 minutes at a column temperature of 60°C L

HO OH

and a flow rate of 1 mL/min .

e Flush column with 100% THF for 10 minutes o
at 2 mL/min at ambient temperature.

« Separate a racemic solution of (+)-2,2,2- N-(4-nitrobenzoyl)-L-
trifluoro-1-(9-anthyl)ethanol. glutamic acid

» Strip the CSP by flushing the column with a
50 mM solution of tetramethylammonium
hydroxide solution (pH 12) for 20 minutes at
60°C using a flow rate of 1 mL/min.

« Repeat procedure using the same CSP

o

23
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Glutamic Acid Proof of Concept

ZirChrom®
mA Initial ‘ After Stripping
10 : " and 1-Step

8 U0 ﬂ n ﬂ Reattachment of
\ the CSP

60 &

40 A ){ ) \

2(] 4& o A. J_,le,“ S
sl 1 A o

0 : —

2 4 6 8 10 min
Comparison between the initial and final separation of (£)-2,2,2-trifluoro-1-
(9-anthyl)ethanol leucine ester during a single CSP screening cycle.

Chromatographic conditions: mobile phase: 99/1 hexane/IPA; flow rate: 1
ml/min; temperature: 30 °C, solute concentration = 1mg/mL, 5 pL injection.

24
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Development of a New Class of

Regenerable Cellulosic Coated
Zirconia Stationary Phases
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1-Step Synthesis of Zirconia CSPs
for Fast Chiral Screening

(Il

ZirChrom®

Zirconia —.__‘

-
CS with Anchor Attached

Stripping-zm

‘ A/hromatographic Test

710, h= Chiral Selector with

Anchor Group
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Phosphonate Modified Cellulose
Based CSP on Zirconia
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AL A [0 |
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ZirChrom*
Chiral interactions
L 3\\ ACTy. e
ArHN
{7 R NHAr =0

Cellulose Surface Chemistry

Stable support
d-orbital interactions

{'Os ~ HZO\

P . O
170 oun 0zm<
O« .t 77 71~y
0240
zi— 0

O 1
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Cellulose — pH 2 Stability

——_—
ZirChrom®
6.000 -
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5.000 - 1.35 -
1.30 1
4.000 -
1.25 4
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CL1‘20 ] .o . . Ge0e%0000 23 00000,
a""mugSguing aSguEpuig i EEEEE EgN Dl L Ll L — sosttto 00000 .°0,,0.‘.o‘°’ CRAXACANES 008 AL 28 0 A 4 70000
"L ] ...I "% u"nSan [ ] T PN

|
[ | ...
s — 0040000 ,0

2.000 ».....000000000000............00.0000.0.00000.0.... 00, 1.15
1.10 A
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1.05
0.000 T T L i ! i ‘ 1.00 T T T T T T 1
3 =% (00 1500 2000 2500 00 = 0 500 1000 1500 2000 2500 3000 3500
o Nn'es Column Volumes

Column ID: R020907W, Mobile phase: 20/80 ACN/0.01 M TFA pH 2,
Temperature: 30 °C. Injection volume: 5 ul, Wavelength: 254 nm. Probe
solutes: Benzoin.
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Cellulose — pH 8 Stability

—
ZirChrom®
A 1.50 -
5.000 el
P — 1.40 |
©
1o SI000I Y [ =~ gove Sies
<
»00“0““000000““0“00“0000000000m00MOQ’O“”O“’““”"““’
2.000 - 1.30
1.000 1.25 -
0.000 T T T T T T T 1 1.20 T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
Column Volumes Column Volumes

Column ID: R031607W, Mobile phase: 35/65 ACN/5SmM NH4HCO3
pH 8, Temperature: 30 °C. Injection volume: 5 ul, Wavelength: 254 nm.
Probe solute: (RS)-trifluroanthrylethanol.
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_ Retention Comparison of Hexanoic Acid
S Modified and Undecylphosphonic Acid
— o Zirconia Based Cellulosic CSPs
ZirChrom® 1o
160 | m CarrRef. 1.36% C
(ASORER g m 41-C47,1.44% C - (COOH)
120 | 41-C54, 1.13% C — (PO,H,)

@ N o @ o o % 4% @ AQ o a2
O—\~b S & & S O-Pb L & & & 0O
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(1) Generally k’ on the new CSP is lower than previous published work (Carr,
et al., Anal. Chem., 71 (1999) 3013-3021).
(2) Batch C54 is slightly less retentive than C47.




