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Abstract. A facile method of preparing zinc 20-oxaprotoporphyrin-IX dimethyl ester (1) from
biliverdin-IXa dimethyl ester has been found. According to NMR spectroscopy, the oxa substituent
has a pronounced influence on the properties of the macrocyclic ring system. The 'H NMR spectrum
reveals an aromatic structure and '*C NMR shows that in 1 a positive charge is delocalized, in
agreement with the presence of one positive charge, and further that C-1 and C-19 have acquired the
highest positive charge. This is corroborated by the reaction with nucleophiles, especially thiolates,
leading to isolated adducts which could be well characterized. The adducts are the result of
nucleophilic attack on the positions 1 and 19 exclusively, which agrees well with the charge on these
positions in 1. The adducts show interesting spectroscopic properties. The study of oxaporphyrins
and their nucleophilic adducts may contribute to a fuller understanding of the formation and

properties of bile pigments.

Introduction

Metal porphyrins are biologically significant. Iron(1I) proto-
porphyrin (heme) is the prosthetic group of the oxygen
carriers myoglobin and hemoglobin. The active cores of
catalases, peroxidases and cytochromes are formed by both
iron(I1) and iron(II1) (Fig. 1)'. The iron porphyrins undergo
oxidative breakdown to bile pigments; during the conver-
sion, C-20 is lost as carbon monoxide and the iron is
removed?. In the initial stages of the conversion, the iron-
-containing oxaporphyrins, verdohemochrome (Fig. 2,
M = Fe?*) and verdohemine (Fig.2, M = Fe**), are in-
volved?,

Similarly, metal complexes of biliverdin can be cyclized to
metal 20-oxaprotoporphyrin-IX derivatives*®. In order to
obtain information about the reactivity and the role of oxa-
porphyrins in living systems, we chose to examine zinc
20-oxaprotoporphyrin-IX dimethyl ester (1). We used zinc
as coordination metal since its diamagnetic properties allow
the easy use of NMR spectroscopy, while other metal ions
are paramagnetic or form paramagnetic impurities. By com-
paring the NMR spectra of 1 with those of zinc proto-
porphyrin-IX dimethyl ester (ZnProto) we tried to discover
how the 20-oxa substituent influences the aromaticity and
charge distribution in our system. In addition, this was
checked by its reactivity with various nucleophiles.

The relationship between the oxa substituent and the elec-
tronic properties of the porphyrin system is discussed. Due
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Fig. 1. Protoporhyrin-IX (M =2H?*);
Heme (M = Fe**).
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Fig. 2. Oxaporphyrin (M =2H™), its zinc complex
(M = Zn** ), verdohemochrome (M = Fe** ) and verdohemine
(M = Fe3*),
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to the presence of the positive charge in the system, the
oxaporphyrin reacts with nucleophiles as predicted and we
found evidence to show that the formation of open-chain
bile pigments involves a nucleophilic attack on the oxa-
porphyrin system.

Synthesis, spectroscopy and reactivity

Biliverdin-IXa dimethyl ester was prepared from bilirubin-
-IXa via published procedures®. According to Scheme 1,
the zinc complex was obtained by reacting biliverdin-IXo
dimethyl ester in THF with zinc acetate/THF solution. The
colour of the reaction mixture changed from blue to bright
green, the conversion being complete in one hour. Sub-
sequently, a small excess of acetic anhydride was added and
the colour changed to dull green in a few seconds. After the
reaction had been quenched with water, work-up and
chromatography (Si0,/CH,Cl,) yielded 1 with the required
spectral properties.

Mass spectrometry

The Fast-Atom-Bombardment spectrum of 1 gave a M*
signal at m/z 655.1826 (100%) in agreement with
C3sH3N,OsZn (caled. 655.1899). The distribution of inten-
sity of the isotopic peaks is in agreement with a 1009,
intensity of the M* parent molecular ion and a 179, inten-
sity of a (M + H)™ molecular ion peak (a (M + H)* signal
is usually observed in (+) FAB mass spectra). The signal
at mjz 763 (107;) originates from (M + thioglycerol)*

1} Zn(0Ac),
2) Ac;0

COOCH; COOCH;

COOCH; COOCH,

CH3
2 R= —C—H

CHj

4 R:—CH2—®

(thioglycerol was used as a matrix compound for the
optimization of the signal).

