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Thus a-tocopherolhydroquinone, derived from (2fl,4'fl,8'ff)-a-tocopherol,2a 

regenerates the same tocopherol, with 100% retention of configuration, 
upon cyclization with p-toluenesulfonic acid in refluxing benzene.8 

28 35 

(30) We are grateful to a referee for suggesting an attractive, related mechanistic 
rationale for the clean retention of configuration observed in the conver

sions of 22 and 28 to 25. This involves the intermediacy of quinone ketal 
24 formed in small quantity from 28 by air oxidation (via 27). Reduction of 
24 by hydroquinone 28 then produces 25 and regenerates 27, thus es
tablishing a catalytic redox cycle. In this regard, it should be noted that, 
because of their extreme air sensitivity, hydroquinones 22 and 28 contained 
trace quantities of the corresponding quinones the formation of which could 
not be avoided. 

(31) Ratcliffe, R.; Rodehorst, R. J. Org. Chem. 1970, 35, 4000-4002. 
(32) This aldehyde was first prepared by Dr. K.-K. Chan of our laboratories, 

starting from the S acid 23,6 by a sequence involving formation of the 
methyl ester (methyl iodide, NaHCO3, DMF, room temperature), benzylation 
of the 6-hydroxyl function (benzyl chloride, K2CO3, DMF, room temperature), 
and partial reduction (diisobutylaluminum hydride, - 7 0 0C, hexane). 

(33) The purified potassium ferricyanide oxidation product of natural (2fl,4'-
f?,8'fi)-a-tocopherol is reported to exhibit [a]zs

a +31.5° (c 5, isooctane): 
Rubel, T. "Vitamin E Manufacture", Noyes Development Corp.: Park Ridge, 
N.J., 1969; pp 95-99. 
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Abstract: Convenient syntheses of "chelated heme" compounds from naturally occurring hemes are described. NMR studies of 
the carbon monoxide complex of chelated protoheme serve to characterize this model compound in solution. Chelated proto
heme, having a "proximal" imidazole covalently attached, displays spectra and kinetics and equilibria of reaction with dioxy
gen and carbon monoxide that are similar to those of R-state hemoglobin, making chelated protoheme unique among model 
compounds. 

Hemoproteins that transport dioxygen have dioxygen 
binding sites which consist of a protoheme molecule held in a 
globular protein by an imidazole-iron bond and by other 
noncovalent bonding.3 Although not attached by covalent 
bonds as is the cytochrome c heme, the protoheme in hemo
proteins such as hemoglobin or myoglobin is bound so strongly 
as to make the hemoprotein behave as a single molecule. 
Furthermore, the Fe(II) is five-coordinated in the deoxy form 
of these hemoproteins. The function of these hemoproteins is 
simply the reversible binding of triplet dioxygen without 
themselves undergoing oxidation to Fe(III): 

106-10« L M - ' s-l 
Fe(II) + O2^- ' Fe11O2 *» Fe(III) (1) 

5 to 2500 s"1 

Because respiration is controlled by the variations in the rate 
constants shown in eq 1, it is of great interest to determine the 
sources of these variations.3,4 The obvious way to find out what 
affects the kinetics and equilibria of dioxygen binding is to 
prepare small model compounds that reversibly bind dioxygen 
and to vary the structures and environment in the study of these 
compounds.5"7 However, when hemin compounds and im
idazoles were mixed in a solvent, reduced to Fe(II), and treated 
with oxygen, two things happened to prevent such mixtures 
from mimicking hemoglobin behavior. First, two imidazoles 
are bound, converting the heme to a hexacoordinated hemo-
chrome unlike the five-coordinated heme in hemoglobin.3 

Secondly, such mixtures were thought to oxidize the Fe(II) too 
fast to allow reversible oxygenation to be studied,8 an opinion 
which no longer holds.5b 

The oxidation of hemes to hemins in solution is much more 
rapid than are the corresponding oxidations of myoglobin or 
hemoglobin. One mechanism of such oxidation was proposed 
by Cohen and Caughey,9 based upon the observation that heme 
oxidation in solutions containing pyridine is second order in 
the heme and first order in dioxygen: 

Fe(II) + O 2 - Fe»-00 (2) 

Fe11-OO + Fe(II) -* Fe1^OO-Fe" (3) 

Fe-OO-Fe Fe(III) + H2O (4) 

This mechanism has been further documented by the obser
vation that at high oxygen pressure (0.1 to 1 atm) and strong 
dioxygen binding, the rate is second order in Fe(II) and inverse 
first order in dioxygen,10 as required by eq 3. Evidence for the 
existence of an Fe-OO-Fe structure at low temperature has 
also been presented." 

