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SUMMARY

A simple isocratic procedure for the separation of porphyrin esters according
to the number of carboxyl groups using an aminopropyl-bonded silica column and
a simple binary eluent is suggested. In this way, problems with the choice of a suitable
unmodified silica column for isocratic separation are circumvented; entirely different
aminopropyl-bonded silicas of various origins exhibit almost identical behaviour.
The influence of end-capping of residual silanols and the chemical substitution of the
primary amino group on the separation was studied. To achieve an isocratic sepa-
ration of porphyrin esters on the bare silica used, the concentration of surface silanol
groups must be decreased; suitable concentrations are tailored by means of partial
trimethylsilylation. The isocratic separation of porphyrin esters can also be achieved
on cyanopropyl-bonded silica. The suggested optimum procedure, using primary
amino-bonded silica, gives the highest resolution and allows the baseline separation
of porphyrin esters with two to eight carboxyl groups together with their Cu?* com-
plexes and synthetic tetraphenylporphyrin as the internal standard.

INTRODUCTION

Natural porphyrins can be separated in the free form according to the number
of carboxyl groups by means of ion-pair gradient reversed-phase chromatography!-2,
However, separations of esterified porphyrins are much more common because of
increased stability of the esters compared with natural porphyrins, and because of
simplified purification procedures?.

Normal-phase chromatography on microparticulate silicas is generally used?
for the separation of porphyrin esters according to the number of carboxyl groups.
A number of workers have described separations of mixtures of porphyrins contain-
ing from two to eight esterified carboxyls using binary mobile phases; they stated3—*
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that gradient elution or at least flow programming?-% is necessary. Isocratic separa-
tions with binary eluents on some types of silica as Hypersil’, Spherisorb” and uPo-
rasil® have also been described. Four-component mobile phases were recommend-
ed?®-1° for enhancing resolution on fiPorasil. In contrast, Carlson ef al.!! claimed that
gradient elution was necessary for separating porphyrin esters with two to eight car-
boxyl groups if uPorasil was used. The reasons for the different behaviours of various
types of silica are unclear. In this respect batch to batch variations of column pack-
ings have been mentioned!®. It seems that the choice of a silica column suitable for
the isocratic separation of porphyrin esters is complicated.

The aim of this study was to develop a simple isocratic procedure for separating
porphyrin esters according to the number of carboxyl groups, to overcome problems
associated with the choice of a suitable unmodified silica column and to elucidate the
mechanism of separation and the role of different groups chemically bonded on the
surface of the silica used. Further, we have also attempted to clarify the relationship
between the concentration of silanol groups on the surface of unmodified silica and
the possibility of isocratic separation, and to suggest an optimum procedure for the
baseline separation of porphyrin esters with two to eight carboxyl groups together
with their Cu?* complexes and a suitable internal standard.

EXPERIMENTAL

Modified silicas

Separon Six NH, (Laboratory Instrument Works, Prague, Czechoslovakia),
with a mean particle diameter, d,, of 10 um, was end-capped with N-trimethylsilyl-
imidazole (Fluka, Buchs, F.R.G.); this reagent does not react with primary amino
groups!2: 5 g of starting silica were shaken for 5 h at 60°C with 66 ml of a solution
of N-trimethylsilylimidazole in dry toluene.

The benzaldehyde derivative of Separon Six NH; (d, = 5 um) (3 g) was pre-
pared by reaction with benzaldehyde (5 g) for 10 h at 100°C. The dinitrofluoroben-
zene derivative of Separon Six NH; (d, = 5 um) (3 g) was obtained by reaction for
2 h at 37°C with a 5% solution of dinitrofluorobenzene (International Enzymes,
U.K.) in ethyl acetate (20 ml) with addition of 0.1 ml of triethylamine.

