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bstract

We describe an improved method for purification of sedimentary vanadyl and nickel porphyrins (i.e., naturally occurring metalloalkylpor-
hyrins). For the purpose of compound-specific isotopic analyses, various sedimentary porphyrins were purified from the complex natural mixtures
y the dual-step high-performance liquid chromatography (HPLC) method. The high-sample-capacity reversed-phase HPLCs by adding N,N-
imethylformamide to the mobile phase allow an efficient collection of fractions containing the target compounds even using analytical-scale
olumns. Furthermore, this method achieved improved chromatographic resolutions but significantly reduced the overall retention time down to
0% compared with the previous work. The target compounds were then isolated with the normal-phase HPLC with the baseline-resolution, which

s necessary to avoid chromatographic isotopic fractionation. One of the advantages of this method is that it requires neither derivatization nor
emetallation. The purity of these isolated compounds was demonstrated by various HPLC online detection methods utilizing a photodiode-array
etector, a mass selective detector. The overall recoveries of Ni porphyrin, VO porphyrin, and porphyrin-free base, respectively, were estimated to
e approximately 50–60%, 65%, and 85%.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Sedimentary porphyrins (i.e., geoporphyrins, petropor-
hyrins, etc.; Fig. 1) are the tetrapyrrole compounds (mostly
lkylporphyrins and porphyrin acids) extracted from geological
amples including sediments and petroleum. The major-
ty of these compounds are thought to originate from various
hloropigments produced by phototrophic organisms of the geo-
ogical past [1–3]. Structural comparisons of chloropigments,
edimentary porphyrins, and their presumable intermediates

ave resolved their precursor-product relationships and the
ransformation pathways [4–9]. Source-specific porphyrins
erived from chlorophyll c (specific for algae including Cryp-

∗ Corresponding author at: Institute for Research on Earth Evolution, Japan
gency for Marine-Earth Science and Technology, 2-15 Natsushima-cho, Yoko-

uka 237-0061, Japan. Tel.: +81 468679805; fax: +81 468679775.
E-mail address: chiro@jamstec.go.jp (Y. Kashiyama).

b
p
w
v
s
b
c
p
c

021-9673/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2006.10.028
ophyta, Dinophyta, Chromophyta, and Haptophyta) [10–14]
nd bacteriochlorophylls d and e (specific for anaerobic green
ulfur bacteria) [15–17] have been identified and used for
econstructing the paleoenvironments based on their structural
rounds [18–23].

Meanwhile, isotopic analyses of purified, individual sedi-
entary porphyrins have been conducted to extract further infor-
ation on the paleoenvironment [14,20,24–29]. Stable nitrogen

nd carbon isotopic compositions of chloropigments reflect not
nly those of nitrogen and carbon sources in the environment
ut also isotopic fractionations associated with the biochemical
rocesses involved in their synthesis [30,31]. Therefore, together
ith the structural inferences, the isotopic compositions of indi-
idual porphyrin varieties should not only enhance the under-
tanding of the precursor-product relationships [14,20,24–27]

ut also provide the information regarding biogeochemical pro-
esses related to the photoautotrophs involved in the primary
roduction in the past ([24,25,28,29]; see also [30–33]). Signifi-
antly, unlike any other biomarkers ever known, porphyrins have

mailto:chiro@jamstec.go.jp
dx.doi.org/10.1016/j.chroma.2006.10.028
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Fig. 1. Structures of sedimentary metalloalkylporp

itrogen in their structures. Because the photoautotrophs play a
ey role in the ocean nitrogen cycle, therefore, the nitrogen iso-
opic compositions of sedimentary porphyrins should be able to
esolve the nitrogen cycle in the past oceans. Such information
s otherwise hardly inferred from other traditional sedimento-
ogical and geochemical proxies.

Despite such significance in the paleoenvironmental
esearches, analytical difficulties have prevented the progress
f this subject. In particular, establishment of an efficient purifi-
ation technique for individual porphyrins is essential; paleoen-
ironmental studies often require a quantity of datasets for a
eaningful discussion, so the method must be affordable for

outine analysis of numbers of geological samples. Sedimentary
orphyrins occur as complex mixtures of numerous varieties
o that considerable time and cost have been required for the
urification of each target compound for the isotopic analysis.
n particular, analysis of nitrogen isotopic composition of sedi-
entary porphyrins, which requires a large quantity of purified

ompounds (4 mg or more; [25]), has been limited to only one
tudy [25].