We have presented two methods of studying reversible ox
ygenation of simple heme compounds. First, oxidation is not 
as fast as had been presumed, and rapid kinetic and spectro
scopic methods can be applied to reversible oxygenation of 
almost any heme model system. I2a'b Secondly, carbon mon
oxide can be used to protect against oxidation and removed 
quickly by flash photolysis, allowing the rapid spectroscopic 
and kinetic methods to be used in mixtures of CO and O2.12bc 

Because the heme-oxygen complex is formed and dissociated 
faster than is the heme-carbon monoxide complex, exactly as 
with hemoproteins, the flash photolysis method is applicable 
to simple model compounds 12b'c (Hm = heme, B = proximal 
base) (eq 5). 

BHmCO; 

JUL. 
1 = o.oi-iooo s-

/' = 105-108 M - ' s-
^BHm 

107-109 M - ' s - ' 

k = 5-1000 s-
^BHmO2 (5) 

The second problem of maintaining a single species, five-
coordinated heme behavior as do hemoproteins was solved by 
preparing chelated hemes in which five-coordination is 
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maintained by having the "proximal" imidazole covalently 
attached (see Figure 1). This is, to date, the only convenient 
method allowing dynamic hemoprotein model studies in so
lution to be made. 

In this paper we present the details of syntheses of chelated 
hemes, completely characterize one of these systems in solution 
by NMR, and describe the spectroscopic and kinetic properties 
of chelated hemes and their dioxygen and carbon monoxide 
complexes. 

Results 

Syntheses. Our approach toward the syntheses of hemo
protein "active-site sections" is based upon the covalent at
tachment of side chains having the requisite base to constitute 
the proximal or distal base and proper chain length for iron 
chelation in the hemoprotein. This was accomplished by cou
pling various pyridine, imidazole, or other derivatives to the 
heme through the propionic acid side chains as had been done 
by Lautsch et al.,13 Losse and Mtiller,14 Warme and Hager,15 

and by van der Heijden et al . '6 While in this earlier work 

-CH2CH2C—OH 

Q + HX base 
/ft base 

CH.,CH,C—OH 
heme 

coupling 
/ 

O 

<6> 
-CH2CH2C—X base 

/ 
- C H 2 C H 2 C - O H 

heme-base 

naturally occurring peptides or amino acids were used for this 
coupling, we preferred to use synthetic bases designed to 
achieve certain desired geometry, proximal base structure, or 
porphyrin ring structure. The carbonyl attachment was made 
through either an ester or an amide function, and the usual 
coupling procedures that have been developed for peptide 
syntheses should be applicable. However, these procedures are 
usually designed to waste the acid portion of the coupling 
mixture and consequently often lead to undesired porphyrin 
derivatives that are difficult to remove. We therefore explored 
a wide variety of coupling methods. In one approach, the 
porphyrin dimethyl ester was partially hydrolyzed and, after 
purification, the monoacid was coupled to a primary amine or 
alcohol containing the desired proximal base (P = porphyrin 
ring) by the pivalyl chloride method.17'18 

O 

OMe HCl 

O 

P \ ^ / O M e 
H,O 

O O 
O 

1. t-BuCOCl ^ ^ ^ k N H R 

P \ ^ ^ / O M e 

O 

OH 
OMe (7) 

(8) 
2. R - N H , 

An alternative procedure that is effective for most simple 
primary amines such as l-[3-aminopropyl]imidazole employs 
commercial protoheme directly in a one-pot reaction to pro
duce, alternately, the diamide, the monoamide-monoacid, or 
the monoamide-monoester, depending upon amounts of amine 
added and upon workup procedures employed. Treatment of 
protohemin with a slight excess of pivalyl chloride in pyridine 
followed by addition of only enough amine to react with one 

Figure 1. Chelated hemes. 

of the two anhydride groups and quenching with methanol 
produced, after chromatography, about 30% yield of proto
hemin monomethyl ester monoamide derivative (Hm+ = 
protohemin chloride ring). 

O 

H m ^ 

CHXH.C—OH 

CHXH.C—OH 

H m + ^ 

f-BuCOCl 

O O 

I Il 
CH2CH2C—OC—f-Bu 

CHJCH,C—OC—f-Bu 

" " I l Il 
O O 

(9) 

(10) \r^N(C'H.)..NH. 

O O 

Il Il 
. CHXH2C—OC—r-Bu 

Hm' 

CH2CH2C—NH(CH2);N; 

O 

mixture 

(H) 
MeOH 

CH2CH2C—OMe 

CH2CH2C—NH(CH2) , N ^ N 

O 
O 

+ diester, etc. 

Alternatively, the reaction mixture can be quenched with 
water to produce the monoacid (eq 12). These methods depend 
upon the easy chromatographic separation of the diacid, mo
noacid, diester, and mono- and diamides. 