5-—:-_.' Selectivity Comparison of Previous and
= New Zirconia Based Cellulosic CSPs

ZirChrom*®
27 _ "= *Carr Ref. 1.36% C
2 ™= 41-C47, 1.44% C - (C5-COOH)
2388 !
i 41-C54, 1.13% C — (C11-PO,H,)
gL RO L
LI|||IL a=1
b b a a a a a
N 2 q @ @ > @
¢ O & &L
o) N QO >
¢ @ F 'ﬁ\ @6\ N
é&o \§Q s(\\\\\ QQQ &@Q e(b
g \?} S 4
& & && (Qé‘\ (OQ(\\“ a: 90/10 hexane/IPA
R X PN
é,\ﬁ © b: 98/2 hexane/IPA
> N
© N

*Data of a from Carr, et al., Anal. Chem., 71 (1999) 3013-3021 39



P Retention Comparison Between
= Alkylphenyl Modified Cellulosic CSPs and

i Commercial Silica CSPs
N hase has 1
41-C54, J04-175, 3,5-dimethylphenyl, -C,,H,,PO,H e
AN retention than
Commercial Silica CSP column .
commercial Silica-
20.0 based column likely
18.0 - m 41-C54 due to lower loading
16.0 | 3 0110 fCSP d h
140 W Commercial silica-based column 0 and anchor
k' 12.0 - group.
10.0
8.0
6.0
4.0
2.0
0.0
&
;\\&0
\{0(\%2’ %00 ] s
N} 3 < @ &L
o & &7 W ar 90/10 hexane/IPA
’ \ ’
) o & & b: 98/2 hexane/IPA
& &
(253
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P Selectivity Comparison Between
= Dimethylphenyl Carbamate Modified
~  Cellulosic CSPs and Commercial Silica CSPs

ZirChrom*®
4.0 ;
3.57 Commercial Silica CSP column
3.0 Undecylphenyl
W41-C54 .
a 2.57 B Commercial silica-based column carbam.ate mOdlﬁed
cellulosic CSP has
50 good selectivity
1.57 compared to a
e commercial silica
' column.
0.5
0.0
®O+
Q}\ N\ 5
& ‘bé'é\\ 8 R \§
¥ £ F N R Q & ¢ & &
ST TS O S a: 90/10 hexane/IPA
> © Q (7.4 ,(\Q’
& & NN 3 b: 98/2 hexane/IPA
& & Qé&
bb\ &

X 34



Effect of Ionic Strength on the Separation of Basic

a2 Chiral Phamaceuticals on Undecylphosphonic Acid

ZirChrom*

Modified Cellulosic CSPs

41-C54, 104-175, 3,5-dimethylphenyl, -C,,H,,POH

lon Strength/ Ammonium Acetate in IPA (mM)
Selectivity 200 100 80 40
Pindolol 2.87 2.10 1.79 1.30
Propranolol 1.55 1.53 1.35 1.10
Atenolol 1.26 1.12 1.09 1.00
Nadolol 1.00 1.00 1.00 1.00

Increasing ammonium acetate increases enantio-selectivity.