High-performance liquid chromatography (HPLC) has
een a method widely applied to the analysis of sedimentary
orphyrins, and so has the preparative-scale HPLC for the purifi-
ation. The sedimentary porphyrins are generally complexed
ith metals such as nickel(II) and vanadium(IV) (as VO) and

nalyzed by HPLC either as metalloporphyrins or demetallated
ree bases (Fig. 1). Thus, depending on the complexing metals,
arious HPLC conditions have been employed. In the analysis
f free-base alkylporphyrins, the normal-phase HPLC method
n the silica gel column [34] gives a fairly high chromatographic
esolution. This method has been repeatedly adopted in many
orks ([20,21,38–41] among others including purifications for

sotopic analyses [20,25]). Alternatively, the metal-complexed
lkylporphyrins could directly be analyzed by a variety of
eversed-phase HPLC methods without demetallation. For

anadyl alkylporphyrins, an efficient separation was achieved
y the reversed-phase analysis on the octadecylsilica column
ith the mobile phase of the acetonitril–methanol–water
ixture in various proportions [35]. For nickel alkylporphyrins,

e
p
b
F

(1–4) and standards (5) used in the present work.

ethanol or methanol–acetonitrile mixture with or without
ddition of a small amount of pyridine have been used as
he mobile phase [15,36,42–44]. These methods are also
mployed in many previous works [18,22,37,45–49] including
urifications for isotopic analyses [14,26,27].

The HPLC method in the present work was designed for
urification of intact sedimentary porphyrins for the purpose
f compound-specific isotopic analyses. Therefore, direct anal-
sis/purification of metalloporphyrins by HPLC is particularly
ssential for this purpose because of the following drawbacks
elated to the demetallation process. First, in the study of sedi-
entary porphyrins on paleoenvironmental reconstruction, the

nformation on metal complexing may not be ignored, although
e have not yet understood the significance of it well. Sec-
nd, recovery in the demetallation procedure is considerably
ow (less than 75%) [35,37]. Some alkylporphyrins, such as

33 cycloheptanoDPEP (DPEP is an abbreviated form of deox-
phylloerythroetioporphyrin, commonly used in geochemical
orks [50] 2a), are particularly susceptible to acid treatment

or the demetallation [22], so the information on the natural
bundance of sedimentary porphyrins should be obscured by
referential losses through this process. Third, isotopic effects
ay be present during the demetallation processes, which must

e avoided.
In the isotopic analysis of individual compounds, special

ttention must be paid to the isotopic effect during prepara-
ion and purification, in particular, the chromatographic isotopic
ractionation [51]. It has been well known that the isotopic com-
osition of a single, pure compound varies significantly across
peak on the HPLC chromatogram [51,52]. Consequently, to

btain unbiased isotopic information, the entire peak of the tar-
et compound must be recovered. Therefore, the compounds
ust be separated from others with base-line resolution in the

hromatogram during the purification. However, since natural
etalloalkylporphyrins are rather complex mixtures, and since
ach variety has close chemical properties, separation of a single
orphyrin with the base-line resolution would be hardly possi-
le even by the best-resolving HPLC method reported so far.
urthermore, co-eluting background impurities are potentially
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taining alkylporphyrins was separated from the total extract
by a silica gel column chromatography. The sample was dis-
solved in approximately 10 ml of DCM and placed onto the
Y. Kashiyama et al. / J. Ch

ssociated in the analysis of such natural extracts. We found that
dual-step purification using two different HPLC conditions is
straightforward and, eventually, the most efficient solution to

his problem.
Besides the chromatographic resolution, improvement in the

olubility of analyte (i.e., metalloalkylporphyrins) to the mobile
hase is key for the efficiency in the HPLC purification. The
etalloalkylporphyrins have low solubility to the solvents com-
only used for HPLC mobile phases, such as n-hexane, acetone,

