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Abstract 

Two e~~ntiomeric separations have been developed which resolve the four stereo~somers of nadolol on Chi~alpak 
AD using hogs-performance liquid chromatography. The ~orma~-p~as~ method uses hexane, ethanol and 
diethy~am~~e to baseline resolve all four ster~o~som~rs. The reversed-phase method uses ethanol, water and 
~~~~~~l~rni~e. Both methods were optimized by investigating different mub~le phase modifiers, flow-rates and 
column temperatures. Accuracy and reproducibility were determined for ~~a~titati~g levels of racemate A and 
racemate B using the normal-phase method. 

1, Introduction 

Nadolol, 5 - (3 - [(l.l - d~rnet~yl~thy~~arn~no~ - 
2 - hydroxypropoxy} - 2.2,3,4 - tet~a~ydro - cis - 
2,J - ~aphtha~ened~ol is a P-blocker used in the 

of bypertens~o~ an 
emical structure ha 

centers whieh allow for eight possible stereo- 
isomers. However, the two hydroxyl substituents 
on the cyclohexane ring are in the cis configura- 
tion which precludes four stereoisomers (see Fig. 
1). Nadolol is marketed as an equal mixture of 
the four stereoisomers, designated as the dia- 
stereomers “racemate A” and “‘racemate B”. 
Racemate A is a mixture of st~r~~isomer I and 

its ~~an~iomer II, whereas racemate B is a 
mixture of the most active ster~o~som~r III and 
its ~na~t~omer EV. 

Many /3-blockers have been successfully sepa- 
rated from their enantiomers using Chiralcel 

OD, a cellulose-based 3,Sdimethylphenyl carba- 
mate HPLC column manufactured by Daicel 
(Tokyo, Japan) [l--6]. The method developed by 
Krstulovic et. al. [7] for enantiomeric separation 
of nadolol used Chiralcel OD to separate nadolol 
into two peaks. gasohol bow~~~r 
approach different from C~~r~~el 0 
contains two diastereomeric pairs of enantio- 
mers, for a total of four compounds to be 
separated. Most other P-blockers contain only 
one pair of enantiomers. Daicel’s Chiralpak AD 
HPLC column is amylose based and has a helical 
structure, whereas Chiralcel OD has a rigid 
linear structure. Chiraipak AD has the same 
3,S-dimetbylphenyl carbamate moiety as Chi- 
ralcel OD and the same silica support. There- 
fore. observed differences in separation must be 
due to the structural differences between celliu- 
lose and amylose. 

ost recent HPLC methodology for the 
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Racemate A 

ZR,3S,Z’R (-) ring, (+) side chain ZS,3R,Z’S (+) ring, f-) side chain 

Racemate 6 

2R,3S,2’S (-) ring, (-) side chain 2S,3R,2’R (+) ring, (+> side chain 

Fig. I. Ahsolute conformation of the four stereuisomers of nadolol. 

analysis of nadolol baseline resolves the four 
stereoisomers using Ultron ES-OVM with a 
mobile phase of methanol and phosphate buffer 

[$I, In order to perform preparative-scare isola- 
tions of each stereoisomer of nadolol, ~os~i~o 
et al_ [8] developed a second s~~a~a~~~~ using 
~~iral~ak AD which did not baseline resolve ail 
four stereoisomers. Prior to the Ultron ES- 
OVM, a method was not available which 

baseline resolved all four of the stereoisomers 
without derivatization. 

Daicel’s cellulose- and amylose-based carba- 

mate columns have been almost exclusively used 
under normal-phase conditions. Recently, sepa- 
rations have been developed on Chiralcef CID 
using reversed-phase conditions (WD-R”) f9]. 