Partially trimethylsilylated silicas were prepared by reacting Separon Six (Lab-
oratory Instruments Works) (d, = 5 um) (1.6 g) with 5 ml of a 10% solution of
hexamethyldisilazane (Lachema, Brno, Czechoslovakia) in dry toluene, (i) at labo-
ratory temperature for 30 min and (ii) at 60°C for 5 h. All products were washed with
toluene and methanol and dried for 3 h at 85°C. The degree of conversion was fol-
lowed by elemental analysis and the results are summarized in Table I. The content
of primary amino groups was determined!? by titration with 0.1 M perchloric acid
in anhydrous acetic acid using crystal violet as indicator.

Porphyrins

Uroporphyrin I and coproporphyrin I methyl esters were kindly provided by
Prof. T. K. With (Denmark). 7-, 6- and 5-porphyrins (the numbers indicate the num-
ber of carboxyl groups) were prepared by decarboxylation of uroporphyrin ester I.
The described procedure!+ was modified to yield the maximum amounts of 7-, 6- and
5-porphyrins and the minimum amount of 8- and 4-porphyrins. Uroporphyrin ester
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TABLE I
ELEMENTAL ANALYSIS OF DERIVATIVES OF SEPARON SIX AND SEPARON SIX NH,

Modifier Starting material Derivative

C(%) H(%) N(%) C(%) H(%) N(%)

N-Trimethylsilyl- 5.96 1.52 1.97 8.16 1.92 1.88
imidazole*

Benzaldehyde* 5.20 1.3t 1.85 11.84 1.60 1.59

2,4-Dinitroftuoro- 5.20 1.31 1.85 10.68 1.46 3.92
benzene*

Hexamethyldisilazane** —§ - - 3.42 0.94 -

Hexamethyldisilazane*™* — - - 493 1.39 -

* Separon Six NH,.
** Separon Six, 30 min, 25°C.
*** Separon Six, 5 h, 60°C.
§ No nitrogen was determined by CHN analysis.

I (10 mg) was dissolved in 0.5 ml of concentrated hydrochloric acid and diluted to
2% with distilled water. Decarboxylation in an autoclave was performed for 3 h at
140°C (the resulting mixture gave Amsx = 402.5 nm in 0.5 M H,SO,). This product
was esterified for 1 h using H,8O, in methanolic solution (1:10, v/v), extracted into
chloroform, neutralized (5% solution-of NaHCO3) and washed with distilled water.
Preparative thin-layer chromatography (20 x 20 cm DC-Fertigplatten, Kieselgel 60;
Merck, Darmstadt, F.R.G.) was carried out according to Doss!$, using benzene—
ethyl acetate—methanol (85:13.5:1.5) as the eluent.

Protoporphyrin was obtained by demetallization'® of haemin using FeSOQ, and
tetraphenylporphyrin by reaction!” of pyrrole with benzaldehyde. Copper complexes
were prepared!® by reaction of the corresponding esters with copper acetate.

Chromatography

The liquid chromatograph consisted of a positive displacement pump (HPP
4001), a sample loop injector (LCI 30, internal sample leop 0.5 pl) or a septum
injector (LCI-02), a UV-visible spectrophotometric detector (LCD 2563) (wavelength
of filter, A = 405 nm) and a potentiometric recorder (TZ 4200) with a computing
integrator (CI 100). The whole equipment was produced by Laboratory Instruments
Works.

Alternatively, an LC 85 B grating spectrophotometer (4 = 399 nm) of an LS-2
filter fluorimeter with excitation at 400 nm and emission at 625 nm (both from Per-
kin-Elmer, Norwalk, CT, U.S.A.) were used.

Pressure-resistant CGC glass columns (150 x 3.2 mm 1.D.) packed with Sep-
aron Six, Separon Six CN, Separon Six NH; (Laboratory Instruments Works) and
LiChrosorb NH, (Merck) were products of Laboratory Instruments Works. The
modified silicas were slurry-packed into the CGC columns by means of a high-pres-
sure membrane pump in methanol-dioxan (1:1) at 50 MPa. During chromatography
a laboratory-made saturation stainless-steel column (100 x 6 mm 1.D.) was always
inserted between the pump and the sample injector.