The chelated hemin chloride compounds, after purification 
by column chromatography to the point where one-spot thin-
layer chromatography was observed with several solvents, gave 
satisfactory analyses and NMR spectra. Because our syntheses 
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Table I. Structures of Heme Compounds"* 

R3 CH3 

compd (named 
as the Fe(Il) 
derivative) R' R2 R3 

1, chelated 
pyrroheme 

2, mesoheme 
diacid 

3, mesoheme 
dimethyl 
ester 

4, mesoheme 
monoacid 

5, chelated 
mesoheme 

6, dichelated 
mesoheme 

7, chelated 
mesoheme 
acid 

8, pyridine 
chelated 
mesoheme 

9, chelated 
protoheme 

10, dichelated 
protoheme 

- N H ( C H J ) 3 N O ^ 

OH 

OCH3 

OH 

-NH(CH2 

I 

)3NQN 

•NH(CH,)JNQ"N 

-NH(CH2)J-N^N 

C 

-OH 

-OCH 3 

-OCH 3 

-OCH 3 

- N H ( C H J 3 N - Q N 

-OH 

Et 

Et 

Et 

Et 

Et 

Et 

Et 

-0(CH,; *-© 
-NH(CHj)3N^N 

-NH(CH3)3N^QN 

-OCH3 

-OCH3 

Et 

-CH=CH2 

-^ -CH=CH-I 
-NH(CHj)3NON 2 

" The numbers 1, 2, etc. refer to the Fe(II) or heme compound 
shown. The corresponding porphyrins, having Fe(II) replaced by two 
H + ions, are indicated by adding P to the number, etc. Thus, e.g., 2 
= mesoheme, 2P = mesoporphyrin, 2+Cl~ = mesohemin chloride, 
2-CO = carbon monoxide complex of mesoheme. * As a result of the 
method of synthesis, each of these compounds consists of a 1:1 mixture 
of the compound shown and that having R1 and R2 interchanged. See 
the NMR results.c In compound 1, the heme is pyrroheme, in which 
the entire group -CH2CH2CO2R is replaced by -H . 

H m ^ 

CH2CH,C—OH 

~CH,CH,C—OH 

" "Il 
O 

1. f-BuCOCl (pyr) 
^Q" (12) 

Hm' 
.CH,CH,C—OH 

"CH2CH2C—NH(CH2) , N ^ N 
^/ 

diacid and diamide 

consist of simple deriyatizations of well-known compounds, 
the structure proofs are rather straightforward. UV-visible 
spectra are, in these cases, indications of structure. The cou

pling of hemin rather than porphyrin derivatives avoids the 
difficulties of adventitious photooxidation often observed with 
porphyrin derivatives. 

The compounds discussed in this paper are shown in Table 
I. 

NMR Studies of Heme Complexes. The 220-MHz proton 
NMR spectrum of the ferrous CO complex (9-CO) is shown 
in Figure 2. The shifts of the porphyrin substituents are con
sistent with those previously published for low-spin ferrous 
complexes. At the concentrations studied (0.02-0.05 M), 9-CO 
and the other low-spin ferrous complexes were free of the 
concentration-dependent resonance shifting that is often im
portant in porphyrin NMR.19-20 Assignment of the meso and 
vinyl protons was made by analogy to the assignment of pro
toporphyrin IX dimethyl ester.21 The bound imidazole shifts 
are similar to those reported for an imidazole complex of 
ruthenium carbonyl mesoporphyrin IX dimethyl ester.22 The 
assignments for chelated protoheme-CO (9-CO) and diche
lated protoheme (10-CO) are shown in Figure 3, and those for 
an analogous heme-imidazole-CO mixture (11-CO) are 
shown in Figure 4. 

Visible spectra obtained in the NMR tube before and after 
the NMR experiment on 9-CO are shown in Figure 5. The 
Fe(III) form (9+ Cl), in Me2SO-(^ shows a broad visible band 
around 570 nm and very broad lines in the NMR. Reduction 
with aqueous dithionite under Ar leads to visible absorptions 
at 525 and 555 nm, indicative of the ferrous Me2SO-imidazole 
complex. The corresponding NMR spectrum shows the im
idazole to be bound, but the side-chain resonances are sub
stantially broadened. Addition of 1 mL of CO (excess) to the 
sample results in visible absorptions at 564 and 536 nm and the 
N MR spectrum in Figure 2. Identical peak positions and rel
ative intensities are obtained for visible spectra at dilute (mi-
cromolar) concentrations in Me2SO. The Amax obtained for 
CO complex 9-CO also compares well to those obtained in 
cetyltrimethyiammonium bromide (CetMe3NBr) buffer and 
other solvents. (Compare the spectrum in Figure 5 with that 
in Figures 9 and 10 in the spectroscopy section below.) 

