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The period 1974-19is has seen a dramatic increase in the scope and versatilitj- 
of high-performance liquid chromatography (hplc), due largely to the availabilitj- 
of the necessary instrumentation and to improvements in the efficiency and na- 
ture of column packing materials. The technique has been n-idel\- adopted in the 
natural products area. but tlie results of this work have been scattered throughout 
a large number of journals and it liar, been difficult for an investigator to find 
suitable conditions for a particular separation. This review is thus an attempt to 
summarize the literature dealing n-ith the applications of hplc to secondary 
metabolites from 19 i4  to June 1 9 i S .  

I have chosen for the purposes of this review to exclude most of the primary 
metabolites (amino acids. simple carboxylic acids, nucleotides, etc.), since the 
literature in this area has been rerien-ed on a number of occasions. These revien-s 
include books devoted to biomedical applications of high pressure liquid chro- 
matography (1-2) and to liquid chromatography in general (3), and to revien-s 011 
.separation by ion-exchange methods (4). by reverse-phase methods (5). and b>- 
conibinations of methods (6). In addition, the separations of certain specific 
classes of primary metabolites have been reviewed, including amino acids and 
peptides (3:  7 ) .  carboxylic acids ( 3 .  S), purine nucleosides (9). and carbohydrates 
(13-14). Separations of the cytokinins (modified plant nucleosides) are described 
in tn-o recent papers (15-16). n-liile other representative separations of nucleosides 
( 3 .  i -21)  and nucleotides (6, 22-26) are given in the references cited. 

The material that follows has been organized along biosynthetic lines as far as 
possible. Separations of acetate-derived materials are discussed first, followed by 
the mevalonate-derived compounds and, finally. the nitrogen-containing natural 
products. -4 final section summarizes the separations of antibiotics and myco- 
toxins derived from Ion-er plants. S o  attempt has been made to be comprehensive, 
.since man)- very similar separations of closely related compounds are reported in 
the literature, and it is unnecessarv to include them all. Enough examples have 
been given. lion-ever, so that each major method reported for a particular class of 
cornpounds is included. 

There have been no revien-s published to date dealing specifically ~ i t h  the 
hplc of natural plant products, but a number of revien-s on pharniaceutical an- 
aly.sis haTe included discussion of the hplc of various natural products jespecial1.v 

alkaloids, and steroidsj (2 i -31).  In addition. a data compilation 
g .separations reported in the period 1969-19i2 has appeared ( 3 2 )  

and conthins reference5 to the hplc of carbohydrates, steroids. and amino acids and 
peptides. 

CARBOXYLIC ACIDY ASD LIPIDY.-HP~C of free fatty acids has been handicapped 
b\- tlie fact that most of them are not uv-absorbing at 254 nni, and hence are not 
detectable by a standard m--detector. For analytical purposes the problem can 
be solved by derivatization n-itli a uv-absorbing reagent, and phenacj-1 groups 

23; 
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(33-35), benzyl groups (36) ,  2-naphthacyl groups ( 3 i ) ,  and 4-hydroxymethyl-i- 
methoxycoumarin groups (35) have been used for this purpose. Conversion to  
quinoxalones has been used for derivatization of a-ketoacids (39). If derivatiza- 
tion is either not feasible or not desirable, detection may be carried out with a 
wire transport-flame ionization detector (40) with a differential refractometer (41) 
or, in certain cases, TT-ith an electrochemical detector (42, 42a). 

A summary of recent separations of carboxylic acids (including esterq and 
phenolic acids) is given in table 1 ; a summary of earlier separations by ion-exchange 
chromatography has appeared elsewhere (43a). X proprietary column for the 
separation of fatty acids is commercially available and is similar to the octadecglsilyl 
bonded phase columns described in the table (61). 

The separation of lipids by hplc has been reviewed recently (63-65); hence, 
this section is abbreviated. A comparison of chromatographic methods for 
glycerol esters has been made (65), and silver-loaded columns have been applied 
with some success to the separation of isonieric alkene derivatives (67-69), al- 
though the reverse-phase technique is also effective at  separating geometric iso- 
mers (47, i o ) .  Reverse-phase chromatography has been used for the separation 
of prostaglandin. ( i l ) ,  11-hile non-aqueous reverse-phase chromatography is eff ec- 
tive at separating glycerides (72). I n  this latter case, detection can be accom- 
plished n ith an infrared spectrophotometer. Glycerides may also be separated 
on silica gel ('73) and with a proprietary "triglyceride" column (61). 

TLBLE 1. Separation u j  carbuxylzc acidy and derzeatzees.  

Benzoic acids . , . . . , . , , , 

Carboxylic acids from plant 
tissues . . . . . . . . . . 

Organic acids in foods . , 

Long-chain acids 

Long-chain acids 
Retinoic arid 

Long-chain aizd complex acids 

Compounds separated i Column 

Lichrosorb SI-60 silanized 
or Bondapak C-18 Porasil B, 
coated n-ith I-pentanol 

Bio-Si1 A ,  20-44 pm, n-ith 
H ~ S O I  
Aminex -125 

blicropak SH-10 

Yrdac  R P  
Partisil-10 

Phenacyl esters of long-chain 
acids . . . . . . . 

Phenan-l esters of carboa-lic 
acids.. . , . , . . . 

Phenacyl esters of carhoxg-lie 
acids . .  . . . . , . 

Benzyl esters of carbox,-lic , 

pBondapak C-18 

Corasil 11, nonyl bonded 

Corasil 11, nonyl bonded 

Temp.. 

l z  

3Iobile phase 

1.0 h l  acetate buffers, various pH 
Tetrabutylammonium hydrogen 
sulfate (0.03 11) in pH i 
phosphate buffer, 0.04 h1 

Cyclohexanechloroform ( l : l ) ,  
n i t h  4 . 5 4 0 %  t-amyl alcohol 
1.0 11 sodium formate 

Hexane-chloroform @:I j ,  x i t h  
O- iO% ethanol 
Methanol-a-ater 160:40) 
Dichloromethane-acetic acid 
199:l) Dichloromethane- 
methanol-acetic acid @7.5:1.5:1.0) 
Tetrahydrofuran 
Nitric acid, p H  1.7 
Phosphoric acid, pH 2X+ 
methanol 
Methanol-aater (4:6) 
Nethanol-a-ater f4: l )  

Acetonitrile-a-ater ( 8 5 2 5 )  
Ilethanol-n-ater (603403 
hIethano1-n-ater f60:40) 

- - 
Ref. 

44 
45 

46 

41 

40 4 i  

46 

49 
50 
50 

51 
51 

52 
53 
4T 

1 - Aicetcnitrile-a-ater 6 7 : 3 3 )  33 
I 

40° Methanol-water (62.5:37,5) ' Heptane-chloroform (87.5-12.51 
34 

40' 3Iethanol-nater (68 32) 

1 Chloroform-heptane (1 1) 
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TABLE 1. Contznued. 

Citrate buffer p H  3.28 
Boric acid-citrate buffer, pH 4.53 
Dichloromethane-ethanol-n-ater 
(35.4:12.5:2.3) 
Kater-acetic acid !95:5) 
Hesane, then methanol-chloro- 
form-acetic acid '30:iO:lj 
Chioroform-cylohesane (1:l) 

Column 
I 

2-Saphthacyl esters of long- ' 
chain acids . ,  , , . . , , 

4-Hydrosymeth,-l-i- 
methoxi-?oumarin esters . . , Sucleosil 10 C-18 

Quinosalones of a-ketoacids. pBondapak C-18 

Acetates of long-chain 

Compcunds separated 
- 

1 Corasii C-18 

unsaturated alcohols. Suc lea i l  10 SA, silver loaded 

54 

57 

58 
7 6  

60 

Phenolic acids  
Phenolic acids ' Beckman PA-28 

Phenolic acids , , . . . 1 I\lerckogelsI-150 

Phenolic acids , . . 1 pBondapak C-18 
Beer flavor compounds.. . ' YJ-dac 

Phenolic acids . . Silica gel saturated with 

Homoranillic acid,  . ' Vj-dac SC anion 
1 0.5 11 sulfuric acid 

1-anilmandeiic and 
homoranillic acid , , , . 1 Hitachi gel S o .  3010 

, 
sinapic, ferulic, and ~ 

p-coumarx acids, , . , Zipax FAIS 

Yarious phenolic acids , 1 Zipax SAX 

Chlorogenic acid . , Pellidon 

Temp.a Zlohlle phase ' Ref. 

