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Mechanism of a Novel Synthesis of Haemin c from Protohaemin and 
L-Cysteine. A Markownikoff-type Radical Addition Reaction 

By Shosuke Kojo and Seiyo Sano." Department of Public Health, Faculty of Medicine, Kyoto University, 
Kyoto 606 Japan 

As a simulation of in vivo sulphide bond formation of c-type cytochromes, haemin c (4) was synthesized by the 
reaction of iron protoporphyrin IX [protohaemin (3)] with sodium borohydride in the presence of L-cysteine, 
oxygen, and cetyltrimethylammonium bromide (CTAB). , When L-cysteine was omitted from the reaction mixture, 
mesohaemin (9) and haematohaemin (5) were obtained. The inhibitory effect of cyanide anion or carbon monox- 
ide, as well as the inability of protoporphyrin (8) to serve in place of (3) in both reactions, indicated that the iron 
of (3) and oxygen were crucial in a primary process to give a common intermediate (11) for (4), (5), and (9). 
Trapping of (1 1) with oxygen indicated that it is the a-carbon radical of the 2- or 4-ethyl group derived from (3). 
The addition of deuterium (from sodium borodeuteride) to the P-carbon of the vinyl group of (3) and the resulting 
formation of (1 1 ) strongly suggested the intermediacy of a free hydrogen atom, which was generated in the reduction 
of (3) with sodium borohydride. The generation of a free hydrogen atom was also supported by a transfer experiment. 

C-TYPE cytochromes have sulphide linkages between the 
a-carbons of the ethyl groups of mesohaemin and two 
cysteine residues of the ap0protein.l Although such a 
characteristic covalent bond has been known for some 
time, the mechanism of the in vivo sulphide bond for- 
mation is still unknown. One model reaction for the 
formation of the sulphide bond was carried out in neu- 
tral aqueous solution at  room temperature to try and 
mimic possible physiological conditions. Thus porphy- 
rin c (1) [2,4-di-(a-S-cysteinylethyl)deuteroporphyrin 
1x1 was prepared in high yield by the autoxidation of 
protoporphyrinogen (2), which is a biosynthetic precur- 
sor of protohaemin (3), to porphyrin in the presence of 
~ - c y s t e i n e . ~ s ~  This reaction gave a Markownikoff-type 
adduct despite the fact that  a considerable amount of 
peroxide formation was expected during the autoxidation 
of (2). This reaction was applied further to prepare a 
cytochrome c-like compound by allowing re-combination 
of (2) with apocytochrome c, followed by iron i n ~ e r t i o n . ~  
Catalytic activity of the reconstituted cytochrome c-like 
compound in the succinate dehydrogenase and cyto- 
chrome oxidase systems was 85-90% compared to 
natural cytochrome c . ~  The reaction between (2) and 
thiol was also used for the preparation of c-type haemo- 
peptide or synthetic protein.5.6 In spite of these suc- 
cesses in forming the sulphide bond, the reaction mech- 
anism remained to be elucidated. 

On the other hand the incorporation of %-labelled 
protoporphyrin into cytochrome c in yeast ', and of 
6QFe-labelled protohaemin into cytochrome c of P. poly- 
cefihal~rn,~ have been reported. Therefore, protohaemin 
(3) rather than (2) was suggested to be a direct precursor 
of cytochrome c in biosynthesis, and accordingly i t  
became imperative to examine what kind of reaction 
could afford a sulphide bond starting from (3) and cys- 
teine under moderate conditions as described above. In  
a previous communication we demonstrated that haemin 
c (4) [iron(IIr) complex of (l)]  was prepared in high yields 
by incubating (3), L-cysteine, and sodium borohydride in 
the presence of cetyltrimethylammonium bromide 
(CTAB) micelle and oxygen at pH 8.1 for 3 min.* This 

paper deals with further studies and presents a novel 
radical mechanism of the addition reaction, in which 
hydrogen atom generated by the reaction of (3) with 
sodium borohydride adds to the vinyl group of (3) yield- 
ing a stable a-carbon radical, which couples with the thiyl 
radical forming sulphide linkages at  the a-carbon of (3). 