'H NMR

In Fig. 3, the '"H NMR spectrum of 1 (TableI) is repro-
duced. The H-5, H-10 and H-15 signals are visible at § 9.08,
9.28 and 8.98 ppm. The -10 signal (8§ 9.28 ppm) can be
assigned by the NOE observed upon irradiation of the
8a-CH, and 12a-CH, protons (3 3.83 ppm). Due to the
overlap of 7-CH,, 13-CH, and 17-CH,, a similar discrimi-
nation between H-5 and H-15 cannot be made. Our assign-
ment is based on the assumption that the H-15 signal of 1
occurs at the highest field. The order of the H-5 and H-15
chemical shifts in 1 is then the same as in ZnProto and
biliverdin®. In Table I, the chemical shift values of the
'"H NMR spectra of ZnProto and 1 are presented. All sig-
nals of 1 lie at a somewhat higher field than those of
ZnProto (e.g. 9.08, 9.28 and 8.98 ppm versus 10.15, 9.95 and
10.08 ppm for H-5, H-10 and H-15, resp.). This can be
explained on the basis of the poorer aromatic character of
1 in which the sp? carbon on position 20 is replaced by
oxygen.

It is noteworthy that of the two vinyl groups only the
18-vinyl group shows the Hc signal at a considerably lower
field (6.59 ppm) than the Hc proton of the 3-vinyl group
(= 6.0 ppm). This downfield shift of H-18c¢ is not observed
in the ZnProto spectrum but is present in the spectrum of
biliverdin-IX« dimethyl ester. This effect, clearly induced by
the 20-oxa substituent in 1, may be caused by the through-
-space interaction of the proximate H-18¢ proton with the
carbon(sp?)-oxygen bond (C19-020).

¢}
—®AcO

COOCH; COOCH;3

1 [ps®

COOCH, COOCH,

i
3 Rz —C—H

|
CHy

5 R= —CH2— ¢

Scheme 1.  Preparation of 1 and its reaction with 2-propanethiolate (giving 2 and 3) and with benzylthiolate (giving 4 and 5.
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Fig. 3. 300-MHz 'H NMR spectrum of 1 (resolution enhanced, CDCI,).

3C NMR

In the *CNMR spectrum of 1 (CDCl, + CD,0OD), the
signals of primary, secondary, tertiary and quaternary car-
bons are easily identified using the APT technique, which
causes the signals of primary and tertiary carbons to appear
as negative and the secondary and quarternary signals to
remain positive. In Fig. 4, such a **C NMR spectrum of 1
is reproduced. At 23.00 and 36.12 ppm, the positive signals
from the secondary carbons of the a- and b-CH, groups of
the propionic side-chains are recognized. The other signals
in the aliphatic region (0-75 ppm) are all negative in agree-
ment with primary signals from the methyl groups (11.33,
10.83, 10.82 and 10.63 ppm from 2-, 7-, 13- and 17-CH, and
51.80 from the methoxy groups). These signals are observed
at similar positions for ZnProto (Table I)°. At 112.98,
113.47 and 115.34 ppm, the negative signals of the meso
carbons C-5, C-10 and C-15 are seen which, for Znproto, lie
at higher field (97.23, 97.52 and 98.20 ppm). The downfield
shift of C-5, C-10 and C-15 is clearly caused by the effect of
the positive charge which is present in the zinc oxa-
porphyrin system but absent in the zinc porphyrin system.
The vinylic secondary carbons appear as positive signals at
119.57 and 12270 ppm (C-18b and C-3b, respectively),

while the tertiary vinylic carbons appear as negative signals
at 126.14 and 127.72 ppm (C-18a and C-3a, respectively).
These values are similar to those observed for the ZnProto
vinylic carbons (119.04 and 131.02 ppm). In the 135-160-ppm
region, small positive signals of quarternary carbons are
visible. The 173.30-ppm signal is assigned to the carbonyl
carbons of the propionic ester side-chains, while the signals
at 161.53 and 160.69 ppm belong to C-1 and C-19. The
assignment of the other quarternary signals is not clear
except that most of these liec at a lower field than
for ZnProto, in agreement with the delocalized positive
charge in 1. That C-1 and C-19 bear the highest positive
charge is inferred from the phenomenon that the signals of
carbon atoms C-1 and C-19, directly linked to the 20-oxa
atom, occur at the lowest field. This is also in agreement
with their reactivity towards nucleophilic attack (vide infra).