Methanol-n-ater ~50:5~100:0! 
Methanol-ammonium acetate 
(20:80l+met hanol 

~~ 

aCoiumn temperature, in degrees Celsius. If no temperature was specified, or if it =as specified as ambient. this 
column is leit hlank. 

PHESOLS ASD FLAv0sEs.-Phenolic compounds occur widely in plants. but 
until recently little attention has been paid to the hplc of simple phenols. The 
hplc of phenolic acids has been included in the previous section, and the separa- 
tion of phenolic amines and various phenolic heterocyclic compounds will be dis- 
cussed later. i i t  this point, it is sufficient to  note that phenolic compounds occur 
in beer, and several papers dealing with the hplc of the components of beer or of 
hop resins include data on the separation of phenols, phenolic acids, and other 
compounds such as humulone (74-84). Hplc has also been applied to the separa- 
tion of the phenolic components of tobacco (85) and cocoa (4221). 

Flavones and related compounds have been investigated more extensirely. and 
table 2 summarizes the major publications in this area. Simple flavones have been 
separated bp  normal phase (adsorption) chromatography on silica gel and also 
by reverse-phace chromatography. Although Sephadex LH-20 has been used 
extensively for the separation of flavones in classical column chromatography 
(103), no comparable material has been developed for hplc. The situation is a 
little diff went n-ith polyamide, which is also used extenqively in classical chro- 
matography (103). I n  this case a commercial polyamide packing is available 
(62), but it has not yet been extensively used for flavonoid separations. The 
material of widest application, being suitable both for simple flavonoids and for 
flavonoid glycoqides, is the octadecyl bonded reverse-phase silica packing. 
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TABLE 2. Separat ion  of j a i ' ono ids  and related compounds .  

i 
Compounds separated Column I Temp. ' Mobile phase 1 Rei. I 

S i m p l e  ila, ones I 
Quercetin. kaempferol, and 

related compounds ' VTdac 101 'C 

Icoflavonoids l Merckosorb 'I 60 

Flai one ethers 1 Pellosil HC 
I 

Flax anme-chalcone 1 Pellidon 
Hesperitin and hesperidin pBondapah C-It  

Flal onoid; pBondapak C-18 

Partisil-10 ODs  
Pellidon 

Isofla1 ones 
Flavanone-chalcone 

, LiChrosorb S H .  
Zorbax OD'. 

F1a:oiroid gilcosrdes 
Isomeric glycoflarones 
G1\ coflarones 

l-arinpin and naringenin 
rutinnside . . . 1 WBondapak C-18 

Flavonol glycosides 1 WBondapak C-13 

Hesperidin 1 pBondapak C-18 
Flaroiroid d e w a t r e s  aiid 

reluted comfioui!ds 

chalcme ' LiChrosorb SI-GO 
1-eshesperidin dihydro- I 

' Bonded 
lieahesperidin dihl-dro- 

Cxrechin and catechin gallates i T>-dac 
chalcone , , , .  , 1 pBondapakC-18 

i pBondapak C-18 

Pellidon 
pBondapah C-18 

pBondapah C-lR 
i Ant hoc, anins 

inthoc3 amdins 

C,allotannin 1 Corasil I1 

Flarolionani I GBondapak C-18 

Podoph>llotoxin and related 1 
compounds , Lichrosorb RP-E 

n-ith C-18 

I I 

1 Hexane-chloroform 11:11+ 
' methanol-chloroform-acetic acid 

!50:50:1) 
Hexane-tetrahydrofuran @;I )  
diisopropj-l ether 
Diisopropyl ether-methanol 

3Iethanol-n-ater (3:l) 
0.03 11 potassium dihydrogen 

1 phosphate ipH 4.8), v-ith lo-) 
100% methanol 
Methanol-n-ater-acetic acid 

I 
I (g2:8) 

i (30:63:5) 
1 Kater-acetonitrile (4:l) 
1 Kater-methanol (4080) ' \T-ater-methanol (60:40! 

.Icetonitrile-water (1:9+9:1) 
Ethanol-0.1 M phosphoric acid 
(20:80+100.0) 

.Icetonitrile-n-ater (20:SO) 
Methanol-x-ater-acetic acid 
,30:70:6) 
see ahore 

2 3 C  

I 

Methanol-rater 160:40 

86 

86 
86 
81 

3; 

88 
89 

90 
(il 

92 
93 

87 

Acetonitrile-rr-ater ( 2 5 : ; s )  j 9: 
Hexane-chloroform ( l : l )+ 76 
methanol-chloroform-acetic acid 
:50:50:1) 
Acetone-n-ater-acetic acid ~ 96 
i60:129:1) 
0 02 >I citrate-phosphate buffer 96 
1pH 4.5) 
Methanol-0.1 h1 citrate-phosphate 96 
buffer pH i (20:80) 
1\Iethanol-dimethj-lformamide- 
rater-acetic acid (2:40:15i:l) 
Chloroform-methane (8i:13 1 
Water-acetic acid-methanol 
fi1:lO:lQ) 
Kater-acetic acid-methanol 
f75:5;20) 
Hexane-met hanol-tetrahJ-dro- 
furan-acetic acid ~3000:100:25:1 + 
methanol-tetrah3-drofuran-acetic 
acid 1100:2::1) 
Methanol-n-ater-acetic acid 
!40.60:5) 
Met hanol-rater-acetic acid 
( 2 0 : i 6 : 5 )  

100 
101 
93 

102 2 5 O  1 .Icetonitrile-n-ater ( 4 5 )  
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QuIsosEs.-The hplc of quinones has not been extensively investigated. 
Complex mixtures of prenylquinones were separated on silica gel with small 
amounts of dioxane in hexane as eluent (104), while various anthraquinones have 
been separated on silica gel using a cyclohexane to ethyl acetate gradient (simple 
anthraquinones) (105), methanol in n-pentane (anthraquinones and their gly- 
cosides) (106), and hexane-ethyl acetate-acetic acid, S3 : 1 i  :1 (Aspergillzis sersicolor 
quinones) (10'7). -4 cyano-type bonded phase v a s  also effective in the separation 
of the -4. versicolor quinones with a hexane-chloroform-acetic acid, 65 :35 :1. solvent 
system ( l O i j :  while sennosides -4 and B have been separated by ion-pair chro- 
matography on a C-18 reverse phase column v-ith an aqueous niethanol solvent 
containing tetrabutyl phosphate (10ia). 

OXIGES-COSTAISISG HETEROCYCLIC couPousDs.-Relativel\- few hplc studies 
have been carried out on this diverse class of natural products, and these have 
tended to  focus 011 a restricted group of compounds. The sumniarj- in table 3 

T.LBLE 3 .  Sepiiroiion of os?.ge,i-coittaiiiing heterocyclic conipozcvds. 