RESULTS AND DISCUSSION 

Formation of .Haemin c (4) from Protohaemin (3) and 
L-Cysteine.-As shown in Scheme 1, (4) was prepared in 
45-50y0 yield by the reaction of (3) with L-cysteine and 
sodium borohydride when a cetyltrimethylammonium 
bromide (CTAB) micelle in phosphate buffer (0.2~1, pH 
8.1) and a low concentration of oxygen were provided. 

The product was identified as the expected (4) by 
spectral analyses as well as based on its chemical con- 
version into the known compounds, haematohaemin 
(5) 3*6 (95% yield) and haematoporphyrin dimethyl ester 
dimethyl ether (6) (85% yield) by established proce- 
dures. Haemin c (4) was also converted into bis-(N- 
benzyloxycarbony1)porphyrin c tetramethyl ester (7), 
which was identified by n.m.r. and mass spectra. Two 
cysteic acid residues formed by performic acid oxidation 
of (4) were determined by amino-acid analysis. 

Essential Role of the Reaction Components.-The sul- 
phide bond was not formed under similar conditions 
when protoporphyrin (8) was used instead of protohaemin 
(3). Cyanide anion or carbon monoxide completely 
inhibited the formation of (4) from (3). These results 
clearly indicate that the iron of (3) is essential for this 
reaction. No occurrence of the reaction under strictly 
deoxygenated conditions also indicated an obligatory 
role of oxygen. Sodium borohydride could not be re- 
placed by other reducing agents such as sodium dithio- 
nite, sodium sulphite, sodium ascorbate, cysteine, or 
diborane; thus the involvement of ' hydride ' ion in the 
initial reducing process is suggested. 

The yield of (4) was low when CTAB was omitted from 
the reaction mixture or when the reaction was carried 
out in a neutral (Triton X) or anionic (SDS) micelle. 
Notably CTAB prevented demetallation from haemins 
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during the borohydride reduction even when borohydride 
was in a large (e.g. 600-fold molar) excess over haemin. 

Spectral Changes during the Reaction .--The absorption 
spectra observed during the reaction are shown in the 
Figure. Reaction conditions were identical with those of 

C H2 Ph 

CO, H CO, H 

( 4 iron (111) complex 
of compound ( 1 1 

SCHEME 1 

the synthetic procedure. The reaction mixture was 
continuously circulated between an optical cell and a 
reaction vessel by a small pump through a Teflon tube to 
follow the course of the reaction. Before addition of 
cysteine to the reaction mixture, spectrum ( a )  was ob- 
tained, in agreement with the reported spectrum of proto- 
haemin (3) in a CTAB micelle.1° Upon the addition of 
cysteine, the spectrum immediately changed to ( b ) ,  
which suggested the formation of a high-spin iron(1rr) 
complex in which cysteine might be co-ordinated to the 
iron atom. Addition of sodium borohydride then gave 
an iron(I1) type spectrum (c ) ,  and then an iron(II1)-type 
spectrum (d) appeared at the end of the incubation. 

When the cysteine was omitted from the reaction 
mixture the reduction of the FeIII of (3) with sodium 
borohydride was very slow, and accordingly, the co- 

ordination of cysteine to the iron atom of (3) was sugges- 
ted to facilitate the reduction of the FerII. 

Formation of Mesolaaeulzijz (9) and Haematohaemin (5)  
by Reaction of Protohaemin (3) with a n  Excess of S o d i z m  
Z3orohydridc.-When (3) was treated with an excess of 
sodium borohydride [344 molar excess over (3)] for 3 min 
in the presence of CTAE and a low concentration of 
oxygen (see Experimental section) at  pH 8.1, mesohae- 