Ishikawa and Shibata [9] successfully separated 
the enant~omers of two @blockers, prupranolo~ 
and pin~o~ol~ using (1.1 M aq. NaPF,-C 
Their article detailed a comprehensive study of 

the effects different mobile phase additives have 
on the separation of acidic, neutral and basic 
compounds from their enantiomers. It was de- 
termined that acidic compounds are best re- 

solved at pH < 3, neutral cumpo~~ds can be 
separated using water and an organic rn~d~~er~ 

and basic compounds require the addition of a 
aotropic modifier. The chaotropic rnod~~~r has 

an effect similar to ion pairing. Perchlorate and 
hexafluorophosphate modifiers were determined 
to be among the best chaotropes for resolving 
enantiomers of basic compounds. 

Detailed in the following article are the sepa- 
rations of the four stereoisomers of nadolol on 
Chiralpak AD using normal-phase and reversed- 
phase conditions. The effects of mobile phase 
composition * how-rate and column temperature 
on resolution are discussed. The research by 

Ishikawa and Shibata [!?f prompted the inves- 
tigation of Chiraipak AD column under revers- 



ed-phase conditions detailed below. The conclu- 
sions of Ishikawa and Shibata were applied to 
nadolol in a similar though less comprehensive 
study. 

2. Experimental 

~~tbano~, 85% n-hexane and ~-propan~l were 
all Baker HPLC reagents (Pbj~~~psb~~~~ NJ, 
USA). Ethanol used was dehydrated 200 proof 
obtained from Pharmco (Bayonne, NJ. USA). 
The diethylamine was 98% and obtained from 
Aldrich (Milwaukee, WI, USA). UV-grade ace- 
tonitrile was obtained from Burdick & Jackson 
(Muskegon, MI, USA). Water used in these 
experiments was drawn from a Milli-Q water 
system (Mill&ore, Milford, MA, USA). The 
nadolol standards were obtained internally. 
Nadofol, racemate A. racemate B and standards 
of each individual stere~i~ome~ were avaiiab~e. 
Structural conformations of the in 
stereoisomer standards were confirmed by X-ray 
diffraction. 

2.2. Apparatus 

The HPLC system consisted of a Perkin-Elmer 
Model Series 4 solvent-delivery system (Nor- 
walk, CT, USA), a Perkin-Elmer ISS-100 auto- 
sampler and an Applied Biosyst~ms variable- 
wa~~~~ngth TV-absorbance detector Model 

785A (Foster City, CA, USA) with the wave- 
length set at 270 nm. Column temperature was 
maintained by a Euramark Model El-J-255 col- 
umn thermostat (Mt. Prospect, IL, USA) which 
utilizes Peltier cooling. The stationary phase 
used was amylose-based tris-3,5-dimethylphenyl 
carbamate (Chiralpak AD) coated on l&pm 
silica gel, 25.0 x 0.46 cm (Daicel) available from 
Chiral Technologies (Exton, PA, USA). Data 
collection and reporting was by a VG Muhi- 
chrom data acquisition system. 

The Chiraipak AD-R (reversed-phase) column 
was created from a standard Chiralpak AD 
column received from Chiral Technologies. It 

was gradually shagged over from hexane to 2- 
propanol, then to methanol, and finally ethanol. 
A slow gradient and low flow-rate were used to 
avoid too high pressure. 

2.3. Chromatographic conditions 

All sample solutions were approximately 2 
mgiml d~~so~~~d in ethanol. Sample solutions 
were stable for at least 24 h. A 25~~1 aliquot was 
injected. Chira~pak AD column was investi- 
gated usi 0th ~ormai-phase (hexane a ethanol, 
Z-propanol and diethy~ami~e~ and reversed- 
phase (water, ethanol, methanol, 2-propanol, 
acetonitrile and diethylamine) at various flow- 
rates and column temperatures. Final normal- 
phase conditions used a mobile phase of 800 ml 
hexane, 200 ml ethanol and 3 ml diethylamine. 
The flow-rate was 1.2 ml/ min at 23°C. The 
reversed-phase conditions used the same column 
and sample solutions. The mobile phase con- 
sisted of 750 ml water, 250 ml ethanol and 5 ml 
d~ethy~am~~~. ow-rate of 0.2 rn~/rn~~ was 
used and the column temperature was ain- 
tained at 0°C. 