Mixtures of ethyl acetate with n-heptane (both of spectral grade) (Merck)
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served as mobile phases; a water-saturated eluent was prepared by mixing dry and
water-saturated mixtures in corresponding proportions. Mixtures of porphyrin esters
dissolved in chloroform or mobile phase were injected, the flow-rate generally being
0.4 ml/min. To identify the individual porphyrin ester peaks, UV spectra were
scanned using the stopped-flow technique with the LC 85B spectrophotometer, or a
standard additions technique was used.

RESULTS AND DISCUSSION

Initial attempts to find a suitable binary composition of the mobile phase for
an isocratic separation of porphyrin esters with two to eight carboxyl groups on
Separon Six were unsuccessful and gradient elution proved to be necessary. Com-
parison of the physical constants of different bare silicas has shown that isocratic
separations can be achieved on sorbents with lower specific surface areas (according
to Majors!?: Hypersil, 200 m2/g; Spherisorb, 220 m?/g; uPorasil, 300-350 m?/g).
However, it is well known?2® that the relative retentions, expressed as separation
factors, « = k; + 1/k; (where k; 4 ; and k; are capacity factors of the i + 1 and ith
peaks, respectively) of successive peaks should not depend on surface area, provided
that the surface structures and the surface concentrations of silanol groups do not
differ. On the other hand, it has been found that the surface acidity?! and surface
concentration of silanol groups?® may differ widely even in silicas with very similar
physical properties if the methods of preparation differ with respect to the starting
raw materials. A possible explanation is that the method of preparation giving lower
surface areas of the products also provides lower surface concentrations of silanol
groups as well. On a bare silica with a lower concentration of surface silanol groups,
relatively lower values of capacity factors of porphyrin esters with a higher number
of carboxyl groups in comparison with, e.g., 2-porphyrin ester, can be expected,
because hydrogen bonding between silanol and ester groups?2 should be a dominant
interaction.

Polar chemically bonded aminopropyl-silica is characterized by strong hydro-
gen bonding and, being basic, creates different selectivities?? in comparison with bare
silica. Therefore, the successful use of this sorbent for the separation of porphyrin
esters would seem to be straightforward. This is corroborated in Fig. 1a, which shows
the isocratic separation of porphyrin esters with two to eight carboxyl groups to-
gether with an internal standard. The chromatogram of the identical mixture in the
same mobile phase on the LiChrosorb NH, (Fig. 1b) serves as a check of the be-
haviour of different types of primary amino-bonded silica. Both materials give almost
the same result, although the contents of organic bonded phase and primary amino
groups are completely different?4 (LiChrosorb NH,: 3.50% C, 0.94% H, 1.04% N;
0.85 mmol/g NH,. Separon Six NH,: 5.5% C, 1.40% H, 2.06% N; 1.30 mmol/g
NH,). It can be concluded that in this way problems connected with the choice of
a suitable type of unmodified silica can be circumvented.

Apparently, commercial aminopropyl silicas are not end-capped (the com-
monly used trimethylchlorosilane and hexamethyldisilazane also trimethylsilylate the
amino group!?) and therefore a considerable amount of residual silanol remains on
their surface. Primary non-reacted?® and also secondary silanols?® originating from
hydrolysis of unreacted alkoxyls of the usually used trialkoxysilane may be expected.
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Fig. 1. Separation of porphyrin esters on a CGC column packed with (a) Separon Six NH; and (b)
LiChrosorb NH,. Sample: 10 ul of solution in chloroform. Mobile phase: 57% (v/v) ethyl acetate in n-
heptane. Flow-rate: 0.4 ml/min. Di- (proto-), tetra- (copro-), penta-, hexa-, hepta- and octa(uro)-carboxylic
porphyrin esters are numbered as 2, 4, 5, 6, 7, 8, respectively. Internal standard: synthetic tetraphenyl-
porphyrin (S). Spectrophotometer: LC-85 B, 2 = 399 nm (0.16 a.u.f.s.).