Conipounils sepirated Column ~ Temp. ~ Mobile phase Rei. 
__ -_____ _-_ 

Furanoterpenoids Cora-il I1 - ' Ether-pentane t l : l .3 :1  1 IIQ 
E'urocoum irins Corasil I - Chloroform-cl-clohexane 1 O!I 
Bergapten Corasil I1 ~ , Hexane-chloroform (75:?5 110 

FPoraFil - Isooctane-et h:-i acetate- :11  
Zorhxx PII. isopropanol '5O.l: l  I 

' Corasii 11 8 -  Chloroform-hexane-methanol 111 

Rotenoids pPorasil - ~ Chloroiorni-isn-octane 35:G . I '  

pBrndapak C-16 : I4  

~ '?j:;5:0.125' 

Zorbas ODP 34' \Iethanol-n-ater-phoFphorir acid 113 

~ 

Xanthone> i Micropak C S  - Hexane-chloroiorn 1 1 6  
.,- . , a  ~ ZIicrcpali SH: - 

~ ~ - G ~ ? - c o P : .  laanthons.  Micropak C S  - Herune-chloroiorm ' 1:l : l h  

Tocopherole LiChrororh PI  00 - Hexane-iliosan !?li:l) 1 I14 
Irooctme-chloroiorm 3:; 

Corssil I - Hesane-diiaoprop:-l ether Bh:4 11; 
C o r e d  I1 - Heaane-tetrahi-drofuran 1 W : l  :I5 

Cannabinnidi ~Bon i l apnk  C-16 - Methanol-nater ; 5 : 2 5 '  11% 
' Phenylcorasil - , .\Iethsnol-n-ater ,;0.30! 119 

Bandapak C-19 Corasil , - ~ .icetonirrile-n-ater ( 4 5 : 5 ~  1'0 
pPorasi1 - ~ Chloroform-heptane ~?O:%O.i0:20 120 
Partisil-5 - 1\Iethanol-0.2 S sulfuric acid ,4:1 121- 

i 123 
Partieil P h C  - Isooctane-dioxan ' 3 : 2  124 

Cannabinoids. danr:-l 
derirati.;ei i Micropak 81-10 I -  ~ Hexan+dichloroniethane- ._ 1'75 

~ methanol :9$:?)  

indicate3 that no one method is suitable for all compounds : the non-polar iuro- 
coumarins, for example. separate nicely on a normal-phase column, but polar 
glycosylsanthones require a polar bonded phase. Considerable attention has been 
paid to the -eparation of cannabinoids by hplc, and here a method using the 
octadecyl reverse-phase column is the most commonly used method, although other 
column packing materials have also given good results. 

TERPESES ASD PLAST PIG~iENTs.--Separations of various members of these 
classes are indicated in table 4. The use of a column packed n-ith small-particle 
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polyethylene powder for the separation of various chlorophylls is noteworthy (150), 
as is the observation that the addition of small amounts of water to the solvent 
improves the separation of polar terpenes on normal-phase silica gel packings 
(134). This result, which has been niade use of by other workers also, is probably 
due to the formation of a partition-type system on the column. Care must be 

T ~ B L E  4.  Separntzon of terpeiies and p lant  pzgments .  

I I i 
Compounds separated ~ Column Temp. , Yobile phase 1 Ref. 

Cyclohexane)Cyclohexaneeth>-l 
acetate (60:40) 
Methanol-water (1:l) 

1 Tetrahrdrofuran 
Acetonitrile 
Hexane-ethyl acetate (85315) 

Chloroform-acetonitrile (95:5) 
Methanol-3-ater (35:65,40:60) 

C hloroform-methanol-rater 
(19O:ll : l)  
Hexane-ether. 50% water 
saturated (65:15) 
Pentane or hexane n-ith a few 5 

Diethl-1 ether-methanol (9:l)  i 

Cinnamon oils i Corasil 11 126 

122 
121 
126 
129 
130 
131 
132 
133 
134 

134 

135 

Essential oils . . . . . , 

Sesquiterpene lactones 

Phorbol and esters..  . 
Limonin . . . . . . . . , . . . . 

Triterpenes . . , . . . . , . . . . 

. 

. . 

B H T  
Tetrahydrofuran-hexane il:5), 
water saturated, Kith 0 . 1 5  B H T  
Methanol-n-ater ( 9 5 5 )  
Jlethano!+methanol water 
(90:lO) 
Petroleum ether-diethyl ether 
(982)  

Juvenile hormones., , , . . . 

Carotenoids. . . , , . . . . . . . . . . . 

137 

138 
139 

140 

pBondapak C-18 
pStsragel 

' Porasi1.k 
pPorasil 
s11-x 
pPorasil 
pBondapak CS 
Silica gel 

f i  Porasil 

I pporasil 

pPorasil 
LiChrosorb SI 60 
Xoelm B1E alumina deacti- 
vated with isopropanol 
Spherisorb deactiJ-ated n-ith 
95% ethanol 
Permaphase ODS 
Alumina 

I 

Retinals , . . . .  , . . . . , . . . . . . . . .  pPorasil 

Vitamin .&. . . , , . . , . , . . . , , . . . i nIicropak SI 10 
Zorbax SIL 

1-ydac ODS 
Zorbax 5, 

LiChrosorb R P  
~ Permaphase ODS 

dins (pyridinoterpenes) Nicropak SI 10 1 JIicropali cs 
~ Vydac R P  

Carotenoid and porphyrin 
plant pigments. . , . . . . . . . Bondpak C-18 , Spherisorh lop 

I Porasil B 

Partisil 5 
Xanthophj-11s. . 

Chlorophylls.. . . . . . . . . , . . , Microthene F S  500 

. ,  , .  . , Sil-S-1 OD9 

polyethylene 

Ilicropak C S  
Porph>-rins.. . , . . . i Part is i l j  

, Pellioner S.iX 

Porphg-rin methyl esters. , . Merckosorb SI-60 

Corasil I1 

Xlerckosorh SI-60 
Partiiil 10 

Cyclohexane-ethyl acetate (40:60) 
Heptane-ethyl acetate- 
isopropanol i60:40:0.5) 
Met hanol+Methanol-acetic acid 
1E5:15) 
Heptane-tetrahydrofuran 
(Bo:2C+50:50) 
Petroleum ether-ethyl acetate 
1 5 5 : 4 5 )  
Hexane+ethyl acetate 
Hexane+eth:-l acetate 

151 
152 

153 

154 

153 

153 
153 
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taken not to use too much water, otherwise baseline stability for refractive index 
detectors is destroyed by the sample injection solvent; the recommendation is 
made that solvents should be 50-75x n-ater-saturated. 

STEROIDS.--HP~C has been applied extensively to the separation of steroids, 
and the analysis of steroid hormones by hplc has been the subject of a recent 
revien- (1%). Although many of the steroids investigated are not natural pro- 
ducts, the separations developed for them can be applied in many cases to related 
compounds such as the triterpenes which are natural products. Table 5 sum- 
marizes some of the recent separations that have been achieved on steroids; be- 
cause of the similarity of many of the>e separations, only representative examples 
have been given. 

T ~ B L E  5 .  Sepii70f20n of s ferords .  

Compounds separated 1 Column Temp Mobile phase ~ Ref 

Steranes I M oelm alumina 
Sterols Bondapah C-18 Porasil B 

pBondapah C-13 

Sterol acetates 

pPorasil 
Spherisorb ODF 
H;\persil ODs 
Bondapak C-18 Corasil 

Sapxenin benzoates.. . . . . LiChrosorb RPS 
Kithaferin .I and metabolites, .' pPorasil 

Ecdwones . . 

Buiadienolide aglycones.. . . . . 

Cardenol.de aglycones , 

Bcndapak phenyl Corasil 
Corasil I1 
Corasil I1 
pBcndapak C-19 

pPorasil 
pBondapak C-1s 

pPorasil 
li-Ketosteroids . Nicropak C H  
Estrogens.. . . pBondapak C-1s 

i.itamiiz 13 a i d  related compouiids 
Cholecal~iferol, ergocalciferol . pPorasil 

I'itamin D: . , Zorbax Si1 

Vitamin D: isomers . . Zorbax Si1 

T'itamin Da , . . . . , . .  Partieil-10 
1-itamin D: metabolites. Zorbas Si1 
Titamins D? and Da.. . . . 