cetonitrile, and water [53], which causes precipitation of the
nalyte upon injection in the initial mobile phase resulting in
oor chromatographic separations and poor reproducibility of
he chromatogram [54]. It would also be a critical problem par-
icularly when the same method is applied for purification where
he solubility would limit the sample capacity for each HPLC
un, requiring a tremendous amount of time for purification of
edimentary porphyrins for the purpose of isotopic analyses.
his problem can be potentially resolved by increasing the scale
f analysis (i.e., preparative-scale HPLC). However, considering
he cost and the convenience, purification by the analytical-scale
PLC is of choice for applications in the paleoenvironmental

tudy.
We report here an improved method for direct HPLC anal-

ses of natural mixtures of metalloalkylporphyrins from rock
xtracts. We have developed high-efficiency reversed- and
ormal-phase HPLC methods for each of vanadyl and nickel
lkylporphyrins (they are the two most important groups of sedi-
entary porphyrins; hereafter VO porphyrins and Ni porphyrins,

espectively). Using these improved methods, we demonstrate
n efficient purification of microgram quantities of natural met-
lloporphyrins by a dual-step, analytical-scale HPLC for pur-
ose of the compound-specific isotopic analyses.

. Experimental

.1. Samples and standards

The sample used in this study was an organic-rich, dark
iliceous mudstone constituting a thick, pelagic sequence of the
iddle Miocene Onnagawa Formation, northern Japan [55,56].
he Onnagawa Formation consists of bedded siliceous rock

hat generally exhibits rhythmical alternations of dark-colored,
rganic-rich clayey layers and light-colored, biogenic silica-rich
ayers reflecting periodically variable flux of diatomaceous silica
56]. The sample was obtained from the stratigraphic position
J01-3 [56] in the Gojome Area. The detailed geological set-

ings of the sample were described in [56]. Authentic standards
f porphyrins were purchased from the following companies,
espectively: Ni octaethylporphyrin (97% purity), VO octaethyl-
orphyrins (95% purity) and Ni etioporphyrins I (purity not
eported by the supplier) from Aldrich Chemical Co. (Milwau-
ee, Wisconsin, USA); etioporphyrins I free base (purity not
eported by the supplier) from Frontier Scientific (Logan, Utah,

SA); and VO etioporphyrin I (purity not reported by the sup-
lier) from Wako Cheminals (Osaka, Japan). We confirmed the
urities of these standards by HPLC without suppliers’ purity
eports to be better than 95%.

F
i

ogr. A 1138 (2007) 73–83 75

.2. Extraction and separation of metalloporphyrins

The surface of the samples was carefully removed and rinsed
ith dichloromethane (DCM)/methanol (1:1 v/v) before being
ulverized. The pulverized samples were then Soxhlet extracted
ith chloroform/methanol (7:3, v/v) for 72 h. The total lipid was
ried with a rotary evaporator.

The preparative separation procedure is summarized in the
chematic diagram (Fig. 2). First, a low-polarity fraction con-
ig. 2. Analytical scheme for purification of metalloalkylporphyrins from sed-
mentary rocks.
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ilica gel column (Sigma–Aldrich, St. Louis, Missouri, USA;
00–400 mesh; 80 mm in the column of 41.4 mm in inter-
al diameter). The low-polarity fraction was then eluted with
00% DCM (400 ml) until the eluting solvent was colorless.
he eluted fraction was dried with a rotary evaporator. Then,

he low-polarity fraction was further separated into six fractions
y another silica gel column chromatography. The low-polarity
raction was re-dissolved in 2 ml of DCM and mixed into 20 ml
f n-hexane filled over the silica gel column (Sigma–Aldrich;
00–400 mesh; deactivated by adding 1 wt.% of H2O; 80 mm in
he column of 26 mm in internal diameter). After the N-1 frac-
ion was eluted with the injected solution and an additional 30 ml
f n-hexane (50 ml), five fractions (N-2a, N-2b, N-2c, N-2d,
nd N-2e) were eluted with n-hexane/DCM (7:3, v/v; 50 ml), n-
exane/DCM (1:1, v/v; 40 ml), n-hexane/DCM (1:1, v/v; 80 ml),
-hexane/DCM (3:7, v/v; 120 ml), and DCM (100 ml), respec-
ively. Each fraction was dried by a N2 blow-down evaporator
45 ◦C). Nickel porphyrins, VO porphyrins, and free-base alkyl-
orphyrins were found in the fractions N-2b, N-2d, and N-2e,
espectively.