UV/[VIS spectroscopy

In dichloromethane, dark green 1 displays two major ab-
sorptions, at A,.. 680 nm (g 14300) in the far-red and at
Armax 400 nm (g 14730), and two smaller ones at A, 520 nm
{e 1720) and A, 556 nm (€ 1700). The UV/VIS spectrum of
ZnProto differs significantly since the 400-nm absorption

Table I 'H and “*C NMR chemical-shift data (+0.02 ppm) of compound 1 and ZnProto (CDCl,, ref. TMS).

H 1 ZnProto C 1 ZnProto
5 9.08 10.15 Sorl5 112.56 97.52
10 9.28 9.95 10 114.73 98.20
15 8.98 10.08 150r5 112.24 97.23
3a 7.53 8.50 3a or 18a 127.22 131.02
3b 6.00 6.20 3b or 18b 122.35 119.04
3c 6.08 6.35
18a 7.25 8.35 18a or 3a 125.56 131.02
18b 5.86 6.10 18b or 3b 119.22 119.04
18¢ 6.59 6.50
2CH, 2.89 3.76 2, 7-, (10.89 + (1291 +
7CH, 3.02 3.65 13-, 10.51 + 11.77)
13CH, 3.02 3.64 17CH,;) 10.19)
17CH, 3.02 3.77
8a + 12aCH, 3.83 4.05 8a + 12aCH, 35.83 37.33
8b + 12bCH, 3.02 3.05 8b + 12bCH, 20.73 22.10
OCH, 3.67 3.67 OCH, 51.62 51.56
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Fig. 4. 50-MHz '*C NMR APT spectrum of

(Soret band) shows a much higher extinction coefficient
(€max 417000), two strong absorptions in the visible region
(A max 550 nm, £ 22900; A, 589 nm, € 24500) and no corre-
sponding absorption in the far-red’®.

IR spectroscopy

The infrared spectrum of 1 shows a strong absorption from
the carbonyl group of the propionic ester side-chain at 1730
cm™'. As expected, no absorption at 1700 cm~! from
lactam carbonyl groups (as are present in biliverdin-IX«
dimethyl ester) is observed, although a strong absorption at
1220 cm ~ !, caused by the asymmetric stretch of a C-0O-C
group in agreement with the C1-020-C19 bond, is found.
Neither biliverdin-IXa dimethyl ester nor the ZnProto sys-
tem show absorptions in this region.

1 (CDCl, + CD,0D).

Reactivity of 1

A solution of 1 in THF reacts with sodium 2-propanethiolate
{(prepared from reaction of sodium hydride with 2-pro-
panethiol in THF). The dull green solution of 1 changes
within 15 minutes into a yellow solution. Subsequently, the
reaction mixture is quenched with water. Two yellow pro-
ducts (2 and 3), present in the reaction mixture (TLC), are
separated by column chromatography (SiO, ether/petr.
ether (40-60) 7/3). Compounds 2 and 3 are isomers of
elemental composition C;;H,,N,05SZn (Field-Desorption
mass spectrum m/z = 730). Similarly, solutions of 1 with
sodium benzylthiolate give the two yellow isomers 4 and 5
(m/z =778, C,,H,;,N,O58Zn) which can also be isolated
by preparative chromatography. In each case, two isomeric
adducts are formed in which one thiolate anion has reacted
with one molecule of 1.

13.Me
OMe
H-s iH H I
o =1 ? 8a+12aCH3
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-18C
H.3a N H_1ab H
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Fig. 5. 300-MHz 'H NMR spectrum of 2 (resolution enhanced, CDCl, ).
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According to TLC analysis, reaction of 1 with KCN (crown
ether) or with sodium borohydride also gives two yellow
products in both cases. However, these species are too
unstable to be either isolated or characterized. Field-
-Desorption mass spectra of 1 from targets loaded with
methanol display a peak at m/z 686 (C,sH;5N,O¢Zn) corre-
sponding to nucleophilic addition of methanol to 1.

Spectroscopic properties of the thiolate adducts

In the infrared spectra of 2, 3, 4 or 5, no other carbonyl
signals, besides those due to the propionic ester side-chain
(1730 cm ™ "), are observed. As in the case of 1, there is, at
1215 cm~!, a strong absorption from an asymmetric
C-0-C stretch, demonstrating an intact C1-020-CI19
bond. It is clear that no ring opening to biliverdin-type
systems has occurred (c.f. the strong IR absorption at 1700
cm~! and the lack of significant absorption in the
1215-cm ~ ! region of biliverdin-IXa dimethyl ester).