To elucidate the role and/or cooperation of primary amino groups and silanols,
benzaldehyde and dinitrofluorobenzene derivatives of the amino phase, together with
its end-capped modification, were prepared. A chromatographic comparison using
the same composition of mobile phase is shown in Fig. 2. Capacity factors and sep-
aration factors, a, corresponding to the original Separon Six NH,, to all three mod-
ifications and to LiChrosorb NH,, are summarized in Table II. It can be seen that
the capacity factors decrease after end-capping but the selectivity remains almost
unchanged. In contrast, chemical derivatization of primary amino groups consider-
ably decreases a to approximately the same level. Lowering of the capacity factors
(k") with the benzaldehyde derivative probably reflects the decrease in its polarity,
whereas an increase in k' with the dinitrofluorobenzene derivative may be due to a
charge-transfer complex with the tetrapyrrole ring.

It can be concluded that combined interactions of silanols and primary amino
groups with porphyrin esters play an important role; the primary amino group de-
termines mainly the selectivity and residual silanols largely influence k&’. With Li-
Chrosorb NH,, approximately the same values of o are found; the slightly lower
capacity factors may be due to the structural differences in the starting silicas, e.g.,
owing to the different surface areas?> (similar behaviour is also found2+ in the chro-
matography of chloronitrobenzene isomers on these sorbents in n-heptane).
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Fig. 2. Separation of porphyrin esters on Separon Six NH, modified with (a) N-trimethylsilylimidazole,
(b) benzaldehyde and (c) 2,4-dinitrofluorobenzene. Other conditions as in Fig. 1.

TABLE I1

CAPACITY FACTORS AND SEPARATION FACTORS OF PORPHYRIN ESTERS ON PRIMARY
AMINO-BONDED SILICAS AND THEIR CHEMICAL DERIVATIVES IN 57% (v/v) ETHYL
ACETATE-n-HEPTANE

Column I, Separon Six NH, (A); column 11, trimethylsilylated A; column III, benzaldehyde derivative of
A; column IV, dinitrofiuorobenzene derivative of A; column V, LiChrosorb NH,.

Ester* Column [ Column IT Column III ~ Column IV Column V

kK o K o k' a k' « 4 o

8 3.05 1.43 1.39 142 1.19 1.20 26.8 1.20 233 146
7 2.13 0.98 0.99 224 1.5

1.44 1.40 1.25 1.25 1.44
6 1.47 0.70 0.79 17.9 1.10

1.63 1.55 1.32 1.17 1.51
5 0.90 045 0.60 15.3 0.73

1.39 1.41 1.28 1.20 1.43
4 0.65 224 0.32 2.7 0.47 1.68 127 1.43 0.51 2.04
2 0.29 2'23 012 7 0.28 1.87 8.9 1'31 025 ~
s+ 013 - 0.02 015 68 -

* Numbers represent the number of carboxyl groups.
** Synthetic tetraphenylporphyrin.

If the content of ethyl acetate in the eluent is reduced, the resolution of por-
phyrin esters on the original Separon Six NH; and all three surface modifications is
enhanced; corresponding values of k' and « are summarized in Table III. A change
in the composition of the mobile phase results in an increase in the selectivity of
separation, indicating a secondary effect of the mobile phase?2. At identical values
of k', a decrease in resolution occurs with the benzaldehyde derivative in comparison
with the original amino phase (as in Table II); however, this resolution of the benz-
aldehyde derivative and also the time of analysis are acceptable.

Interesting effects on the separation of porphyrin esters are obtained if water-
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TABLE HI

CAPACITY FACTORS AND SEPARATION FACTORS OF PORPHYRIN ESTERS ON PRIMARY
AMINO-BONDED SILICAS AND THEIR CHEMICAL DERIVATIVES IN 40% (v/v) ETHYL
ACETATE-»-HEPTANE

Column I, Separon Six NH; (A); column II, trimethylsilylated A; column 111, benzaldehyde derivative of
A.