LC Conditions: Agilent 1100 with chemstation, flow rate 0.5 mL/min., UV 254,

mobile phase = 100% IPA with specified concentration of ammonium acetate,

Temperature = ambient, column dimension 10 cm x 4.6 mm id, 3 micron particles.
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== Effect of Ionic Strength on
== Undecylphosphonic Acid Modified

ZirChrom' Cellulosic CSPs

Norin. (O:\HPCHEM\DATA\R022006A\PINDOLS58.D) (O:\HPCHEM\DATA\R022006A\PINDL033.D)

200mM 100 mM

0 1 2 3 4 5 6 min 0 1 2 e 4 5 6 7 min

Nog%:\H PCHEM\DATA\R022006A\PINDOL49.D) No{' \HPCHEM\DATA\R022006A\PINDOLQ7.D)
140

120 30 mM

5 4 5 3 10 i 2 4 6 8 10 12 tdin
Increasing ammonium acetate increases the selectivity and
decreases retention and improves peak shape for Pindolol. This is

likely due to supression of cation-exchange retention mechanism
that occurs for basic molecules.
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= Comparison of Silica and
== Zirconia Cellulosic Phases

ZirChrom*

DAD! &, =234 4 Ref=450 80 (0 HPCHEMDATARO22006A227R 3 D) DAD! &, =234 4 Ref=450 80 (0 HPCHEMDATAIQDRHCDIGZZZTROD)

Nom. Nom.

i) A B B

L L L)L

L e e e e L A e e B e T A A o e e LA A e B e A E e e e o LR
1 1 3 4 § § i 1 4 § 8 (] 1 i} it

Columns, (A) CelluloZe™ (Celu022006A), 100 x 4.6 mm, 3 um Zirconia, (B) Silica-based column,
150 x 4.6 mm, 5 um Silica, Solute (RS)-(%)-2,2,2-Trifluoro-1-(9-anthryl) EtOH, Mobile phase
90/ 10 Hexane/IPA, Flow Rate, 1 mL/min, Column temperature, ambient.
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Comparison of Silica and
= Zirconia Cellulosic Phases

i

ZirChrom*
DADT A, Sige254 4 Ref=430 80 (0: HPCHEMDATAIRO22006A NAPRROLD) DADT A, Sige254 4 Ref=430 80 (0: HPCHEMDATAIODRHCDISPROPOC2D)
Nom, Nom,
| ,
A | © B |
50 “ ‘

|
ol M\ 0] H

Columns, (A) CelluloZe™ (Celu022006A), 100 x 4.6 mm, 3 pm Zirconia, (B) Silica-based column,
150 x 4.6 mm, 5 um Silica, Solute Napropamide, Mobile phase 90 / 10 Hexane / IPA,
Flow Rate, 1 mL/min, Column temperature, ambient.
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= Separation of Basic Drugs on
= Phosphonated Cellulose Zirconia

ZirChrom*

DADUA, 544 Ref<080 (X PCHENDATARIZATAPRIPR D) DADUA S84 Ref<1A0 CPCRENDATARIZATRAATENL210) D1, o4 R0 (O PCHENDATRURAPAD. D)
. Propranolol | = ~ Atenolol | » Pindolol
\ I
“ I I “
| |l . | |
(it 1 f |
‘ ﬁ 0 || |
I | | || ’ ‘ | |

\
[ A A N T [ O T A T O B A R A A O I R O A O R A I B A I B A A A A R A

e N Y | L

G N
! ! ! b l [ I 1§ ! 4 ! 5 ! I

Column, CelluloZe™ (Celu022006A), 100 x 4.6 mm, 3 um Zirconia,
Mobile phase, = 50/50 Heptane/IPA (100 mM NH,OAc in IPA),
Flow Rate, 1 mL/min, Column temperature, ambient.
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Conclusions

ZirChrom

Brush-type CSPs were attached to zirconia using multi-
dentate pamidronic acid (PDA).

Zirconia-based CSPs were shown to be reproducible,
stable and have comparable chromatographic
performance to commercial silica-based Brush-type
CSPs for a range of chiral compounds.

Zirconia-based CSPs offer the user the potential to
regenerate the chiral stationary phase online.

The new zirconia-based cellulosic CSPs showed similar
resolving power to commercial silica-based cellulosic
CSPs for selected chiral compounds; increased ionic

strength improved resolution of basic chiral compounds.
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==_  Thanks very much
ZirChron for listening!

Request copies of the talk at Booth 222

== ZirChrom” “l

... For Peak Performance

www.zirchrom.com for more information
and web access to the free Buffer Wizard
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