2.4. Determination of e&ion order 

All four stereoisomers were analyzed by 
HPLC individually and compared to analyses of 
nadolol and racemates A and B. The elution 
orders are shown in Fig. 2 and Fig. 3. The 
elution order of the four stereoisome~s is the 
same in both normal- and revered-pba~~ sys- 
tems. 

3. Results and discussion 

Both the normal- and the reversed-phase sys- 
tems resolve the four stereoisomers of nadolol. 
Fig. 2 shows the normal-phase separation. All 
four compounds are baseline resolved. The re- 
versed-phase separation is shown in Fig. 3. Two 
of the four ~ornpo~~ds are baseline resolved. 
Since the Norman-phase separation was superior, 
it was evaluated for accuracy and reproducibility. 
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Fig. 2. Resolution of the four stereoiwmers of nadolol in n~~rrnal-phase mode using h~xan~~gt~an~l-di~thylamin~ ~8~~:20~~.3}. 

3.1. Normal-phase separation 

During develapment of the n~rrn~l-ph~~~ sys- 
tem, alcohol type, alcohol concentration, di- 
ethylamine concentration, flow-rate and column 

temperature were varied to determine their 

effect on resolution. Many combinations baseline 
resolved all four stereoisomers. 

Alcohol type and concentrations were varied 

in mobile phases containing exane and diethyl- 
amine. Ethanol, 2-propanol and combinations of 

the two were investigated. A systematic ap- 
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preach was taken varying the alcohol concen- 
orations in 2% in~rern~~~s from hexa~e-e~~~noI- 
2-propanol (75:25:0) to f75:0:25). As the con- 
centration of ethanol decreased and 2-propanol 
increased, compounds IV and II eluted closer 
together. Hexane-ethanol (80:20) and hexane- 
ethanol-2-propanol (77:15:X) baseline resolved 
all four ster~oisomers* When bexane-2-pro~ano~ 
was used without ethanol, compounds IV and II 
merged and compounds I and III were only 
partially resolved. 

Diethylamine was necessary to separate the 
four stereoisomers. At concentrations less than 
0.3%, the peaks tailed into one another and 
could not be q~anti~ated. At levels higher than 
0.3%, up to l.O%, neither peak shape nor 
resolution improved. 

Various flow-rates and column temperatures 
were also investigated. Several combinations of 
mobile phases at different how-rates and tem- 
peratures baseline resolved all four stereoiso- 
mers. Table 1 shows examples of mobile phase/ 
flow-rate/column temperature combinations that 
baseline resolved all four stereoisomers. As 
expected, lower column temperatures and less 
alcohol increased re~e~~io~. However these 
changes did not always improve resolution (RJ 
or separation (a) of the critical pair (the closest 
eluting pair of stereoisomers). By increasing the 
ethanol concentration to 25% and cooling the 
coI~mn to lO”C, resolution and separa~io~ of the 
critical pair co pounds IV and II were in- 
creased. Since column coolers are sometimes 
inconvenient and not universally used, the nor- 
mal-phase conditions at room temperature were 
studied further. 

Accuracy and reproducibility of this method to 
quantitate levels of the four stereoisomers in 
synthetic mixtures were determined. Mixtures at 
ratios of approximately 80:20, 60:40, 40:6O and 
20:X0 of racemates A:B were weighed and the 
experimental results were compared to the theo- 
retical levefs. Detector response was measured 
for the individual stereoisomers and corrections 
were made for contamination of the individual 
stereoisomers with the other stereoisomers, The 
averages of four replicate analyses of each mix- 
ture are summarized in Table 2. All experime~- 

tal results were within 99.1-101.5% of theoret- 
ical ra&emate A levels. The mixture of A-B 
(80:2U) was injected five times and statistically 
analyzed for reproducibility. The relative stan- 
dard deviations (R.S.D.s) ranged from 0.18 to 
1.36%. 