Titamin D? and Di 
metabolites . , . . . . . Zorbas Si1 

H>-drox;\-lated Titamin D3. . , Zipax ODS Permaphase 
25-Hydroxychol~calciferol.,  . ~ Zorbas ODS 

Ergosterol, sitosterol, and ' 

pPoraril 

related steroids . . . . S I - X I  
Steroid hor?iio~ies 

Estradiol, estrone, etc.. . pBondpak C-18 

- Pentane 

- Methanol-chloroform-Tater 
1 -  Hexane-isopropanol (85.5:0.5) 

1 -  

i1:12:1i, i1:16:13 I 
Hexane-ethyl acetate f5i.5:2.5) 
Methanol-n-ater (1 l 5 : %  1 

Methanol-pH 5 buffer !45:55) 
Met hanol-chloroform-n-ater 

EthJ-l acetate-hexane )\5:1> 
Ethyl  acetate 

C hloroform-et ha 

Net hanol-n-ater 

Hexane-tetrah;\-drofuran (1 :I)  
JIethanol-n-ater , 2 :  
.Icetonitrile-x-ater 
Tetrahl-drofuran-n-ater , 
Hesane-tetrahj-drofuran i 12) 
3lethanol-n-ater 143:67 I 
.Icetonitrile-n-ater 24 : i6  j 
Methanol-n-ater 141 5 4  I 

Hesane-chloroform-tetrahydro- 
furan ~ 3 0 : ; O : l ~  
Heptane '50;; n-ater saturatedl- 
e:h>-1 acetate-dichloromethane 
'84:1:12l 
Pentane-et hl-l ether-methanol 
?000:',0.3,. pentane-chloroform 

:45;55 I 

Isooctane-ethanol 854:16'1 
Dichloromethane-methanol N?:Y' 
Light petrol-1 ,Y-dichlorcethane- 
tetrah;\-drofuran ~ ? 5 : 5 : 7 )  

156 
1 5 i  
168 

155 

160 
158 

161 
1 62  

163 
163 
164 
165 

165 

166 
167 

165 

169 

170 

l i l  
li" 
l i 3  

S k e l l ~ - ~ o l r e  B-isspropanol 150:10! 174 
Met hanol-n-a t er 3 :i+8 :2', 175 
.Icetonitrile-methanol-n-ater 
, l S : l : l ,  

Isooctane-eth;\-l acetate "53) 1;s 
I l;; 

I 

Acetonitrile-n-ater (55:45 I ' 156 
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TABLE 5. Continued. 

I I 

Canrenme 
Methandrostenolone 

Progesterone 
Estrogens 

Compounds separated Column Temp. I 

Sil-X 
LiChrosorh SI 60 

Zipax OD9 Permaphase 
pBondapak-NHn 
Partiail-10 O D 8  

Partisil-5 

Aldosterone. cortisone 1 Amherlite LA-1 on Plaskon - 

Hydrocortisone and 
hydrocortisone phosphnte 

Bile acids  
Isimeric hile acid? 
Rile acids 

E-terified hile acids 

Cniijiqaied steroids 
Conjugated I;-keto steroids 
Conjugated estrogens 

Conjugated hile acids 

.Steroid elucuronid=% 

Zorbax O D 8  
pBondapak C-15 

Micropak-SHn 

Micropak-CH 
PBondapak C-IF. 

Corasil I1 

Corasil I1 

LiChrosorb RP-IS r i t h  
n-pentanol as stationarl- phase 

Cardiotonic steriod conjugates 
hufotoxins, bufogenins) I pBondapak C-18 

Conjugated estrogens Zipaa-ETH Permaphase 
1,iCbrosorb RPlE 

LiChrosorb R P Q  

Mobile phase 

Kater 

Heptane-isopropanol (96.4) 
Hexane-isopropanol-1 ,Z-dichloro- 
ethane :82:15:3) 
Isopropanol-water (18:82) 
Heptane-isopropanol 14:1) 
\fethanol-O.l% ammonium 
carbonate (55:451 
Hesane-ethanol ((165) 

40' 1 Hexane-tetrahi-drofuran (98:2) 

250 

LiChrosorh RP? l -  

Methanol-n-ater ( 4 : l )  

Dichloromethane 'saturated 
xvith Eormamide) 
Methanol-n-ater !9:1) 

Chloroform-methanol ( S i : 3 )  
Dichloromethane-ethanol (95:5) 
Dichloromethane-ethanol-water 
'988:20:12) 
Methanol-n-ater (45:55) 
.icetonitrile-n-ater (60:40) 

IO-' \I Tetrapentylammonium 
hi-droxide in methanol-n-ater 
1420:500) a t  pH i.5 

Methanol-water l 5 : 2 )  pH2 
Acetonitrile-0.35 ammonium 
carbonate (4:9.4:11\ 
2,2,4-trimethylpentane-dichloro- 
methane (1 :1+1:9j 

Methanol-n-ater (20 :80 .30 : iO)  
Methanol-water (41 :59).  
.Icetonitrile-vater 124: i6 )  
Isopropanol-ethyl acetate-water- 
ammonia f130:300:25:1.5~ 
.icetonitrile-acetic acid-formic 
acid-water !500:10:5.10) 
Phosphate buffer 'pH i )  or 
0.041 h l  tetraprops-l ammonium 
bromide in phosphate buffer. 
pH 6.4 

llethanol-water ( 2 : l )  
Methanol-0.2 11 / N H ) ~ H I P O I  (2:l) 
Tetrahi-drofuran-water f1:2,1:3) 

.icetonitrile-O.O5 M phosphate 
buffer, pH 8,  n-ith 0.1% CTVABr 
>Iethanol-O.l JI sodium per- 
chlorate, 0.05 Jf phosphate. pH 8 
(40:60) 
Butanol-0.05 11 phosphate, pH 8 
i i : 9 3 )  
.Icetonitrile-O.O5 11 phosphate, 
pH 8 (15:65) 

Ref. 

156 

1 i 9  
180 

181 
182 
183 

1 53 
181 
185 
156 

181 

188 

159 
190 
191 

192 
192 

153 

1114 
195 

196 

166 
167 

197 

191 

198 

199 

200 
201 

201 

201 

201 
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STEROID ISSD OTHER PLAST GL'I cosIDEs.-The separation of polar plant gly- 
cosides by classical techniques has generally proved more difficult than the separa- 
tion of less polar secondary metabolites. The great advantage of hplc in this 
area is that it allows the use of a variety of column packings, particularly including 
the octadecylsilj-1 (ods) reverse-phase packing. The tn  o most popular methods 
for separation of the plant glycosides seem to be the uqe of the ods packing or the 
use of 3 normal-phase 4lica gel packing n-ith a mobile phase containing a small 
amount of water. 

T ~ B L E  8. Separaizon  of  sicrozd atid o ther  plat7i g i j c o s i d e s .  

I 
Comp?uncl- separated Colunin Temp 1 lInhile phase R el 

Dizitalis d>-cosides and  
I 

aglycone= Zipas .SCX 
pBondapak C-lC 

Digitalis glycosiilt~s of the i 
carden,dide eroup 1 LiChrosorh 81-50 

IXsosin and other 
cardenijlide. . . , Silica pel 

I)igiralis rop idrs  LiChrosorh .SI 60 

Surleosil C-15 

Xucleo-il C-1' 

(lardinc nlycorirles i n  milk-  

+nna "1-codes Surleosil C-lQ 
weed plant' pBonrlapak C-lh 

Corninq CPG 
( ;insenosiiles ~ Porssil .i 

Sitrobenzoyl esters oi 
digitalis glycosiiles ~ llercksorb SI 60 

Iridoid and secoiridoid 

Benzaldehyde cyanohJ-drin 
r l u c o 4 e s  pRondipal ,  C-IS 

%l>-crxi. le5 pBondapak C-li 

pPorasil 

Amyl alcohol-rrater 4:96'1 
.icetonitrile-rater 25:i5,25:7+ 
4O:t;O. 0:100+)30:iO~ 

11-Pentanol-acetonitrile-isnocrane- 
water 1;5:60:620:101 
I-ButanDl-acetonitrile-heptane- 
n-ater 204.P3:il2:10.4) 

204 

204 

Cyclohesane-erhano!-acetic acid 1 205 

Dichloromethane-methanol S5:5 ,  ~ 201 
saturated n-ith n-arer 

!I),. .Icetonirrile-n-ater :3;:63 
Diomn-n-ater :45:55 
. icetcnitrilf-rliosan-~-ater ?it:  

io.s.1 

20:20.90, 

.icetcnitrile-x\-ater 25 : ;5 ,3O. i0  

.icetonitrile-0.01 11 Sodium 
hicarbonare 1,5:Q3.E+50:501 
pH fi huffer 
Chloroform-met hanol-ethJ-I 
acetate-n-ater (2:2:4:1 ' ,  Ion-er 
phase 
Irfipropanol-pH 5 . 2  phosphate 
buffer ' 3 0 . i O '  
Ethanol-pH 5 . 2  phosphate hufier 
r i t h  0.005 l I  sodium perchlorate 
1 . I  

Hexane-chloroiorni-methanol 
I lO:l:O.5 Hexane-dichloro- 
methane-acetonitrile (10:3:3 I 

Nethanol-n-arer '40:60. 20:30, etc I 

.icetonitrile-n-aier-acetic acid '715 
5:P4:11 

Eth>-l acetate-methsnol (8i:3) 

C-~RBoHTDR.~TEG.-The liquid chromatographic analy-is of carbohydrates has 
been extensively studied, and several revien z of thib area have appeared (10-14). 
This section nil1 therefore only summarize the major results of recent research. 