In Fig. 5, the 300-MHz 'H NMR spectrum of 2 is repro-
duced, which in many ways resembles that of 1. The signals
are only shifted somewhat upfield and extra signals, from
the presence of the 2-propanethiolate group, are visible.
This implies, as is expected from a thiolate adduct of 1, that
the overall structure of 2 is similar to that of 1.

The assignment of the 2-, 7-, 13- and 17-CH, and the H-5,
H-10 and H-15 signals could be effected by NOE studies.
Irradiation of the signal of H-8a + H-12a (2.83 ppm) gives
a NOE on the singlet at 6.41 ppm. This signal thus belongs
to H-10. Irradiation of the signal at 1.86 ppm, not giving a
NOE at the low field singlets, shows that this signal belongs
to the 2-methyl group. Only irradiation of the 2.05-ppm
signal enhances the 6.66-ppm singlet, establishing that the
signals belong to the 7-methyl and H-5, respectively. Each
of the two remaining signals 6 1.99 and 2.03 ppm (13- and

H-
s H-10
H Hib+c
H-30] -89  H-gc
. i
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17-methyl) gives a NOE on the singlet at 5.50 ppm in agree-
ment with the expected assignment.

Using double-resonance techniques, the remaining signals
at low field were assigned to two different vinyl groups (at
C-3 and C-10). Irradiation of the 17-methyl signal (2.03
ppm) enhances the Ha (H-18a) signal of one of the vinyl
groups making the low field assignment complete.

The signals of the 2-propanethiolate group are clear, i.e.
doublets at 1.18 and 1.48 ppm for the methyls (J 6.7 Hz)
and, at 4.17 ppm, the heptet due to the methine proton (J
6.7 Hz). The two diastereotopic methyl groups show a con-
siderable chemical-shift difference, while the two ester
methyls, which can be observed at 3.69 ppm, differ only
slightly in chemical shift.

Thus, 2 and 3 are isomers which differ in the place of
attachment of the thiolate group to the porphyrin ring. In
view of the close similarity of the '"H NMR parameters of
the skeleton protons, the place of attachment is either 1 or
19, i.e. 2 and 3 are structural isomers; one has the thiolate
group attached at position 1 and the other at 19 or the
reverse.

In the '"H NMR spectrum of 2, the signal of H-18c is
observed in the same region as for 1 and for biliverdin-IXa
dimethyl ester. Hence, in 2, C-19 has sp? hybridization just
as in 1 and in biliverdin-IXo dimethyl ester. This can only
be the case when in 2 the thiolate group is attached at C-1.
This also indicates that in 3 the place of attachment is C-19
and in the 'H NMR spectrum of 3 the H-18c does indeed
show a regular chemical shift value as do the protons in the
other vinyl group (H-3b, H-3c; Fig. 6).

There is also a resemblance between the '"H NMR spectra
of 4 and 2 on the one hand and of 5 and 3 on the other
(Fig. 6), indicating that, in the isomeric pair 4 and 5, the
thiolate group is attached to C-1 in 4 and to C-19 in 5. This

H:oUH_woA qu‘iMUHqub ‘dL_

A
H-1g S
|
Me —-C-—Me
H-1gb 4
8
H_10 H.g s
|
Me —C —Me
H_]ec I

5 ppm

5.0 40

Fig. 6. The 7.5-4.0 regions of the 300-MHz 'H NMR spectra of 2, 3, 4 and 5 (resolution enhanced, CDCL).
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also appears from the chemical-shift parameters of H-18¢
having the special low chemical-shift value in 4 and a higher
value in 5 (Table II).

Table II' 'H NMR chemical-shift data (+0.02 ppm) of the thiolate
adducts®.

H 2 4 3 5
5 6.66 6.63 5.56 5.57
10 6.41 6.40 6.39 6.39
15 5.50 5.50 6.58 6.54
3a 6.64 6.63 6.52 6.55
3b 5.49 5.49 5.50 5.55
3c 5.50 5.52 5.52 5.56
18a 6.44 6.44 6.36 6.33
18b 5.36 5.35 5.28 5.24
18¢c 6.05 6.04 5.40 5.36
2-CH;, 1.86 1.86 1.84 1.85
7-CH, 2.05 2.08 2.00 1.94
13-CH; 1.99 1.99 2.09 2.06
17-CH, 2.03 2.05 2.20 2.16
8a- + 12a-CH, 2.83 2.80 2.82 2.82
8b- + 12b-CH, 2.52 2.50 2.50 2.50
OCH, 3.69 3.67 3.67 3.65

SCH{( 4.17 - 4.23 -

SCH(CH;), 1.48 + 1.18 - 1.50 + 1.30 -
Aryl-H - 7.29 - 7.32
SCH,LAr - 477 +4.72 - 4.82

2

2.4 and 3,5 are grouped together for easy comparison of their
similar structure (CDCl,, ref. TMS).