L 
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FIGURE Spectral change accompanying the addition of cysteine 
and NaBH, to  protohaemin-CTAB solution a t  pH 8.1, 25 "C 
(for details see text) ; (a) protohaemin (10 mg) in sodium phos- 
phate buffer (200 ml) (0.2~1, pH 8.1) containing CTAR (72 mg) ; 
oxygen concentration (15 p ~ )  of the solution was maintained by 
nitrogen bubbling; (b )  (a)  + cysteine (500 mg) ; (c) + NaBH, 
(20 mg) ; (d) 3 min after (c) 

min (9), haematohaemin (5), and haemins containing a 
vinyl, ethyl, or hydroxyethyl group at  the 2- or 4-position 
were obtained (Scheme 2). Demetallation scarcely 
occurred during the reaction [less than 0.5% of (3)]. The 
products [(9) and (5)] were further converted into the 
corresponding porphyrin dimethyl ester and dimethyl 
ester dimethyl ether [(lo) and (6) respectively]. The 
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yields of purified (10) and (6) were 20 and 4y0, respect- the relative yields of (5 )  and (9) would be determined by 
ively. When the reaction was carried out under air to the competitive action of oxygen and a hydrogen donor 
increase the oxygen concentration, the yields of (10) and on 111), as shown in Scheme 3. 
(6) were 3 and 6%, respectively, and highly autoxidized The formation of (5 )  and (9) from (3) was inhibited 
products of unknown nature predominated. The ad- completely by cyanide anion or carbon monoxide. 
dition of hydroquinone ( 10-3~)  increased the yield of (6) Under strictly anaerobic conditions, (3) remained un- 

NaBHL, CTA B 
Protohaemin * 

( 3 )  02 .PH 8.’ 

-Fe, esterification 

Mesoporphyrin 
dimethyl ester 

other products + 

Haema topor ph y r in 
dimethyl ester 
dimethyl ether 

(10 1 ( 6 )  
SCHEME 2 

(11) 
SCHEME 3 

Haema tohae mi n 
02 ( fast)  ( 5 )  (X=OH) 

H -donor Mesohaemin 
( relatively s t o w )  ’ ( 9 )  X=H) 

( C )  

Haemin c 
(4) (X=RS) 

up to 17y0, possibly preventing further oxidation. 
However, a large excess of hydroquinone (4 x 10-2~)  
inhibited even initiation, and no reaction took place. 

The simultaneous transformation of a vinyl group into 
either an ethyl or hydroxyethyl group, and the fact that  
the yields of the products [(9) and (5 ) ]  are affected by 
the oxygen concentration strongly suggest that (ll),  
with an a-carbon radical of the 2- or 4-ethyl group 
[derived from protohaemin (3)], is a common intermedi- 
ate for mesohaemin (9) and haematohaemin (5 ) .  Thus, 

changed and was recovered almost quantitatively. Also, 
the vinyl group was not transformed into an ethyl or 
hydroxyethyl group when protoporphyrin (8) was used 
as a starting material. These observations, which are 
common to both reactions represented by Schemes 1 and 
2, indicate that the iron of (3) and oxygen are also obli- 
gatory in the reaction of Scheme 2, and that they also 
play an essential role in the formation of the inter- 
mediate (1 1) [step (A) , radical-forming process]. There- 
fore involvement of step (A) and the common inter- 
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mediate (1 1) may be postulated in the reaction of Scheme 
1,  where (1 1)  gives a sulphide bond on combination with 
a cysteinyl radical [step (D) in Scheme 31. 

Protohaemin (3) was treated with sodium borodeuter- 
ide instead of sodium borohydride for 3 min, and the 
resulting mesohaemin was further converted into deuter- 
iated mesoporphyrin dimethyl ester (12). The n.m.r. 

cysteinylradical formed in the reaction mixture is the most 
probable mechanism for the formation of haemin c (4). 

More Evidence for the Generation of Free Hydrogen 
Atom from (3) and Sodium Borohydride.-Protoporphyrin 
(8) was treated with sodium borohydride in the presence 
of protohaemin (3), CTAB, and a small amount of oxygen 
at  pH 8 to give a mixture of mesoporphyrin (14), haema- 
toporphyrin (15), and other porphyrins containing a 
vinyl, ethyl, or hydroxyethyl group at  the 2- or 4- 
position. The products were esterified with methanol 
and sulphuric acid (95 : 5 \7/v) and purified by column 

spectrum of the product confirmed the incorporation of 
1 deuterium atom at  the p-carbon and 0.5 deuterium 
atom at the a-carbon of the vinyl group of (3). The 
incorporation of deuterium at  the a-carbon again sup- 
ports the intermediacy of ( 1  I ) ,  since borohydride is 
expected to compete for (1 1) with other hydrogen- 
atom donors in the reaction mixture (CTAB and hae- 
mins). Another possible candidate for the intermediate 
may be carbanion formation a t  the a-carbon, which 
could be generated formally by hydride (or deuteride) 
attack at  the p-carbon of (3). However, incorporation of 
deuterium at  the a-carbon of the carbanion from sodium 
borodeuteride is vcry unlikely to occiir in aqueous solu- 
tion. 