Ion-exchange chromatography continues to be n-idelp used in carbohydrate 
-eparations, particularly for mono-. di-. and tri-saccharidea, with some T\ ork- 
ers using anion exchange (216-218), some using cation exchange (21i-220). and 
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others using combinations of both methods (221-226). The use of borate com- 
plexes to separate sugars on ion-exchange columns has also been reported (227- 
229), while the incorporation of boronic acid residues into the column has also 
yielded good separations of vicinal diols (230). Molecular exclusion chroma- 
tography has been applied to the separation of polysaccharides (231), oligosac- 
charides (232) and substituted carbohydrates (233). 

Separations have, surprisingly, also been achieved on silica gel (234, 236). I n  
this case, hon-ever, the polar solvent systems used presumably give rise to a polar 
adsorbed layer on the column packing and, thus, bring about separation by a 
liquid-liquid partition mechanism. Most recent developments have centered 
around the use of bonded-phase packings, however, and both amino bonded phases 
(236-240) and cyano bonded phases (241) have been found to be very effective a t  
separating various carbohydrates. 

Carbohydrate derivatives have also proved amenable to separation by hplc, 
and results have been reported for separations of benzoylated carbohydrates (242), 
4-nitrobenzoylated carbohydrates (243), methylated carbohydrates (244), and 
polyhydric alcohols resulting from periodate cleavage of carbohydrates (245). 
Finally, a ligand exchange separation of amino sugars has been reported (246). 

SIMPLE A4mms.-Studies on the separation of simple amines have been domi- 
nated by studies of clinically important biogenic amines and drugs. Little work 
has been done on simple basic plant natural products. The studies that have been 
done are summarized in table 7. 

Most of the early studies on the separation of biogenic amines and related 

TLBLE 7 .  Separatzox of anlines. 

j 
Column , Temp. 

I I- 

~ 

Compounds separated 

Putrescine. sDermine. etc.. i . .  
(as tosyl deriratk-es) i Permaphase E T H  

Zipax E T H  
Polqammes 
Catecholamines 

Biogenic amines, general , , . 

Biogenic amines, acetyl 
derivatires , , , . , . . . . . 

Catecholamines, o-methyl 
metabolites. , . . . . . . , . . 

Catecholamines and metab- 
olites (including acidic 
metabolites! 

Partisil SCX 
Zipax SCX 

Zipax SCX 

Zipax SCX 
Zipax SCX 

Spherosil XC.4 400 

Zipax SCX 

Spherisorb A20 alumina 

SDerisorb S5 Rith 
0:l \I HClOI, 0.9 
OD'./TJIS silica 

11 NaClOb 

Silica gel coated m-ith 
0.1 31 HCIO?, 0.9 31 ;\aCIOd 
LiChrosorb R P  18 
Partisil 10 ODS 

Mobile phase 

Acetonitrile-xater (4:6) 
Acetonitrile-water ( 4 5 )  
Pyridine acetate buffers, pH 3.5 
Sodium dihydrogen phosphate, 
0.085-0.35 11 
Sodium dihj-drogen phosphate, 
0.15 3I  
0.1 h l  perchloric acid 
0.2 hI ammonium phosphate, 
pH T.0 

Ethanol-water-dichloromethane 
(15:1i :968, lover layer) 

0.1 31 perchloric acid 

- i Butanol-acetic acid-diethyl ether- 
r a t e r  (4:1:0:1,4:1:1:1j 
Butanol-dichloromethane (40:60) 

- Kater-methanol-sodium l-dode- 
i cane sulfonate ( i 2 .5 :2 ; .5 :0 .02 )  

Ethyl  acetate-hexane (9:l)  
Butanol-dichloromethane ( 2 : 3 )  

i o 0  ~ 0.1 11 phosphate buffer, pH 2.1 
25' , 0.2 \I phosphate buffer, pH 1.9 

0.1 31 phosphate buffer, pH 9.4  

- i  
- 

1 
I 

- __ 

F, ei . - 
249 
250 
251 
252 

253 

254 
255 

256 

2 5 i  

255 

25s 

255 
259 
260 
2 60 
261 
262 
263 

~ 
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compounds used the ion exchange method, and two revien-s deal with the appli- 
cation. of this method to  amines (247) and n i th  general chromatographic methods 
for biogenic amines (298). More recent studies have utilized other method., and 
the technique of soap chromatography has been shown to  give excellent separations 
of the biogenic amines and their acidic metabolite. (238). Electrochemical de- 
tection has also been used to  good effect in thiq area (25i).  

Several publications dealing n-ith the chromatography of drugs of abuse have 
appeared; these include man>- examples of the separation of simple amines such as 
amphetamines. nicotine, methadone, etc. (264-267). The revien-s on pharma- 
ceuticd analysis mentioned earlier also contain examples of the separation of 
amines (2’7-31). 

A w s o   ACID^, PEPTIDES AXD PROTEIS~.--A full discussion of the chromato- 
graphic separation of amino acids, peptides, and proteins is beyond the scope of 
this review-. but some of the more recent developments in the area are discussed 
belon-. 

Thr separation of amino acids is a common and important application of liquid 
chromatography. After the introduction of ion exchange methods (268), these 
techniques were widely adapted and sen-ed as the basis of commercially avail- 
able amino acid analyzers (269. 270) Recent developments have included the 
use of a single column for analysis (271, 2 i 2 ) .  improved instrumentation ( 2 i 3 ) ,  
and .eparations of methylated anlino acids (274, 2i3) .  I t  has also been shown 
that brparations of amino acids may be obtained on non-polar bonded-phase 
columns. Jl-ith (2iGj or n ithout (27i) the addition of “ion-pairing” reagents. The 
resolution of enantiomeric amino acids by liquid chromatography is a goal of 
much current research, and the D- and L- isomers of proline have been partially 
separated by ligand-exchange chromatography (2i8). The most dramatic achieve- 
ment in this field to date, hon-ever. has been the resolution of several amino acid 
methyl eqters through cliiral complexation to a host covalently bound to  silica 
gel (? is ) .  The diastereonieric S-camphor-10-sulfonamides of the 4-nitrobenzyl 
ester. of some racemic anlino acids have also been separated by hplc i2S0). 

Amino acid derivatives are more amenable to separation by non-ionic chroma- 
tography. and major emphasis hac been given to the phenylthiohydantoin deriva- 
tives. TT-hich have been separated both by normal and reverse-phase methods (281- 
286). 

Pro- 
tected peptides can be separated on qilica gel (287). Unprotected peptides do not 
separate vel1 on silica. but they can be separated by ion exchange chromatography 
(231, 265-291). The claim has been made that hplc v-it11 non-polar .tatlonary 
phayeq is superior to chromatography or ion-exchange columns for peptide sepa- 
rations (1”ii), although it i. not clear that the microparticle ion-exchange columns 
d l  prove inferior to the rever-e-pha-e column.. 