Prior to HPLC analyses, each fraction containing specific
etalloporphyrins was further processed with reversed-phase

olumn chromatography. Each fraction was re-dissolved in
.5 ml of DCM and mixed into 5 ml of the eluting solvent
described below) filled over the gel column (Wako Chem-
cals, Osaka, Japan; Wakogel 100C18, 63–212 �m; 40 mm
n the column of 15.4 mm in internal diameter; flushed by
itromethane before use). The fraction N-2b was eluted with
0 ml of 100% N,N-dimethylformamide to recover the Ni por-
hyrins (N-2b-�). The fraction N-2d was eluted with 30 ml
itromethane/N,N-dimethylformamide (1:1, v/v) to recover the
O porphyrins (N-2d-�). Each eluted fraction was dried by
N2 blow-down evaporator (75 ◦C). All solvents used above
ere “dioxin analysis grade” (Wako Chemicals). All glass-
ares were cleaned by heating at 450 ◦C for 5 h and carefully

insed several times with both methanol and DCM immediately
efore use.

.3. High-performance liquid chromatography

The HPLC system comprised a binary pump (Agilent,
anta Clara, California, USA; G1312), an on-line degasser
Agilent; G1322), an autosampler (Agilent; G1313A), a ther-
ostated column compartment (Agilent; G1316A), an on-line

hotodiode-array detector (DAD; Agilent; G1315), optionally
quipped with a fraction collector (Agilent; G1364a) during
solation/purification of metalloporphyrins, a mass selective
etector (MSD; Agilent; G1946D) connected through an atmo-
pheric pressure chemical ionization (APCI) interface for the
PLC/APCI–MS analysis, or an evaporative light scattering
etector (ELSD; Polymer Laboratories, Church Stretton, Shrop-
hire, UK; PL-ELS 2100) for the HPLC/ELSD analysis. This
ystem was coupled to a personal computer with Agilent Chem-

tation software. The APCI condition was set as follows: drying
as flow: 6.0 l min−1; nebulizer pressure: 345 kPa; drying gas
emperature: 350 ◦C; vaporizer temperature: 500 ◦C; capillary
oltage (positive): 4000 V; and corona current: 5.0 �A. The frag-

f
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entor voltage of MSD was set as 200 V with which protonated
olecular ions (M + 1)•+ were best monitored for metalloalkyl-

orphyrins. Analytical conditions for ELSD were set as follows:
ebulizer: 90 ◦C; evaporator: 100 ◦C; and gas flow: air, 1.0 SLM
standard liter per minute; l min−1 at 25 ◦C, 414 kPa in the
ass flow controller). The flow rate of the mobile phase was
ml min−1 during all the HPLC modes. All solvents used for

he mobile phase were “HPLC grade” (pyridine: Aldrich; all
thers: Wako Chemicals). The mobile phase was ultrasonicated
or 30 min before use.

Reversed-phase HPLC analyses of “the high-resolution
PLC analysis mode (Mode A)” and the high-sample-capacity
PLC purification mode (Mode B)”, respectively, were per-

ormed using three analytical-scale columns (ZORBAX SB-
18, Agilent; 4.6 mm × 250 mm; 5 �m silica particle size) con-
ected in series with a guard column (ZORBAX SB-C18,
gilent; 4.6 mm × 12.5 mm; 5 �m silica particle size) set in