Haemin c Synthesis utilizing Sodium Bor0deuteride.- 
Haemin c was synthesized essentially according to the 
procedure as summarized in Scheme 1 except that sodium 
borodeuteride was used instead of sodium borohydride. 
The haemin c thus obtained was converted into haemato- 
porphyrin dimethyl ester dimethyl ether (13) by pro- 
cedures listed in the 1iteratu1-e.~ The n.m.r. spectrum 
of (13) indicated the incorporation of the deuterium at 
the 8-carbon of the vinyl group of (3). The incorpor- 
ation of deuterium and the a-carbon radical (11) form- 
ation as suggested above led us to the hypothesis that 
hydrogen atom is generated by reduction of the iron(m) 
of (3) with sodium borohydride, followed by its addition 
to the p-carbon of the vinyl group of (3), resulting in the 
formation of (11) .  The intermediate (11)  is resonance- 
stabilized and much more stable than the (3-carbon 
radical so that Markownikoff-type addition does not pre- 
dominate. Thus the combination of (11) with the 

C0,Me COzMe 

(13)  

chromatography. The yield of the main product, 
mesoporphyrin dimethyl ester (lo), was 13%. Seeming- 
ly (10) must have been derived from (€9, since the re- 
moval of iron from the haeniins in the reaction mixture 
scarcely occurred (0.5% at  maximum estimation). 
Mesohaemin (9), derived from protohaemin (3), was con- 
verted into (lo), accounting for 24% of (3). In the 
absence of (3), protoporphyrin (8) was not converted 
into mesoporphyrin (14) or haematoporphyrin (15) with 
sodium borohydride. This result supports the idea that 
free hydrogen, produced by the reaction of sodium boro- 
hydride with the iron(II1) of (3), is transferred to the 
8-carbon of the vinyl group of (8) to yield the a-carbon 
radical, and that this radical finally gives (14) or (15). 

Mechanism-Scheme 4 is a proposed mechanism 
which explains the generation of hydrogen atom followed 
by its addition to the vinyl group of (3) to form the a- 
carbon radical (11) .  The combination of (11) with 
cysteinyl radical leads to the formation of the sulphide 
bond. Oxygen is involved not only in the oxidation of 
iron(I1) to iron(m), which produces hydrogen atom by 
reaction with sodium borohydride, but also in the form- 
ation of cysteinyl radical. Other conceivable mechan- 
isms can be eliminated as follows. Acid-catalysed 
addition of thiol to olefin via a carbocation is unlikely, 
because the present reaction was performed at  pH 8.1, 
and also this mechanism cannot explain the formation of 
deuterium-incorporated product (1 3) from sodium boro- 
deuteride, 
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Fe represents the 
i ron- porphyrin complex 

cyst  eine { H Z O - F e ( I I I ) ~ O H  rnicelle) - RS--Fe(III) 

2 (RSHL2 ( b a l 3 H ~  

r H *  + BH, + Fe(I1) 

RSH + X*- RS*  + XH > ( X * :  radical  species such as H*, O,-,HOz*, e t c )  

N- " P  RS* + ( 1 1 )  --e- Adduct 
I \  

\ ,' - Fe -.,. 
(11) 

SCHEME 4 Plausible mechanism for the formation of a Markownikoff-type adduct 

Another mechanism to afford a Markownikoff-type 
adduct might be the generation of sulphenium ion, 
which could arise v ia  a two-electron transfer from 
cysteinyl anion to oxygen through iron within a ternary 
complex consisting of haem, oxygen, and cysteinyl anion 
(O,-FelT-SR). The addition of the resulting sulphen- 
ium ion to  the double bond of protohaemin (3) would gilre 
episulphenium ion, and the ring opening with liydride 
would result in the formation of haemin c (4). Although 
this mechanism is not excluded completely, the fact that 
the vinyl group of (3) was efficiently con\.erted into ethyl 
and hydroxyethyl groups even in the absence of cysteine 
renders the involvement of the episulphenium ion un- 
likely. 