Proteins may also be sepaiated by hplc. either by steric exclusion chroma- 
tography (299) or by reverse-phase chromatography (293-297). 

hIilLoIDs.-The -eparation of allialoids by hplc hay been reviev ed (300, 301), 
and numerou. examples of separation. of alkaloids are a1.o included in reviens on 
pharmaceutical analysis b?- hplc (2 i -31) .  The separations of alkaloid. are sum- 
marized in table 5. 

One requirement for the separation of baqic conipoundq. including alkaloids, 
amines. and some antibiotics. is that the p H  of the mobile phase be above i and, 

Separation of d a n y l  amino acids has also been reported ( 1 S i ) .  
The ceparation of peptides and small proteins has also been achieved. 
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TABLE 8. Sebaration o f  alkaloids. 

I ~ Temp. Compounds separated Column 

M i s c e l l a n e o a s  s i m p l e  a l k a l o i d s  
Piperine. . . . 
Sicotine and cotinine 

. . . . . . . . . . . . . Porasil .I 
Xcropak SI 10 

Tetrahi droisoquinoline 
alkaloids Y\ dac SCX 

I 
LiChroaorb SI 60 
pPorasil 

P? rrolizidine alkaloids pBondapak C S  

Pilocarpine 1 LiChrosorb RP-1F 

T r o p a n e  a l k a l o i d s  

scopolamine 
itropine, apoatropine, 

Partisil 10 

Atropine, scopolamine, cocaine 1 Merckosorh SI GO 

Tropane alkaloids Sil-X 
Cocaine, henzo5-lecogonine . Partisil-10 O D s  

Hyoscj-amine. scopolamine 

. i i m e l l a i i e o i r s  comfilex a l k a l o i d s  
. . . . Steroidal alkaloids 

Silira gel coated n-ith pirrir 
acid 

Porasil .I 

Colchicine and colchicoside 

$1-tubocurarine chloride , , 

Silica eel, silaniseil 

pBondapak C-1P 

i - '  

P i w i i z e  a l k a l o i d s  
Theophylline and nietaholites 
The3phl-lline 
Theophl-lline 

Caffeine, theophylline. and 
theobromine 

Ciiichoiia a l h a l o i d s  
Cinchona alkaloids 

Quinine, cinchonine 
Quinine, quinidine, etc. 

Quinone, cinchonine. eic. 

.\lor.bhiiie a l k a l o i d s  
Morphine. codeine , , , 

Morphine 
Uorphine, hereoin. thebaine, 

et?. 

llorphine, heroin. e t r .  

Thebaine 

Thebaine 

Morphine, codeine, thebaine 

.Imines .\-5 
Durapak O P S  
Partisil 10 
Yydac T P  

LiChrosorb SI-60 

Corasil I1 coated n i t h  
10-1305 Poly G-300 
Poragel P T  Cu 
Silica gel 

Xerckosorb -1-60 

Poragel P T  Cu 
pBondapak C-18 

hferckosorb SI-60 

Corasil 11, coated n i th  GO? 
Poly G-300 
Corasil I1 

pBondapak C-IS 

pBondapak C-18 

- 

I -  

Mobile phase ~ Ref. 

Chloroform 
Ethl-l acetate-isopropanol- 
ammonia (YO 3:0.4) 

304 I 305 

0.1 11 Citric acid-0.2 hI l 3013 
KazHPO4 (48:32:20) 
.Icetonitrile-ammcnia (96.4) 
Chloroform-l% concentrated 
ammonia in methanol 
Tetrahydrofuran-0.1 31 am- ' 308 
monium carbonate, pH 7.8 , 
(16.84) 
55 Aqueous KHzPO:, pH 2.5- 1 309 
methanol 1 9 i : 3 !  

1 

Diethl-I ether-methanol-di- ~ 310 
ethl-lamine :70:30:1, 9O:lO:l)  
Diethl-l ether-methanol (%0:40) 1 301 
chloroform-methanol (80:20j ~ 

Tetrahydrofuran-ammcnia f 1 O O : l )  ~ 311 
.4ceionitrile-O.25 XI phosphate 312 
buffer. pH 2 . i  (83:li) 
Chloroform, saturated ~ i t h  313 
0.0% ZI picric acid 1 

Hexane-acetone '1% - )S i<  I 314 
aqueous acetone 

315 

.I 0.25 >I TetramethJ-l ammonium 

.icetonitrile-n-ater (10:903+ 
acetonitrile 

hl-droxide in n-ater-methanol 
( i 5 : 2 5 )  
B Buffer-methanol i55:45i 1 
905.I lO",E!+l5",A 855B 

1 
0.5 31 NHIH~POI .  pH 3.G 
Hexane-isopropanol 183: l i  j 
Heptane-chloroform-met hanol 
!5%:39:5) 

31; 
318 
319 

Dichloromethane-et hanol-uater ~ 320 
f1672:(14:34! 

Heptane-ethanol t l O : l ) ,  40% ~ 321 
saturated Kith Poly G-300 
Ethanol-0.2 11 ammonia (I :?)  
Tetrahydrofuran-ammonia 
(9rI.8:0.2) 
Chloroform-methanol 1 8 2 )  
Diethyl ether-methanol G:3) 

Ethanol-0.2 31 ammonia (1:2) 
Methanol-0.1 11 K H ~ P O I  ( i : 9 3 )  

Chloroform-methanol (9:l) 
Diethyl ether-methanol 182) 
Heptane-ethanol (10313, 4 0 5  
saturated with Po l s  G-300 
Hexane-chloroform-methanol- 
diethylamine (900:i5:25:0.1) 
JIethanol-O.3% ammonium 
carbonate (4:l) 
Acetonitrile-0.1 &I SaHd?O<, 
pH 4.8 (1:3,1:19) 

322 
323 

301 

324 
325 

301 
301 
321 

326 

321 

328 
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TABLE 8. Continued. 

Compounds separated i Column 

Jlorphine, cryptopine, 
papaverine, narcotine. etc. 

Opium alkaloids '21 

Heroin, morphine 

Itidole alkaloids 
Osindole alkaloids 
Strychnine. brucine 

Strychnos alkaloids 

Strychnine. , . 
Raun-01% alkaloids 

Reserpine 

.ilstonine. serpentine 

Catharanthus alkaloids., 

Catharanthus alkaloids., . , 

Tahernaeniontanh alkaloids 

Ergot alia, 'oidi  
Ergot alkaloid? 

Ergotamine , , 

Ergot alkaloids, . 

Ergot alkaloids 

Ergot alkaloids 

Clavines and Iysersic acid 
deriratires 

Lpergir  acid rlierh>-lamide 

.Altaloi: dw; :  o t i :  
Dansyl deril-ntix-es of 

alkaloids cephaeline. eme 
tine. eohedrine. et?. 

I 

~ Corasil 11 

pBondapak C-14 

Bondapak C-18 
Coraeil 

Bondapak C-15 Corasil 
~ \Iercko*orh 81-60 
I 
~ llerckosorb $1-60 

pPorasil 
I@S-X-.V 

Bondapak C-15 Corasil 

llerckosorb S I 4 0  

1 n'oelm alumina JY-200 

Koelm alumina W-200 

LiChrosorh RP-S 

Bondapak C-li  P o r a 4  

Porasil B 

Porasil B 

Corasil 

~ pBondapak C-15 
' Sucleosil C-1% 

Sucleosil C-IC 

LiChrosorb RP-2. RP-E. 
RP-15 
LiChrosorh SI-50 

LiChrosorb RP-IC 

3Iicropak S H :  

Bondapak C-1s Corasil 
S i l -1  
Corasil I1 
Partisil-S 
Spherisorh 500' 

S'pherisorh S5\1 

~ I iChroiorb .3-100 

1 Temp. 
- 

Mobile phase I Ref. 
- __ 

Hexan+chloroiorm-methanol- 
diethylamine '100:300.1\ 
Methanol-water '40:60! n-ith 
0.005 JI pa-heptane sulfonic acid 
.Icetonitrile-0.1 C, ammonium 
carbonate 

Hethanol-n-ater 50:201 
Diethi-l ether-methanol-di- 
ethylamine '90:10.l.T0.30:1'~ 
Dieth>-l ether-met hanol-di- 
ethylamine :60:50:l 
Chloroform-methanol 19O:lO I 

l\lethanol-0.2 \I ~ S H s ' ~ ~ H P O ; ,  

chloride. pH 6.6 G : 4 5  
Dieth:-l ether-methanol- 
diethi-lamine ;0:30:1 
Eth:-l acetate-ilichloromethane 
i25:;5: 
Dichloromethane-et hanol 
;100:c+100:~ 1 

Acetonitrile-0.01 11 'SH4'2CO; 

'110 . d  .5  ' 
Chloroform-met hanol-ammonia 

QR.O.4 0.11 
Hesane-chloroform '1  :Y 

Ch!oroEorm-met hanol-ethyl 
acetate-acetic acid 1;0:?0:60.3 
Chloroform-methanol 100:5, 
Acetonitrile-0.01 31 S H I I C O ;  
(1:T 
Icetonitrile-0.01 \I SHI'IZCO:. 