ront. The mobile phase used in Mode A, which was designed
or HPLC/APCI–MS and HPLC/ELSD analyses, was acetoni-
rile/water mixture with acetic acid and pyridine, where the
elative amount of water was gradually decreased through the
nalyses. In Mode B, which was designed exclusively for purifi-
ation of metalloporphyrins, 20% of N,N-dimethylformamide
as added to the mobile phase. Therefore, efficiency in the
urification was significantly improved with Mode B by increas-
ng the solubility of both VO and Ni porphyrins and by reducing
he retention time of the whole chromatogram without signifi-
antly losing its resolution. However, N,N-dimethylformamide
onsiderably reduces the sensitivity of the APCI–MS. The sol-
ent gradient programs employed in Mode A and Mode B
eversed-phase HPLCs for the Ni porphyrin (N-2b-�) and VO
orphyrin (N-2d-�) fractions, respectively, are summarized in
able 1. During Mode A, 5 �l or less volume of highly con-
entrated samples dissolved in chloroform was injected for
ach analysis, however, when a large quantity of analyte was
njected from highly concentrated sample solution, front tail-
ng and splitting of the peaks were observed. During Mode
, depending on the requirement in each experiment, 2–5 �l
f highly concentrated samples dissolved in chloroform was
njected for each run. Excess injection of chloroform resulted
n broadening of the peaks. Alternatively, VO porphyrin was
issolved in N,N-dimethylformamide that can be injected up
o 30 �l during Mode B without significant broadening of the
eak. The column temperature was set at 40 ◦C. Collected frac-
ions during Mode B were dried by a N2 blow-down evaporator
75 ◦C).

Normal-phase HPLC analyses (Mode C), which were
sed both for HPLC/APCI–MS analysis and purification of
etalloporphyrins, were performed using three analytical-scale

olumns (ZORBAX SIL, Agilent; 4.6 × 250 mm; 5 �m silica
article size) connected in series with a guard column (ZOR-
AX SIL, Agilent; 4.6 mm × 12.5 mm; 5 �m silica particle
ize) set in front. The mobile phases for the isocratic analyses

or Ni and VO porphyrins were n-hexane/acetone/N,N-
imethylformamide/acetic acid/pyridine (95:3:1:0.5:0.5,
/v/v/v/v) and n-hexane/DCM/N,N-dimethylformamide/acetic
cid/pyridine (88:10:1:0.5:0.5, v/v/v/v/v), respectively. During



Y. Kashiyama et al. / J. Chromat

Table 1
Gradient programs for binary solvent system used in the reversed phase HPLC
analyses

Time (min) Solvent

A (%) B (%)

(a) Mode A for VO porphyrins
0 100 0

30 80 20
80 20 80

100 20 80

C (%) D (%)

(b) Mode B for VO porphyrins
0 100 0

20 80 20
50 20 80
60 20 80
65* 100 0
75* 100 0

A (%) B (%)

(c) Mode A for Ni porphyrins
0 40 60

30 20 80
80 0 100

100 0 100

C (%) D (%)

(d) Mode B for Ni porphyrins
0 40 60

20 20 80
50 0 100
60 0 100
65* 40 60
75* 40 60

Solvents: A: acetonitrile/H2O/pyridine/acetic acid (90:10:0.5:0.5); B: aceto-
nitrile/pyridine/acetic acid (100:0.5:0.5); C: acetonitrile/N,N-dimethylforma-
mide/H2O/pyridine/acetic acid (70:20:10:0.5:0.5); D: acetonitrile/N,N-di-
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ethylformamide/pyridine/acetic acid (80:20:0.5:0.5).
* re-equilibration.

ode C, 2 �l or less volume of highly concentrated samples
issolved in chloroform was injected. Excess injection of
hloroform, particularly in the case of Ni porphyrin analysis,
ay result in splitting of the peak. When a large quantity of

nalyte was injected from highly concentrated sample solution
uring Mode C HPLC purification, front tailing of the peak was
bserved. However, peak separation may not be significantly
mpaired unless an extreme amount was injected. The column
emperature was set at 40 ◦C. Collected fractions were dried by
N2 blow-down evaporator (55 ◦C).

. Results and discussion

Fig. 3a and 4a illustrate the reversed-phase HPLC/DAD

hromatograms (Mode A) of Ni and VO porphyrins of the
nnagawa dark dolomitic siliceous shale sample (GJ01-3).
he chromatogram of VO porphyrins (Fig. 3a) exhibited
eak separations comparable to those previously reported

a
r
t
a

ogr. A 1138 (2007) 73–83 77

ith slightly shortened retention time (e.g. [22,35,37,48,49]).
n the other hand, the chromatogram of Ni porphyrins

Fig. 4a) was improved both in peak separation and reten-
ion time (30–40% reduction) compared with the previously
ublished chromatograms (e.g. [18,46]). With our method, as
ow as a few nano grams of porphyrin can be detectable
y DAD.