Although it is of minor importance, a direct reaction 
of cysteinyl radical with the vinyl group of either haem 
or haemin is eliminated, since such an addition would 
lead to an anti-Markownikoff-type adduct. * Even if 
cysteinyl radical could add to the a-carbon of the vinyl 
group of haem (or haemin) to form the P-carbon radical, 
the exclusive incorporation of deuterium into (4) from 
sodium borodeuteride in the presence of a large excess of 
a good hydrogen donor (cysteine) is hardly explained. 

EXPERIMENTAL 

Matevials and ~etl~ods.-Frotoliaeniin chloride was 
purchased from Sigma, sodium borohydride froni Merck, 
and sodium borodeuteride from CEA. Authentic samples 
of mesoporphyrin dimethyl ester l 1  arid haematoporphyrin 
dimethyl ester dimethyl ether l2 were prepared according to 
published procedures. Melting points are uncorrected. 
Silica gel for colunin chromatography was Wakogel C-300 
(Wako Pure Chemical Ind. Ltd. ,  Osaka, Japan). Visible 
spectra were recorded on an  SM-40 1 spectropliotonieter 
(Union Giken) ; n.m.r. spectra on Varian 220 or HA-100U 
spectrometers (in CDCl,, SiMe, as internal reference) ; mass 
spectra on a Hitachi RMU-GL spectrometer. Field desorp- 
tion (FD) mass spectra were recorded with a JEOL D3000 

* The failure of radical thioylation of protoporphyrin has been 
reported elsewhere.' Our attempted radical addition of N -  
acetyl-L-cysteine or cysteine methyl ester to haemin dimethyl 
ester in chlorobenzene utilizing an initiator such as azo-isobutyro- 
nitrile gave no adduct. The very low reactivity of protopor- 
phyrin and protohaemin toward the thiyl radical may be related 
to the reversible nature of the addition reaction and the high 
stability of the a-carbon radical. 

spectrometer. The oxygen concentration was deterniinetl 
with a Gilson oxygraph K-IC equipped with an electrode 
and a Gilson recorder- I W .  

Prepavatzon of Haeman c (4) fvom Haemin (3) and L- 

Cysteine.-Haemin chloride (3) (10 mg) dissolved in 0 . 1 ~  
sodium hydroxide (10 nil) was added to sodium pliosphate 
buffer (200 nil) ( 0 . 2 ~ ,  p H  8.1) containing CTAH (72 mg, 
1 0-3~1) while nitrogen was bubbled through tlie solution. 
After the addition of cysteine (500 mg), the oxygen concen- 
tration was adjusted to ca. 15 VM, sodium borohydride (20 
mg) was added, and the reaction mixture was stirred vigo- 
rously for another 2 min. The p H  of the solution was then 
adjusted to  3.5 with GN hydrochloric acid. A small amount 
of unchanged haemin as well as mesohaemin \vas renioved by 
extraction with ethyl acetate. The resulting aqueous 
solution was subjected to colunin chromatography on Am- 
berlite CG-50 ( H i  form) prepared according to  the litera- 
t ~ r e . ~  Elution with pyridine-acetic acid buffer (0. l ~ ,  pH 
3.8) removed excess of cysteine. After washing of tlie 
column with distilled water, the pigment adsorbed 011 the top 
of the column was eluted with pyridine-water ( 1  : 1 ) .  The 
eluate was evaporated under reduced pressure and the resi- 
due was dissolved in a small amount of sodium hydroxide 
solution ( 0 . 1 ~ ) .  Haeniin L (4) was precipitated by the 
addition of G N  hydrochloric acid, washed with distilled 
water, and dried over I',O, [yield was 45-50% based on 
(3)]. The visible spectra of haemin G and its pyridine 
haemochromogen were identical to those reported in the 
literature. l3 