In several batches of the individual stereo- 
isomers which were synthesized, trace levels of 
the other three s~~~eo~somers have been quanti- 
tated. Levels as low as O.IO%, measured by area 
counts, have been quantitated. Linearity, how- 
ever, was not determined. 

Nadolol is classified as a basic drug, similar to 
propfanolol and pindolol. Therefore, mobile 
phases containing chaotropic modifiers, as sug- 
gested by Ishikawa and Shibata [9)? were investi- 
gated. In addition, diethy~amine was investigated 
because it reduces tailing in other normal-phase 
and reversed-phase chromatographic applica- 
tions. 

Various organic modifiers were evaluated in 
combination with water. Ethanol was the on@ 
modifier which resolved the stereoisomers satis- 
factorily. Methanol, 2-propanol and acetonitrife 
were substituted for ethanol and did not resolve 
nadolol into four peaks. Diethylamine was 
necessary at a level of 0.5% to reduce tailing and 
resolve the four peaks. Lowering the c~~~rnn 

temperature and bow-fate retained nadolol 
longer and improved the separation. Lowering 
the concentration of ethanol was investigated as 
a means of increasing retention but did not 
improve resolution. The combination of a high 
concentration of ethanol, low column tempera- 
ture and low flow-rate were necessary to resolve 
nadolol. The four stereoisomers were best re- 
solved with ethanol-water-diethylamine 
(25:75:0.5) at a flow-rate of 0.2 ml/min and 
column ternperatu~~ maintained at WC. How- 
ever, co~po~~d~ II and I were not baseline 
resolved. The R, was calculated to be 1.0. 

The separation of nadolol on the AD-R col- 
umn did not behave similarly to propranolol and 
pindolol on the OD-R column. The chaotropic 
modi~ers NaPF, and NaClO, had little or no 
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effect resolving nadolol. A complete study of 
AD-R similar to Ishikawa and Shibata’s has not 

yet been conducted to compare it to OD-R and 
determine the full versatility of AD-R. Never- 

theless, AD-R has been used successfully in this 
laboratory for applications which were unsuc- 
cessful using OD-R. Typically. acetonitrile or 
methanol and water yield the best separations. 

4. Conclusions 

Nadolol was best resolved into its four stereo- 
isomers on Chiralpak AD under normal-phase 
conditions, All four compounds were baseline 
resolved using hexane-ethanol-diethylamine 
(80:20:0.3) at room temperature. The final con- 
ditions resulted in an R, value of 2.94 with an cr 

value of 1.49 for the critical pair, compounds IV 
and II. Cooling the column and increasing the 
ethanol concentration improved resolution of the 
critical pair. Resolution of the four stereoisomers 

was dependent on alcohol type and the presence 
of diethylamine. The accuracy and reproducibil- 

ity of this method were determined to be accept- 
able. This method can be used for determining 
levels of all four stereoisomers in current nadolol 

drug substance and can be used to determine 
trace levels of other stereoisomers in the in- 
dividual stereoisomers synthesized. 

Using the reversed-phase conditions of etha- 

nol-water-diethylamine (25:75:0.5), nadolol 
could be resolved into four distinct peaks. Com- 
pounds IV and III were baseline resolved and 

compounds II and I had an R, value of 1.0. 
Using Chiralpak AD in reversed-phase mode has 
advantages over normal-phase even though 
nadolol was baseline resolved for only two of the 

four stereoisomers. The reversed-phase separa- 

tion replaces highly flammable hexane with 
water for utilization in laboratories that prefer to 
avoid using hexane. This reversed-phase sepa- 

ration may also be adaptable to LC-MS. Utiliz- 
ing Chiralpak AD in the reversed-phase mode is 
novel and still in the investigational stage. How- 

ever, it has been successful in this laboratory for 
several other applications in which OD-R was 
unsuccessful. Work is continuing with AD-R. 
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