In the '*C NMR spectra of 2 and 3, the signals for the
primary, secondary and tertiary carbons are readily assigned,
corroborating the proposed structures of 2 and 3 as depicted
in Scheme I. The amounts of 4 and 5 were too small to
obtain '*C NMR spectra with sufficient signal intensity. For
compounds 2 and 3, the low-field signals at 173.3 and 173.0
ppm are assigned to the carbonyls of the propionic ester
side-chain at positions 8 and 12. Fifteen small peaks in the
region of 170 to 130 ppm correspond to the quarternary
sp? carbons, however their assignment to individual carbon
atoms cannot be made. It also proved impossible to detect
the quaternary sp® carbon signal of C-1 for 2 or C-19 for 3
(to which the thiolate group is attached). This may be due
to low intensity related to the long relaxation time. Addition
of the relaxation agent manganese acetylacetonate
(Mn(acac),), which lowers the relaxation time in many
cases'!, leads only to deterioration of all the '3C signals,
presumably due to reaction of the Mn(acac), with 2 and 3.

Table 111  UV/|VIS data (nm) of thiolate adducts 2, 3, 4 and 5 (solv.
CH,Cl,).

Comp' }"max (E)
2 430 (8250), 880 (2700)
3 450 (8000), 860 (3020)
4 430 (7600), 880 (2380)
5 450 (7250), 860 (2680)

UVIVIS spectroscopy

In Table I11, the A, and ¢, values of 2, 3, 4 and § are -

presented. It is clear that the A, values of 2 and 4 are
virtually identical, just as in the case of the other pair (3 and
5). The g,,., values show a similar trend. This is in agree-
ment with the fact that 2 and 4 have the thiolate substituent
attached to the same carbon atom (C-1) and thus have an
identically conjugated system which differs from that of 3
and § (attachment to C-19). The UV/VIS spectrum of the
thiolate adduct 2 displays, in addition to an intense absorp-

tion at A, 430 nm (¢ 8250), a weak absorption in the
near-infrared region at A.,, 880 nm (e2700). Zinc oxa-
porphyrin and zinc porphyrin do not show any absorptions
at such long wavelengths whereas the thiolate adduct does.
Their extinction coefficients are much higher and the long-
-wavelength A, values are more hypsochromic. It is clear
that the addition of the thiol induces a drastic change in the
electronic system of the oxaporphyrin and that the absorp-
tion in the near infrared is indicative of the long-conjugated
electronic system.

Discussion

An efficient and mild preparation of zinc 20-oxa-

porphyrin-IX dimethyl ester (1) from biliverdin-IXa

dimethyl ester has been found. The preparation of the latter

from bilirubin-IXa via mild methods is also described. The

spectroscopic properties of 1 are in agreement with the

previously described zinc oxaporphyrins®®, although more

detailed information is now available from its 300-MHz-
'H NMR and '*C NMR spectra. The aromaticity of 1 is

somewhat less than that of the corresponding ZnProto, as

is deduced from the upfield-shifted chemical-shift values of
H-5, H-10 and H-15 compared with those of ZnProto.

Evidently, the ring current is perturbed by the 20-oxa sub-

stituent. This result is in agreement with the reported X-ray

structure of 1'%

The signals in the '*C NMR spectrum are less sensitive to

ring current effects and more sensitive to the effects of
electric charge than those in the '"H NMR spectrum. These

13C signals are observed at lower field than those of Znproto

which is in agreement with the presence of one positive

charge in 1. This indicates that, in 1, this positive charge is

strongly delocalized. The signals of C-1 and C-19 occur at

the lowest field which may indicate that these positions

have the highest density of positive charge, even bearing in

mind that the oxa substituent may also have an effect on the

chemical shift.

ZnProto is generally inert upon reaction with nucleophiles

(e.g. thiolates) as indeed are all neutral metal porphyrins'>.