The HPLC/APCI–MS spectra of metalloalkylporphyrins
how molecular ions (M + 1)•+ as base peaks, which allows
stimation of the carbon number and the basic structures
uch as ETIO-type (i.e., alkylporphyrins without an external
ing represented by etioporphyrin III in natural samples),
onocycloalkano-type, or bicycloalkano-type porphyrins

Figs. 3a and 4a). Most VO porphyrins in all samples of the
nnagawa siliceous shale/porcelanite are monocycloalkano-

ype, most likely DPEP-type (13,15-cyclopentanoporphyrin
epresented by DPEP), and bicycloalkano-type, but ETIO-type
orphyrins are nearly absent. In contrast, Ni porphyrins are
ich in ETIO-types, particularly among those having carbon
umbers lower than 30, but bicycloalkano-type porphyrins are
nsignificant.

Some important improvements for efficient isolation of por-
hyrins were achieved in the Mode B HPLC (Figs. 3c and 4c).
sing N,N-dimethylformamide in the mobile phase, our method

uccessfully avoided precipitation of metalloalkylporphyrins in
he mobile phase [54] even when a large amount of analyte
as injected during Mode B purification and minimized unwill-

ng phenomena related to overloading such as front tailing,
plitting, or broadening of the peak. In addition, the overall
etention time was further reduced (approximately 40% reduc-
ion compared to Mode A), but eluting pattern of porphyrin
eaks was maintained identical early. These allowed efficient
urification of metalloalkylporphyrins. For example, the shaded
eak area in the Fig. 3c (Peak a) corresponds to 50 �g of VO
PEP (1a). Thus, at best, several consecutive cycles were even-

ually adequate to collect over 100 �g of each of major VO
orphyrins.

The reversed-phase HPLC generally separates porphyrins of
seudohomologous series with different carbon numbers well,
ut structural isomers with the same carbon numbers are rela-
ively resolved poorly. In contrast, the normal-phase HPLC for
oth Ni and VO porphyrins tends to separate positional isomers.
or example, Fig. 3d is a normal-phase HPLC chromatogram
Mode C) of an unresolved VO alkylporphyrin fraction obtained
y a reversed-phase HPLC chromatography (the highlighted
raction in Fig. 3c) and shows that many of VO porphyrins hav-
ng the identical molecular weight, indicating structural isomers,
ere apparently resolved.

.1. Isolation

We isolated six VO porphyrins (1a, 1c, 1d, 2a, 2b, 3) and
our varieties of Ni porphyrins (4a–d) for the purpose of isotopic

nalyses [57]. An example is shown in Fig. 5. First, using the
eversed-phase HPLC (Mode B), several fractions that contain
he entire peaks of porphyrins of interest were collected (Fig. 5a
nd e). Subsequent normal-phase HPLC/APCI–MS chromatog-
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Fig. 3. HPLC chromatograms of VO porphyrins (fraction N-2d-�; GJ01-3): (a) by Mode A reversed-phase HPLC/DAD (572 nm); carbon numbers are based on
mass spectra obtained by simultaneous HPLC/APCI–MS analysis: [C32] ETIO-type; (C32) monocycloalkano-type; {C32}: bicycloalkano-type; the carbon numbers
assigned were determined by LC/MS mass spectra; the structure of 2b and 3 was temporary identified based on mass fragment patterns; all other structures were
d LSD
r fract
p

r
f
p
t
f
fi
a

3

etermined by X-ray crystallography; (b) by Mode A reversed-phase HPLC/E
eversed-phase HPLC/DAD (572 nm); see text for explanation for peak a and
orphyrins (DAD absorption at 408 nm; fraction b of (c).

aphy reveals that unresolved impurities of porphyrins in these
ractions were mostly structural isomers of the target com-
ounds with the same molecular weight, and, significantly,

he target compounds were, in most of the cases, separated
rom impurities with base-line resolution. Thus, they were
nally isolated using the normal-phase HPLC (Mode C; Fig. 5b
nd f).