Ester* Col, I Column IT Column IIT

K o 4 o k' o

. 7 8
8 075 160 477 151 480 (4
7 672 315 3.40

161 1.55 143
6 417 2,03 237

1.63 1.55 1.40
s 2.55 131 1.48

1.60 1.58 1.37
4 159 10 g3 1B® g8 1Y
2 063 23 033 039 2

* See Table II.

saturated (25% and 100%) mobile phases are used, as illustrated in Fig. 3 and ex-
pressed in terms of k¥’ and « in Table IV. Water enrichment of the mobile phase
decreased?® &’ in normal-phase chromatography on bare silica; here, the opposite is
true. In comparison with water-free conditions, the separation time doubtles at 100%

b
6 a

1 L 1 | J i 1 } t

15 10 5 0 20 18 10 5 0
min min

Fig. 3. Separation of porphyrin esters on a CGC column packed with Separon Six NH, in water-con-

taining mobile phase: (a) 25% saturation and (b) 100% saturation. Other conditions as in Fig. 1.
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TABLE IV

CAPACITY FACTORS AND SEPARATION FACTORS OF PORPHYRIN ESTERS ON PRIMARY
AMINO-BONDED SILICAS IN A WATER-SATURATED MOBILE PHASE, ON LESS POLAR CY-
ANOETHYLSILICA AND ON BARE SILICA WITH THE SURFACE CONCENTRATION OF SIL-
ANOL GROUPS DECREASED BY TRIMETHYLSILYLATION

Column I, Separon Six NH;; column VI, Separon Six CN; column V1I, gently silanized Separon Six (65%
surface coverage).

Ester* Column **  Column F Column VI Column VIFS

k' o k' o k' o k' o

43 14 1. s
§ 9 g3 T35 L7204 2334
7 321 529 119 175

138 133 1.43 1.46
6 2.33 3.08 0.83 1.20

1.38 134 1.45 1.41
5 1.69 297 0.57 0.85

131 127 1.46 139
4 129 (3 234 17 03 % os1 2%
2 coso P81 ouss Bloolg 205 o 2
g 055 45 s 135

* See Table II.
** Synthetic tetraphenylporphyrin.
*** Mobile phase 57% (v/v) ethyl acetate-n-heptane, 25% water saturation.
§ Mobile phase 57% (v/v) ethyl acctate-n-heptane, 100% saturation.
$ Mobile phase 30% (v/v) ethyl acetate—n-heptane.

saturation. Protonation of the primary amino group may be suggested as a reason-
able explanation. An observed slight decrease in a again seems to originate in sec-
ondary solvent effects?2; the influence of hydrophobic interactions, as described for
diol bonded phase?”, is not very likely. These effects provide additional evidence of
the key-role of the primary amino group in this separation.

Assuming that the surface concentration and/or activity of silanol groups play
the decisive role in the possibility of isocratic separation of porphyrin esters on bare
Separon Six, it should be possible to achieve isocratic conditions by decreasing the
amount of surface silanols. The trimethylsilyl group can be expected to be non-in-
teracting in the mobile phase used and, therefore, was applied to decrease the number
of surface silanols. A chromatogram of the mixture of porphyrin esters on the gently
trimethylsilylated Separon Six is shown in Fig. 4a; it can be seen that the surface
properties can be tailored according to a particular elution problem. The separation
achieved in a mobile phase containing 30% ethyl acetate is roughly comparable to
partition on Separon Six NH in n-heptane with 57% ethyl acetate, but it gives lower
values of k' and a (Table IV).