Compound 1, however, readily reacts with various nucle-

ophiles with complete conversion to form neutral addition

products. In the case of 2-propane- and benzyl-thiolate,
these products can be isolated. In both cases, two isomeric

thiolate adducts are formed with an intact macro oxa-ring
structure (2, 3, 4 and 5). These adducts differ in the attach-
ment of the thio substituent. In 2 and 4, the attachment is

at C-1 and in 3 and § at C-19. No other products are

formed. This is in agreement with the fact that, according to
the '*C NMR spectrum, the amount of positive charge is
highest at positions 1 and 19 in 1. Infrared spectroscopy in
particular strongly favours cyclic structures for 2, 3, 4 and
5 over possible ring-opened structures.

Other nucleophiles, such as cyanide and sodium boro-

hydride, give complete reactions with 1, although these pro-
ducts are too unstable for full characterization. However,

their UV/VIS spectra show a close resemblance to those of
2,3, 4 and 5, leading us to assume that, in these other cases,

attack also takes place at the positions 1 and 19 in 1. The

reaction of 1 with hydroxide and methanolate in solution

does not lead to clear results, however, in the field desorp-

tion mass spectra of 1 from targets loaded with methanol, a

peak corresponding to nucleophilic attack of methanolate

on 1 is found, similar to the thiolate adducts.

Both the easy formation of oxaporphyrin from biliverdin

and the facile nucleophilic reactions of nucleophiles at C-1

and C-19 in 1 indicate that oxaporphyrins are Ilikely

precursors in biliverdin formation and that their adducts
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are important for a full understanding of the chemistry of
bile pigments.

Experimental

The bilirubin-1Xa, dichlorodicyanoquinone (DDQ), 2-propanethiol
and benzylthiol were purchased from Janssen and the zinc acetate
from Aldrich. The THF was dried over LiAlH, and freshly distilled
prior to use. Ether, petroleum ether (40-60°C fraction) and
dichloromethane were dried over P,O5 and were also distilled
prior to use. The '"H NMR spectra were measured using a Bruker
WM 300 spectrometer with TMS as internal standard. The
'3C NMR spectra were recorded on a JEOL FX 200 spectrometer
also with TMS as internal standard. The infrared spectra were
determined on a Beckman IR spectrophotometer and the UV/VIS
spectra on a Cary 219 spectrophotometer. The Field-Desorption
(FD) mass spectra were obtained using a Varian MAT 711 mass
spectrometer with a combined EI/FI/FD source. The samples were
dissolved in chloroform and an emitter current of 15-20 mA was
used to desorb the samples. The spectra were obtained using an
ultraviolet chart recorder. The Fast-Atom-Bombardment (FAB)
mass spectrometry was carried out using a VG Analytical ZAB-HF
mass spectrometer, an instrument with reversed geometry and
fitted with a high field magnet and coupled to a V.G. 11-250 data
system. The samples were loaded in 1-thioglycerol onto a stainless
steel probe and bombarded with xenon atoms having 8 KeV
energy. During the high-resolution FAB-MS measurements, a
resolving power of 25000 (109, valley definition) was used.

Biliverdin-1Xa. dimethyl ester

By adding dropwise, with gentle swirling, an ethereal solution of
diazomethane (prepared from nitrosomethylureum and alkaline) to
a suspension of 250 mg of bilirubin-IXa in 250 ml of dichloro-
methane, a clear solution of bilirubin dimethyl ester was prepared.
After complete conversion (TLC: alumina 2%, MeOH/CH,Cl,),
one drop of acetic acid was added to remove unreacted
diazomethane and the solution was concentrated to 50 ml. A solu-
tion of 120 mg of dichlorodicyanoquinone (DDQ) in 100 ml of
CH,Cl, was then added and the yellow colour turned to dark blue.
After the reaction was complete (TLC: alumina 2%
MeOH/CH,Cl,), the reaction mixture was washed once with a
sodium bicarbonate/sodium chloride solution and twice with
saturated sodium chloride solution. The organic layer was dried
over anhydrous sodium sulfate, filtered and evaporated. The
residue was chromatographed over alumina, using 2%
MeOH/CH,Cl, as eluent to yield 212 mg of a dark solid (81%,), the
spectroscopic data of which were identical to those previously
reported.