PIeeparation o j  B is- (;l'-benz3,ZoxycarbonyZ)povp/iyvin c 
Tetvaunethyl Estev (7) fvonz Pvotokaeunin (3 )  .-Haemin c was 
prepared according to the procedures described above 
except tha t  the last re-precipitation was omitted. To crude 
haeniin G obtained from eight runs [total amount of starting 
material (3) was 80 mg], was added methanol (80 ml). After 
the addition of ferrous sulphate (400 nig), hydrogen chloride 
gas was introduced into the solution a t  0" C. Within 1 niin 
removal of iron from (4) was complete. The reaction mix- 
ture was poured into a concentrated solution of Na,HPO,, 
and neutralized with sodium hydrogencarbonate if neces- 
sary. The aqueous solution was extracted with butanol 
(2 x ) and the resulting butanol layer was washed twice with 
dilute sodium hydrogencarbonate solution followed by water. 
After evaporation of the butanol layer, the residue was 
dissolved in methanol solution (50 ml) containing 20"; 
hydrogen chloride, and the mixture was left for 20 h a t  room 
temperature. After evaporation, the residue was dissolved 
in butanol, the solution was washed several times with dilute 
aqueous sodium hydrogencarbonate solution and with 
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water, and then evaporated. To the residue were added 
chloroform (20 ml) and saturated aqueous sodium hydrogen- 
carbonate (20 ml). After the addition of benzyloxycar- 
bony1 chloride (1  .O ml), the reaction mixture was vigorously 
stirred a t  0" C for 1 h, followed by extraction with ethyl 
acetate (400 ml). To the extract, pyridine (0.5 ml) was 
added to decompose any remaining benzyloxycarbonyl 
chloride. The solution was washed with water, 0.1 N - H C ~  
solution (2 x ), sodium hydrogencarbonate solution, and 
then water. Evaporation afforded a residue which was 
subjected to column chromatography on silica gel utilizing 
niethylene chloride-ethyl acetate (9 : 1)  as eluant. After 
elution of a minor band (presumably monocysteinyl 
products), compound (7 )  was eluted out as the main band. 
Column chromatography was repeated until (7)  was pure on 
the basis of t.1.c. [silica gel, benzene-ethyl acetate (5 : 1)  as 
eluant] to give (7) [38.4 mg, 28% yield based on proto- 
haemin (3) used]; m/e (FD) 1 130 (29 5%),  1 129 (50.0), 
1 128 ( M + ,  78.4), 894 (33.0), 893 (71.6),  and 892 (100); 6(60 
MHz) 2.35 (d, 6 H),  3.20 (m, 8 H),  3.66 (s, 24 H), 4 .4  (m, 6 H) ,  
4.G6 and 5.13 (4 H), 5.8 (m, 4 H), 7.35 (s, 10 H), 10.13 
(2 H),  and 10.56 (2 H ) ;  A,,,,., (CH,Cl,) 404, 500, 535, 5G9, 
597, and 624 nm. 