-chloroform-ethanol 
~40.40.10 '  
.icetonitrile-0.01 \I 'SH4 ,:CO* 
4 0 : m  

~40:50. 25:76  1 

Zlethanol-0.2'; SH:SO;  1 l : R r  
Methanol-0.25 11 S ~ : H P O I  pH8 

acid 
Nethanol-0.2 JI S H J S O .  60:4O 

5 .  1 0 7  orthophciphoric 

D:  ieoprcpJ-l ether-isqropanol- 
ammonia 4i:2:0.8 
Di i-oprcp:-l ether jnturated 

32Y 

1 330 
I 

266 

331 
331 
301 
333 

334 
336 

334 

331 

33; 

1 33; 

~ 335 

33% 

340 

341 

lOI i  

3 $2 

343 

343 

34.1 

345 

, 349 

31[r 
x-ith nninionia-leoprcpanol. 0lr:I I 
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typically, in the range 8-10. This relatively high p H  is necessary to suppress 
ionization of the basic compounds and to give narrow peaks, but it has the dis- 
advantage that silica gel begins to dissolve at pH S and above. A recent study of 
the stability of silica gel and bonded phase silica gel under basic conditions has 
been reported (302), and the conclusion is reached that a t  least some bonded 
phase silica gels are stable for several TTeeks at  p H  values up to 11. The situation 
is less encouraging with silica gel itself, which dissolves considerably faster than the 
bonded phase packings. Even bonded phase packings are not stable indefinitely: 
it has been reported that several commercially available bonded phase packings 
were prone to lose their bonded phases, even a t  pH values of S or less (303). Never- 
theless, it does appear that a bonded phase packing with a slightly basic mobile 
phase n-ill be the method of choice for many alkaloid separations in the future, al- 
though not all basic compounds separate \Tell on this type of column (264). 

ANTIBIOTICS AKD ivrcoToxIss.-The separation of antibiotics by hplc has been 
revieJved (350, 350a); a summary of antibitotic separations is given in table 9. 

TABLE 9. Separatioit  of axfzb io t ics .  

I 
Compounds separated ' Column ~ Temp. ~ Mobile phase 

Polsem macrolides 
Candicidin, lerorin, I 

trichomL-cin. . . . . . . . . 

Systat in ,  eurocidin, etc. , , 

.Viscelianeous oromalic antibiotics 
Sorohiocin . . .  

Rifampin . . . . . 
Rifamycin.. . . , , 

Virginiam ycin, . . , , , , , . 

Griseofulrin , . . . . . . . . . , , , 
6-Demethylgrise3fulrin 

Kanamycin . . . . . . . . . , . , 

, . 

Jlacrolide antibiotics 
Erythromycin, 

Leucomxin . . , . . . . , . . . . . . . . . 

6-lactam aiilibiotics 
Ampicillin . , , . . . . . , , . . , , , , , . 

Amosycillin and ampicillin . . 

Penicillins and cephalosporins 

Penicillin G . .  . . . . . . . . . . . . . , 

Penciilin G . .  , .  . . . . . . . . . . . . 

Permaphase O D s . .  . 

1-ydac R P  
Bondhpak (2-16 Corasil 

Zipax H C P  

Micropak C H  
Permaphase ODS 
Micropak N H ?  
Bondapak C-18 Corasil 
LiChrosorb RP8 
Permaphase E T H  
Pellasil HS  

Zipax SCX 

Spherisorb S5 ODS 

pBondapak C-18 

Corasil I1 
JASCOPACK SY-O?-500 

J-J dac PI50 AX 

LiChrosorb RP8 

LiChrosorb RP8 

Bondapak .iX/Corasil 

T-ydac P150 AX 

550 

30' 

Methanol-0.5 m phosphate buffer, 
pH i C2:3l+methanol 
Methanol-tetrahydrofuran-water 
(90:50:420j 
Met hanol-acetonitrile-rater 
~200:100:?00) 

hlethanol-0.01 Id phosphate buffel 
pH 7 (1585) 
Methanol-1% acetic acid (60:40) 
1Tater)methanol 
Chloroform-methanol (97:3) 
Acetonitrile-water (1:l) 
Acetonitrile-n-ater ( 4 5 )  
Hexane-chloroform (96 :6 1 
Heptan+heptanemethnol- 
isopropanol (94:3:3) 
0.011- ammonium nhosohate. . .  
p H  9.1 
0.01 hf potassium EDTA,  p H  9.5 

Methanol-xater-ammonia 
(70:30:1), pH 4.8 
Acetonitrile-methanol-0.2 31 
ammonium acetate-n-ater 
(45:10:10:35) 
Chloroform 
Methanol-0.067 31 acetate buffer, 
p H  4.9-acetonitrile (35:60:5) 

0.2  If Sodium nitrate in 0.01 XI 
Sodium borate, pH 9.15 
0.067 32 Potasrium dihydrogen 
phosphate, pH 4.6 
0.05 11 Phosphate buffer, pH i- 
methanol i5:l) 
0.0045 31 Citric acid-disodium 
phosphate, pH 3.S 
0.03 11 Sodium nitrate in 0.01 11 
sodium borate, pH 9.1 

~ - 

Ref. 

351 

352 

352 

353 

350a 
364 
355 
350 
355a 
356 
351 

358 

359 

360 

350 
361 

362 

363 

384 

354 

362 
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TABLE 9. Continued. 

I 
Compounds sepnrated 1 Column 1 Temp. Mobile phase 1 Rei. 

Penicillm \- 1 Yydac PI50 .%5 

Benzj lpenicillms 

Cephalosporins 

. 1 0D.i SIL-1-11 
~ 1-ydac R P  
~ Bondaphk C-lB/Porasil B 
: Zipas B A S  
j 

Zorbas ODS 

Cephalosporin C. . , pBondapak S H :  
~ 

Zipas 8.15 
Cephalosporins.. , . , ODS SIL-1-11 

Bondapak C-l8/Porasil B 
Cephradine, cephalexin pBondapak C-18 

ODS SIL-3-11 
3Iicropak C H  

Bondapak phen,-l/Corasil 

Cephalesin. 

Cephaloridine.. . , 

Cefoxitin, cephalothin Zipax R.1X 
Poiypepiide aitiibiotics 

Gramicidin , . . . , 

Bacitracin 

, . ~  

Zorbas ODB 

Bondapak C-IS'Corasil 

. 

Circulin, colistin, polymyxin. . pBondapak C-18 

.Ictinom>-cin . , , , . , . . , , . . ,  Bondapak C-lS/Corasil 

Gentamycin, , , . . pPorasi1 
Oligosaccharide aviibioiics 

LiChrosorb R P  8 

Bleoml cin , pBondapa6 (2-18 

Tetracyclines 
Tetracyclines. 