The reduction in the concentration of surface silanols after trimethylsilylation
can be calculated on the basis of elemental analysis; fully trimethylsilylated Separon
Six (specific surface area 450 m?2/g) with a fully capped surface?’ gives2¢ a content
of 5.3% C and 1.5% H; 65% capping of surface silanols may be expected in the case
of gently treated material. Vigorously silanized Separon Six does not give a reason-
able separation, even with a further decrease in the content of ethyl acetate in the
eluent (Fig. 4b).

The different properties of starting silicas would probably also influence the



HPLC OF PORPHYRIN ESTERS 149

o

—-—

1 I 1 1 1
10 5 0 5 0

min min min
Fig. 4. Separation of porphyrin esters on (a) gently and (b) vigorously trimethylsilylated Separon Six and
(c) on Separon Six CN. Mobile phase: (a) 30% (v/v), (b) 20% (v/v) and (c) 30% (v/v) ethyl acetate in 7-
heptane. Spectrofluorimeter: LS-2. Other conditions as in Fig. 1.

LJ A

1
10

behaviour of mildly trimethylsilylated materials in proportion to the degree of sil-
anization and, as a further drawback, lower solubilities of porphyrin esters in the
mobile phase may be expected.

To supplement the possibilities of the isocratic separation of porphyrin esters,
a chromatogram obtained using an eluent containing 30% ethyl acetate on Separon
Six CN is shown (Fig. 4¢). This material also gives reasonable separations, similarly?®
to Micropak CN; however, the lower polarity of the cyanoethyl group in comparison
with the aminopropy! ligand would give a lower resolution at the same composition
of the mobile phase, e.g., at 57% ethyl acetate as used with aminopropyl-bonded
silica.

In summary, the isocratic separation of porphyrin esters according to the num-
ber of carboxyl groups can be achieved on silicas that normally would not allow such
a separation by tailoring the concentration of surface silanols to a suitable level using
trimethylsilylation. Alternatively, cyanoethyl-bonded silicas can be used. The best
results are obtained using aminopropyl-bonded silica; the highest resolution is at-
tained with a mobile phase rich in ethyl acetate. This method permits the baseline
separation of all porphyrin esters with two to eight carboxyl groups together with
their Cu?* complexes and tetraphenylporphyrin as the internal standard if two CGC
columns in series (equivalent to a standard column of 250 x 4 mm 1.D.) are used
(Fig. 5). Finally, the chromatogram in Fig. 6a serves as an example of a clinical
application, showing a typical spectrum of porphyrins in the urine of a patient with



P. KOTAL et al.

150

‘T "3 Ul sE SUONIPUOD SO WU SOp = ¥

‘€957 4O “epemoloydoxoadg "urm/[ur 9°G :ates-Mopg “CHN XIS uotedag gum poyoed UwnNjos DO © UO (ussury ‘s WHIN-ADD) V15102420 $328U0.1my200§ KqQ
paonpoid suukydiod payLse () pue epie) esueino eukydiod yum yusned ¢ Jo sunin o) woiy pajejost sunydiod Jo SIMXIU © JO S12389 () Jo uonesedsg 9 ‘S1y
°] ‘814 UI $B SUONIPUOD IBYIQ V8 VL V9 VS VP ‘'VT pasaquinu are s13353 unkydrod Suipuodsanios jo soxsidmod |, ,nY) ‘THN

11§ uoredag Y poyoed SILIOS UI SUWN(OD YY) OM] UO PIRpuels [euIo)ul Ge pue saxd[dwod .0 MY P 15980 s19150 unkydiod jo uoneredag - ‘81

unw U U
0 5 o 0 5 ol 0 5 o o 0z :
r T 1 1 T T LI 1 [ 1 T
n *.j “
L g
9
K S
5
v
z L
3
% v
vo
vy
vz
vg
s
[ ol s




HPLC OF PORPHYRIN ESTERS 151

porphyria cutanea tarda. Fig. 6b shows the identification of the porphyrins produced
by the semi-anaerobically cultivated yeast Saccharomyces cerevisiae.
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