Reaction of (3) with Sodium Bovohydvide at a low Oxygen 
Concentvation.-Nitrogen was bubbled through a sodium 
phosphate buffer solution (0.2h.1, pH 8. I ,  400 ml) containing 
CTAB (144 mg, 1 0 - 3 ~ ) .  To the solution was added (3) (40 
mg, 61 p o l )  dissolved in 0 . 1 ~  sodium hydroxide solution 
(10 ml) with stirring. After addition of sodium boro- 
hydride (800 mg) dissolved in 0 . 1 ~  sodium hydroxide 
solution (10 ml), the reaction mixture was stirred for 3 niin 
with bubbling of nitrogen. The unchanged sodium boro- 
hydride was quenched with acetic acid and the solution was 
adjusted to pH 3.0 with 6~ hydrochloric acid. The reaction 
mixture was extracted ethyl acetate (3 x ) .  The combined 
organic layers were washed with 0 . 1 ~  hydrochloric acid 
and dried over sodium sulphate. After evaporation, the 
residue was dissolved in methanol containing 10% oxalic 
acid and subjected to the reaction of Grinstein @a to remove 
iron. The chloroform extract was washed with dilute 
ammonium hydroxide solution and then water, dried over 
sodium sulphate, and evaporated to  dryness. The residue 
was subjected twice to column chromatography on aluniin- 
ium oxide eluting with chloroform-methanol (200 : 1 v/v). 
The eluate was evaporated, the residue dissolved in ethyl 
acetate, and the ethyl acetate solution washed with water 
several times. After evaporation, the residue was adsorbed 
on a silica gel column equilibrated with a benzene-ethyl 
acetate (5 : 1 v/v). Mesoporphyrin dimethyl ester (10) was 
eluted a t  first. This column chromatography was repeated 
until the purity criteria for (10) and haematoporphyrin 
dimethyl ester dimethyl ether (6) were satisfied by t.1.c. 
(silica gel) and visible spectroscopy. The yields of ( I  0) and 
(6) were 20y0 and 4y0, respectively: ( lo) ,  m.p. 215-217 "C 
(CHCl,-MeOH)(lit.,ll 213-216 "C) ; &:L,. (CHC1,) 400, 499, 
533, 567, 594, and 621 nni (found to be consistent with the 
literature ll); 6 (100 MHz) 1.88 (t, 6 H), 3.28 (t, 4 H), 3.67 
(s, 18 H), 4.10 (4, 4 H), 4.44 (t, 4 H),  and 10.10 (s, 4 H);  wile 
596 ( l l . l y h ) ,  595 (42.9), and 694 (Mf, 100): (6) ,  A ,,,, \x. 
(pyridine) 402, 499, 533, 569, and 623 nm (found to be 
consistent with the literature 12) ; 6 (100 MHz) 2.25 (d, 6 H), 
3.26 (t, 4 H),  3.65 (s, 24 H),  4.38 (t,  4 H),  6.04 (9, 2 H) ,  10.02, 
10.07, 10.48, and 10.53 (all s, 4 H). 

Reaction of (3) with Sodium Borodeuteride at a low Oxygen 
Concentvation.-The reaction was performed according to 

the procedure described above except that sodium boro- 
deuteride was used instead of sodium borohydride. A 
similar treatment gave deuterium-incorporated mesoporphy- 
rin dimethyl ester (12); 6 (100 MHz) 1.88 (m, 4 H, CH,D), 
3.24 (t, 4 H),  3.64 (s ,  18 H), 4.05 (t-like, 3 H), 4.43 (t, 4 H), 
and 10.10 (4 H ) ;  wz/e 600 (26.0%), 5.99 (55.2), 5.98 (88.5) 
597 (loo), 596 (81.3), 595 (22.9), and 594 (3.1).  

Deutevium Incovpovation into (4) .-Haemin G was pre- 
pared by the method described above utilizing sodium 
borodeu teride. Deuterium-incorporated haemin G was 
converted into (13) by the established procedures; 6 (100 
MHz) 2.28 (d, 4 H), 3.34 (t,  3 H), 3.70 (singlets, 24 H), 4.48 
(t,  4 H ) ,  and 6.10 (t, 2 H). 