I 
Porasil A 
pPorasi1 

Tydac T P  R P  

I 

Tetracycline. . , . . . . . . . , ~Bondapak  C-18 

Tetracycline. . . , , , , . . . , . . . . , pBondapak C-18 

TetracJ-cline and 
rolitetracy4ine.. , , , , , . Pellionex CP-IF 

Tetracyclines. . . . . . . . . . . Zipas HCP 

Tetrac>-clines, , , , . , , , , , 1-ydac 401TP 

Tetracyclines , , , , , , . . . , , . , , , . , , SC-TAS silica 

503 

203 

60' 

1 0 5  Methanol in 0.03 JI sodium 
nitrate and 0.01 31 Sodium 
borate, pH 9.1 

0.02 11 Sodium dihydrogen 
phosphate pH 85 
Methanol-0.05 31 Ammonium 
cnrbcnate f30:iOi 
.icetic acid-methanol-acetonitrile- 
n-ater '1.4:2.8:10:65:6 1 

3Iethanol-0.05 31 ammonium 
carbcnate r5:95i 
Methanol-0.03$ ammonium 
carbcnate (5:05~i 
l\Iethanol-O.Oi 31 phosphoric acid 
:10:90, 
Methanol-0.2 31 ammonium 
acetate 
0.025 11 acetic acid, pH 

Jlethanol-0.005 11 ammonium 
sulfate ( 7 4 : W  
Methanol-0.02 11 phosphate 
buffer. pH 4.5 5:95i+methanol- 
acetcnitrile-buffer 140:20:40) 
.Icetonitrile-n-ater-0.2 31 phos- 
phate buffer, pH 2.0 '20:70:10,+ 
acetonitrile-met hanol-n-ater- 
buffer 50.20:25:1: 
.icetcnitrile-n-ater 

rrater-methanol-diet hl-lamine 
~ '60:40:0.5) 
! 0.2 11 sodium sulfate, 0.015 11 

sodium pentane sulionate-acetic 
acid 199.1:0.1'1 

n-ith 0.005 31 ammonium formate 

0.035 11 boric acid, pH 9.6 1 

' 1\Iethanol-n-ater iS5:lX 

0.1 11 tetraammonium EDTA- 
diethanolamine, pH T.3- 

0.01 11 sodium dihydrogen 
phosphate. pH 2.4-acetonitrile 
(7:3,6:4 
0.02 31 phosphate buffer, pH 2.5- 
acetonitrile (9:1+4:6) 

0.1 31 sodium ions. 0.003 11 
EDT.1, pH 4.35-ethanol 'f30:40 
0.02 12 sodium dihydrogen phos- 
phate, 0.01 11 phosphoric acid pH 
acid pH 2.5-methanol (8T:13! 
0.010 ZI EDT.i, 0 .25  sodium 
citrate, trieth>-lsmine IpH 8.0)- 
acetonitrile I9:l~i 

I perchloric acid-acetcnitrile 

3 Fj2 

366 

367 

368 

365 
365 

370 

350a 

371 

372 

375 

376 

37;  

3 7  

378 

375 
375 

3p0 

381 

352 

353 

384 

385 
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TABLE 9. Continued. 

[VOL. 42, NO. 3 

Doxorubicin and daunorubicin . . LiChrosorb RP2 
LiChrosorb RPS 
LiChrosorb RP18 

Temp. 

ochratonins. sterigmatocystin 

Sterigmatocystin. , 

i 
3Iohile phase Ref. 

pBondapak CIS 

pBondapak C1F 

0.14 31 ammonium carbonate, 
pH 8.4-acetonitrile i96:4) 
Citrate-phosphate buffer, pH 2 .2 -  
acetonitrile (65:363 
Glycine, pH 2.1-acetonitrile 
( i 2 :28 )  

Acetcnitrile-nater-0.1 h l  
phosphoric acid :25:65:10) 
Dichloromethane-methanol-25% 
ammonia-nater (9O:Q:O.l:O.P) 
Isopropanol-0.5 11 sodium acetate 
(9623.8) 
.4cetonitriIe-l% ammonium 
formate (18:8+50:50) 
0.01 h l  phosphoric acid-ethanol 
(2 i .838.6)  
0.01 11 phosphoric acid- 
acetonitrile (33.3:i.6) 

38i 

387 

387 

388 

359 

390 

391 

392 

392 

__ 

In  the mycotoxin area, most of the work on hplc has been carried out on the afla- 
toxins and their metabolites, but qeveral other common mycotoxins have also been 
investigated. 

CoscLusIox.-This revien- has attempted to  summarize in convenient form 
the literature on the hplc of natural products that has been published in approxi- 

T ~ B L E  10. Sepnraizon qf ni~cotorzws.  

This work is summarized in table 10. 

I 1 

Compounds separated Column Temp. 1 Mobile phase 

Patulin 

Patulin 

.Ilterto\in and related 
4 Iternaria metabolites 

Ruhratoim 

Zorhax-SIL 

Zorhax-SIL 

Zorhax-SIL 

pBondapak Clq 

MPorasil 

pPorasil 

P a r t i d  10 PAC 

I ZorbaxSIL 

Isooctane-dieth>-l ether-acetic 
acid : i50:250.0.5) 
Isooctane-dichloromethane- 
methanol (54:15:1) 

Petroleum ether-tetrahydrofuran 
r90:lC+iO:301 
.Icetonitrile-rr-ater-ethyl acetate 
(11:9.9:33 
Acetonitrile-chloroform 
 icetanit rile-chloroform-et h>-l 
acetate 

.icetonitrile-water-acetic acid 
(55:45:2,45:55:2) 
0.1 31 potassium dihydrogen 
phosphate-acetonitrile (7:s) 

Hexane-propanol-acetic acid 
i99.3:O.i:O.l) 
Hexnne-eth:-l acetate-acetic acid 
( 8 8 : l i : l )  
Hesane-chloroform-acetic acid 

Ref. 

393 

391 

395 

396 

396 
396 

398 

10; 

101 

10j 

i65:35:l) 

' 2 5 q  m-ater saturated)-hesane- 
acetic acid (5:20. i5.0.1) 

Chloroform-dichloromethane , 399 
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TABLE 10. Coniinited.  
I 
I 

Compmnds separated Column ~ Temp. Mobile phase Rei. 

Aflatoxins 

.Iflatoxins Partieil 5 ~- ~ Dichloromethane lw-ater eatu- 401 ' rated'-methanol (99 . i :O .3 ,  ~ 401 

.Iflatosin?. pPorasil ' 1 -  - I Chloroform iwater;aturated'- ~ 403 

- -'__- 
FPoraeil 8 -  Chloroform-dichloromet hane I-;;- 

methanol '75:25:0.5J I 

.Iflatoxini X-ydac 101 SC Chloroform-isooctane f?:1 I 402 
~ 

I c>-clohexane-acetonitrile 
~ 

Iflatorin-.  Coraeil I1 1 - Hexane-chloroform-ethanol 401 

.Spherisorh O D s  25' , Water-acetonitrile-methanol ' 405 
I !500:497:3 1 

, l 5 : 3 : 2 ,  

Dichloromethane-chloroform i 40; 
i5Or; vater  saturated)-methanol 1 
'80:40:05~ 

Aflatosins. 

.Iflatosins FBondapak ClU ;\ceronitrile-nater 1:35:85; 1 406 

~1 ~ 

lf latosin metaholites Zorbas SII. 

.Iflarosin degradation 
product3 . ~ MPorasil , ~- 1 Chloroform-ethanol '99. . '5.0. iS 405 

matel!- the last four years. Insofar as the technique is rapidily developing, many of 
the separations included in this review have been rendered obsolete by improve- 
ments in column technology and packing materials. In  particular, the current 
dominance of the octadecylsilyl bonded phase packing is not clearly reflected in 
the tables: it has been estimated that approximately SOYc of current separations 
are done on bonded phase columns of this general type (302, 409). For this reason, 
and alscl because many researchers have carried out separations that have not yet 
been reported in the open literature, it is te.ntativelj- proposed to prepare an up- 
dated vzrsion of this review in approximately tu-o years' time. Opinions on the 
value of this reviexT and suggestions for improvement n-ould be welcomed; in addi- 
tion, copies of reprints or of unpublished data relating to the hplc of natural 
products n-ould be. gladly received for inclusion in the next revien-. 
RcceiL'ed 2 Jnnitnry 1979. 
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