y
p
t
a

simultaneously obtained with the DAD chromatogram of (a); (c) by Mode B
ion b; (d): Mode C normal-phase HPLC chromatogram of a fraction of VO

.2. Purity

High purity is a prerequisite for any compound-specific anal-

sis of natural stable isotopic compositions. Impurity of non-
orphyrin compound is, however, unlikely to be coeluted with
he target metalloalkylporphyrins during the final isolation step
fter the dual-step HPLC purification. Such compounds may
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Fig. 4. HPLC chromatograms of Ni porphyrins (fraction N-2b-�; GJ01-3): (a) by Mode A reversed-phase HPLC/DAD (550 nm); carbon numbers are based on mass
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pparently absent in these fractions. Indeed, because metal-
oalkylporphyrins have rather unique chemical properties rel-
tive to geolipids that have similar polarity (so eluted into the
ame fraction by the silica gel column), non-porphyrin impuri-
ies were probably not eluted with the HPLC conditions tuned
or metalloalkylporphyrins. Therefore, the non-porphyrin impu-
ities are likely to be eliminated after two isolations by HPLC

ith distinct conditions.
Porphyrins surviving as impurities with isolated target com-

ounds can be seen by HPLC/DAD that is highly sensitive
or porphyrins unless the impurity has exactly the same reten-
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monocycloalkano-type; {C32}: bicycloalkano-type; all structures indicated are
ose of chromatograms in the previous works; (b) by Mode A reversed-phase
de B reversed-phase HPLC/DAD (550 nm).

ion times in both reversed- and normal-phase HPLCs. Such
mpurities may be porphyrins eluted in the normal-phase HPLC
ith identical retention time as the target compound but can
e resolved to elute with slightly different retention time by the
eversed-phase HPLC of the isolated compounds (see Fig. 5c and
for example). There were also impurities seen in the normal-

hase HPLC chromatogram (Fig. 5d and h). This may be due
o the limitation of the preparation scheme where, although iso-
ated apparently by baseline-resolution, the ends of the tails of
he adjacent peaks were accidentally isolated with the target
ompound by the reversed-phase HPLC (Mode B). If the por-
hyrin impurity has nearly the same retention time as the target
ompound, it may still be identified by MSD spectrum if the
olecular weight is different from that of the target compound.
.3. Recovery

We conducted an experiment to isolate alkylporphyrins
rom the standard mixture to estimate the recovery through the
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Fig. 5. HPLC/DAD chromatograms illustrating purification of VO porphyrins (a)–(d) and Ni porphyrins (e)–(h); (a) and (e): Mode B reversed-phase HPLC/DAD
chromatogram (at 572 and 550 nm) of fractions N-2d-� and N-2b-�, respectively; shaded bands (fractions I–IX) were collected for further purification; (b) and (f):
Mode C normal-phase HPLC/DAD chromatograms (at 572 and 550 nm) of the fractions I and VII, respectively; peaks I-a, and VII-a are isolated with baseline-
resolution; (c) and (g) Mode A reversed-phase HPLC/DAD chromatograms (at 408 and 392 nm) of the isolated peaks I-a and VII-a; (d) and (h) Mode C normal-phase
H II-a.
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Fig. 6 summarizes recoveries of the standard compounds
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he recovery was generally good among VO porphyrins (85.5%
or VO–OEP; 5c; and 83.7% for VO–ETIO; 5d). Figure 6b
llustrates recoveries of these compounds in each step of the pro-
edure. Major losses occurred during the reversed-phase HPLC

Mode B) and the normal-phase HPLC (Mode C) where the
ecoveries were 75.0% and 88.3% on average, respectively,
hereas early separation steps with open column chromatog-
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The unexpectedly low recoveries in the HPLC steps, rather
han in the conventional open column chromatographic steps,

ay have resulted from unwilling reactions between the
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here N,N-dimethylformamide was not used in the mobile
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Fig. 6. (a) Recovery of the standard compounds in fractions obtained in various steps along the purification procedure. Recovery of each standard was expressed
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. Conclusions
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etalloalkylporphyrins using the high-resolution reversed-
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