Reaction of (8) with Sodium Bovohydvide in the Presence of 
(3),  CTAB,  and Oxygen.--Nitrogen was bubbled through a 
sodium phosphate buffer solution ( 0 . 2 ~ ,  pH 8.0) (400 ml) 
containing CTAB (144 mg, l W 3 ~ ) .  To the solution were 
added (3) (20 nig, 30.7 pmol) in sodium hydroxide solution 
(O. l s ,  10 ml) and (7)  (20 mg, 35.5 pmol) in potassium hy- 
droxide solution ( 0 . 1 ~ ,  10 ml), followed by the addition of 
sodium borohydride (800 mg) dissolved in 0 . 1 ~  sodium 
hydroxide solution (10 ml). The reaction mixture was 
stirred with bubbling of nitrogen for 3 min, then unchanged 
sodium borohydride was quenched with acetic acid. The 
solution \vas adjusted to pH 3.0 with hydrochloric acid 
(h), stirred for 10 min a t  room temperature under air, and 
extracted with ethyl acetate (3 x ) .  The combined organic 
lajrers were washed with water, and porphyrins were 
extracted Lvith 1~ hydrochloric acid. The combined acid 
solution was adjusted to pH 3 with a saturated sodium 
acetate solution and extracted with ethyl acetate. The 
organic layer was washed with water, dried over sodium 
sulpliate, and evaporated to dryness. The residue was 
dissolved in methanol ( 100 nil) containing sulphuric acid 
(2.7 ml) and left overnight a t  room temperature. The 
reaction mixture was poured into dilute sodium acetate 
solution, the pH being adjusted to 3.5, followed by extrac- 
tion with ethyl acetate. The ethyl acetate layer was washed 
several times with water, dried over sodium sulphate, and 
then evaporated. The porphyrin esters were chromato- 
graphed on aluminium oxide twice, followed by silica gel 
twice to afford (10) (4.7 pniol, 13%), m.p. 215-217 "C 
(CHCl,-MeOH)(lit.,ll 213-216 "C) ; visible spectrum con- 
sistent with the literature; l1 6 (100 MHz) 1.84 (t, 6 H), 
3.30 (t, 4 H) ,  3.84 (s, 18 H ) ,  4.08 (9, 4 H), 4.43 (t, 4 H), and 
10.05 (4 H) .  

The organic layer of the first extract, which contained 
haemins, was washed with water and evaporated. The 
residue was subjected to the reaction of Grinstein 9a for the 
removal of iron with concurrent esterification. From the 
mixture, (10) was isolated by column chromatography on 
aluminium oxide and silica gel in 24% yield, m.p. 215- 
217 "C (CHC1,-MeOH) (1it.,l1 213-216 "C); the Rp value 
on t.1.c. [silica gel, benzene-ethyl acetate (5 : 1) as eluant], 
visible spectrum, and n.1n.r. spectrum were consistent with 
those of an authentic samp1e.l' 
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for recording FD mass spectra, and Dr. Y .  Orii for helpful 
discussions. 

[O/l5Ol Received, 1st October, 19801 



2870 J.C.S. Perkin I 

REFERENCES 

J. Am. Chem. SOC., 1975, 97, 6556, and references therein. 
J. T. Slama, H. W. Smith, C. G. Wilson, and H. Rapoport, 

S .  Sano and S .  Granick, J .  Biol. Chem., 1961, 256, 1173. 
(a) S .  Sano, N. Nanzyo, and C .  Rimington, Biochem. J . ,  1964, 

93, 270; (b) S. Sano, in ' The Porphyrins,' ed. D. Dolphin, 
Academic Press, New York, 1979, vol. 7, p. 377. 

S. Sano and K. Tanaka, J .  Biol. Chem., 1964, 239, 3109. 
S. Sano, in ' Structure and Function of Oxidation Reduction 

Enzyme,' eds. A. Akeson and A. Ehrenberg, Pergamon, Oxford, 
1972, p. 35. 

S. Sano and M. Kurihara, 2. Phys. Chem., 1969,350, 1183. 
(a)  S. Miyake and T. Sugimura, Biochem. Biophys. Res. 

Commun., 1970, 40, 85;  (b)  E. M. Colleran and U. T. G. Jones, 
Biochem. J. ,  1973, 134, 89. 

S. Kojo and S. Sano, J .  Chem. SOC., Chem. Cornmun., 1977, 
249. 

(u) M. Grinstein, J .  Biol. Chem., 1947, 167, 515; (b) K. G. 
Paul, A d a  Chem. Scand., 1951, 5 ,  389. 

lo J. Simplicio, K. Schwenzer, and F. Maenpa, J .  Am. Chem. 
SOC., 1975, 97, 7319. 

l1 ' Porphyrins and Metalloporphyrins. A new edition based 
on the original volume by J. E. Falk,' ed. K. M. Smith, Elsevier 
Scientific Publishing Co., Amsterdam, 1975. 

l2 S. Granick, L. Bogorad, and H. Jaffe, J .  Biol. Chem., 1953, 
202, 801. 

l3 N. Nanzyo and S. Sano, J .  Biol. Chem., 1968, 243, 3431. 