Zinc oxaporphyrin dimethyl ester complex

A solution of 0.8 g of zinc acetate in 150 mi of THF (dissolved by
gently heating) was added to 0.2 g of biliverdin dimethyl ester in
50 ml of THF and the mixture stirred for 3 h. The colour changed
from blue to bright green showing the formation of the zinc
complex. A solution of 0.3 g of acetic anhydride in 50 ml of THF
was then added in one portion to the reaction mixture with
vigorous stirring. After eight seconds, the reaction mixture was
quenched by pouring it into a separating funnel containing 100 ml
of dichloromethane and 250 ml of an aqueous solution of sodium
bicarbonate and sodium chloride, immediately upon which the
mixture was thoroughly shaken. The layers were separated and the
dark green organic phase twice washed with water containing
sodium chloride, dried over anhydrous sodium sulfate, filtered and
evaporated. The residue was chromatographed over silica, using
109, acetone/dichloromethane as eluent, to yield 163 mg (68%,) of
a dull green solid. FAB-MS mass caled. for C;sH3sN,OZn (M7 ):
655.1899, found 655.1826. Obs. fragm.: 655 (100%,), 656 (59%),
657 (78%,), 658 (47%,), 659 (54%,), 660 (25%); calcd. fragm. for
100% M?* and 17% (M + H)*: 655 (100%), 656 (59%), 657
(74%,), 658 (45%), 659 (54%), 660 (26%). IR (KBr): 1730 cm ™!
(C=0), 1220 cm~! (C1-020-C19), 1170 cm~' (C-0, ester).
UV/VIS (CH,CL): A« 400nm (g14730), 520 nm (g 1720),
556 nm (g 1700), 680 nm (¢ 14300). The 'H NMR data are pres-
ented in Tablel. 'CNMR (CDCl;): 17339 (C=0),
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161.53 + 160.69 (C-1 + C-19), 151.23 + 150.93 + 14717 + 142.26
+ 14212 + 142.0 + 141.53 + 136.87 + 136.74 + 125.0 + 1242
(C2+C3+C4+C6+CT7+C8+C9+ C-11 +C-12
+ C-13 + C-14 + C-16 + C-17 + C-18), 12722 + 125.56
(C-3a + C-18a), 122.35 + 119.22 (C-3b + C-18b), 114.73 (C-10),
112.56 + 112.24 (C-5 + C-15), 51.62 (8- + 12-OCH,), 35.83
(C-8a + C-12a), 20.73 (C-8b + C-12b), 10.89 + 10.51 + 10.19 (2-
+ 7- + 13- + 17-CH,).

Reaction of 2-propanethiolate with 1

The thiolate anion was prepared by adding 0.2 ml of 2-propanethiol
to a stirred suspension of 25 mg of sodium hydride (prepared from
50 mg of sodium hydride 50%, suspension) in 25 ml of THF under
a nitrogen atmosphere. After 1 h of stirring at room temperature,
the thiolate was added portionwise (0.5 ml) to a solution of 50 mg
of 1 in 80 ml of THF. About 8.5 ml of the thiolate solution is
required for the conversion (TLC: silica 4%, MeOH/CH,Cl,). The
reaction mixture was poured into water/dichloromethane and the
organic layer separated, twice washed with an aqueous saturated
sodium chloride solution, dried over sodium sulfate, filtered and
evaporated. The residue was chromatographed over silica, using
ether/petr. ether 7/3 as eluent, to yield two yellow fractions, first
13 mg of 2 and then 12 mg of 3.

Spectroscopic data of 2. FD-nominal Mass m/z 730
(C33H,,N,O4SZn). UV/VIS (CH,CL,): A, 430 nm (e 8250),
880 nm (£2700). IR (KBr): 1730 ¢m~!' (C=0), 1220 cm~'
(C1-020-C19), 1170 cm~' (C-O0, ester). The 'H NMR data
are presented in Table I1. '3 C NMR (CDCl,): §173.27 + 17295
(C=0), 170.70 (C-19), 164.3, 157.30, 149.20, 147.96, 147.02, 146.22,
142.35, 141.27, 140.39, 134.93, 132.16, 131.75, 130.44, 128.10 (C-2
+3+4+6+-7+-8+-9+-11+-12+ -13 + -14 +
-16 + -17 + -18), 127.60 (C-3a), 126.73 (C-18a), 120.27 (C-3b),
119.98 (C-18b), 118.73 (C-5), 114.84 (C-10), 94.11 (C-15), 51.62 +
51.54 (8- + 12-OCH,), 38.19 (SCHY), 35.19 + 34.95 (C-8a + -12a),
19.77 (C-8b + -12b), 23.97 + 22.60 (SCH(CH,),), 10.66 (7-CH,),
9.58 (17-CH,), 9.37 (13-CH,), 9.17 (2-CH,).

Spectroscopic data of 3. FD-nominal Mass m/z 730
(C34H4NLO58Zn). UVVIS (CH,CL): X, 450 nm (g 8000),
860 nm (£3020). IR (KBr): 1740cm~' (C=0), 1220cm~'
(C1-020-C19), 1170 cm~ '(C-0, ester). The 'H NMR data are
presented in Table II. '*)CNMR (CDCl;): §173.33 + 173.04
(C=0), 170.27 (C-1), 164.81, 156.83, 149.24, 148.04, 146.53, 146.12,
142.61, 140.86, 140.66, 135.11, 132.19, 131.90, 130.64 (C-2 + -3 +
4+ -6+-T+-8+9+-11 +-12+-13+-14+ -16+ -17
+ -18), 127.19 (C-3a + C-18a), 12045 (C-3b), 117.27 (C-18b),
11811 (C-15), 11481 (C-10), 94.14 (C-5), 51.74 + 51.65
(8- + 12-OCH,), 38.40 (SCHY), 35.33 + 34.98 (C-8a + -12a), 19.71
(C-8b + -12b), 23.86 + 22.63 (SCH(CH,),), 10.83 (17-CH,), 10.07
(13-CH;), 9.46 (7-CH;), 9.31 (2-CH;).

Reaction of benzylthiolate with 1

The reaction was carried out as described above with the exception
that only 20 mg of sodium hydride was required (from 40 mg of the
suspension). A more rapid reaction is observed. Yield 12 mg of 4
and 3 mg of 5§ after chromatography.

Spectroscopic data of 4. FD-nominal Mass mjz 778
(C4aH4NLOSZn). UV/VIS (CH,CL,): L. 430nm (g 7600),
880 nm (¢2380). IR (KBr): 1730 cm~' (C=0), 1220 ¢m™!
(C1-020-C19), 1170 cm~! (C-0, ester). The 'H NMR data are
presented in Table II.

Spectroscopic data of 5. FD-nominal Mass mjz 778
(C42H4N,O58Zn). UV/VIS (CHLCL): A, 450 nm (g 7250),
860 nm (¢2680). IR (KBr): 1740 cm~' (C=0), 1220 cm~'
(C1-020-C19), 1170 cm ~ ! (C- 0, ester). The '"H NMR data are
presented in Table II.
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Abstract. Four ring-demethylated retinals, viz. 1,1’,5-tridemethylretinal,1,1’-didemethylretinal, 1,5-

-didemethylretinal and 1-didemethylretinal, have been synthesized via new and simple schemes. The
properties of these modified retinals, their protonated Schiff bases and the corresponding bac-
teriorhodopsins have been studied and compared with the native system. These bacteriorhodopsin
analogues have also been tested for their proton-pump efficiencies. A large decrease in proton-pump
activity was found for the analogues lacking the 5-methyl group. On the whole, the opsin shifts of the
modified bacteriorhodopsins were much lower than those of the native system. UV-Vis and 'H NMR
data support a planar 6-s-trans conformation for the demethylated retinals in solution rather than a
twisted 6-s-cis conformation (torsion angle 40-60°) as found in retinal. This explains the lower opsin
shift and the better fit of these demethylated retinals in bacteriorhodopsin’s binding site, which, in

its native form, contains a 6-s-trans chromophore.

I Introduction

Chromo-proteins with a retinylidene chromophore such as
bacteriorhodopsin, as well as visual pigments and retino-
chrome, are important in photobiology'. Bacteriorhodopsin
(hereafter referred to as bR), the light-energy-converting
protein of the purple membrane of the halophilic
micro-organism Halobacterium halobium,occurs in a light-
-adapted (bR&; A, 568 nm) and in a dark-adapted form
(bR2S; Amax 358 nm). The chromophore of the light-
-adapted form is an ail-trans retinylidene moiety, bound as
a protonated Sckiff base to Lys 216%3, In the dark-adapted

form (bRP*), a 3/2 equilibrium exists between 13-cis (bRs,q)
and all-trans (bRsgz) isomers?=,

Model protonated Schiff bases of all-frans retinal (1) and
n-butylamine in methanol absorb around 440 nm. It is clear
that the interaction of the chromophore with the peptide
chain in bR, and bR,,; causes the shift from 440 nm to
568 nm and 548 nm, resp. This difference in A, value of
the protein, compared with the free chromophore, is called
opsin shift (expressed in cm ™ !')%,

'*C NMR experiments® have shown that in bR,z and bR
the chromophores occur in planar C6—C7 s-trans confor-
mation and that the positive charge on CS is higher than in
model protonated Schiff bases, due to a negative charge in