Similar experiments were carried out with dichelated pro
toheme (10-CO), in which both propionic acid groups of pro-
tohemin are derivatized as imidazolyl side chains. The visible 
spectrum of 10-CO is identical with that of the monochelated 
heme (9-CO). The NMR spectrum is also identical, except for 
peaks identified with the additional unbound side chain (see 
Figure 3). As will be shown below, complex 10-CO was quite 
useful in making structural assignments. 

For purposes of comparison, the NMR spectra of a number 
of ferrous CO complexes were measured, using protoheme IX 
dimethyl ester and an externally added alkylimidazole as the 
base. As before, the visible spectrum of the NMR sample could 
be measured without removing the sample from the tube. This 
allowed preparation of a Me2SO-heme-CO complex, followed 
by titration with a ligand while following the change in ligation 
by the usual method of visible spectroscopy. The binding of 
simple alkyl imidazoles to a five-coordinated CO complex is 
strong enough to completely displace Me2SO, but the sterically 
hindered 2-methylimidazoles require addition of a several-fold 
excess of base to obtain acceptable amounts of bound imid
azole.23 The faster off-rates of the 2-methylimidazole also 
result in some broadening of the bound resonances.24 

The chemical shifts of alkylimidazoles bound as ferrous CO 
complexes are listed in Table II. They are of two groups, R2 

being either -H or -CH 3 . As expected, substituents at the 2 
or 4 positions of the imidazole are most strongly shifted upfield 
by the ring current of the macrocycle, which increases in 
strength both approaching the porphyrin plane and the ligand 
axis through the metal.25 Thus, protons at the 2 or 4 positions 
are shifted ~ 7 ppm upfield upon binding, and 2-methyl groups 
are shifted ~4.4 ppm. The resonances for the 4 protons are 
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J A xM j i ~ / > 
vA A" 

IO 2 I - I 9 8 7 6 5 4 3 

CHEMICAL SHIFT , ppm 

Figured 220-MHz NMR spectrum of chelated protoheme 9-CO, 0.03 M in Me2SO-^6, under 1 atm of CO. The large peak at & 2.5 is due to sol
vent. 

0.70 J-3«.-0.17 

- C H 2 C H 2 6 6 , 

.CH3 CH 2 « - 2 . 7 9 ( 2 . 7 5 ) 

/ B . 3 5 1 C H = C ~ 

C -f- I 

C = » ^ ^ C H 2 » - 4 . 5 7 , 3 1 9 5 

C ^ ( 4 . 5 0 , 3 . 9 9 ) 

* ;CHb 

C - C H 2 - C H 2 J> 
3 . 9 8 3 . 4 3 C^ 

«•>»»•»> W 3 O 
10 CH2 3 . 

1 . 8 1 CHo 
/ 

7.40 \ N. 

7 .23 H / ^ » 

,CH2 3 .98 

Figure 3. Chemical shifts of the dichelated protoheme 10-CO and chelated 
protoheme 9-CO in Me2SO-^- Values in parentheses refer to 9-CO for 
those shifts that were measurably different from 10-CO. 

V = N C H 2 — - C H 2 - C H 2 -
0 .43 

J '£ 

H. : 9 . 9 7 - 9 . 7 4 
D 7.48 

H ^ 1 

4 ' U 3.01 
H > — - S ' C " 2 TK2 CHj-

1.85 T I-82 

7 . 9 9 

Figure 4. Chemical shifts of the protoheme IX dimethyl ester-CO-[l-
(3-acetamidopropyl)imidazole] complex (11-CO) in Me2SO-rf6-

shifted 0.64-0.67 ppm and those of the 5 protons 0.06-0.16 
ppm upfield compared to those of the unhindered iV-alkylim-
idazoles. We attribute this to the tilting of the imidazole ring 
in the direction to bring the 4-H nearer the porphyrin plane, 
due to the bulk of the 2-CH3 group. This tilting has been 
demonstrated by X-ray crystallographic studies of low-spin 
Co(Il) 2-methylimidazole complexes26 and was postulated to 
explain differential shifts in Fe(III) porphyrin complexes.27 

The data from the external base complexes of Table II made 
assignment of the imidazole resonances of chelated protoheme 
(9-CO) straightforward. Assignments of the side-chain reso
nances were not as obvious. The multiplets at 4.57 and —0.17 
ppm had areas of only 1 proton, another multiplet was masked 
by the imidazole singlet at 0.7 ppm, and the large Me2SO 
solvent peak occurred among a number of resonances, making 
integration impossible. 

The assignments were finally verified by use of saturation-
transfer techniques.28 The exchange rate of 1-methylimidazole, 
bound as a ferrous CO complex, with free 1 -methylimidazole 
is on the order of 0.5 s"1,29 which is competitive with the T\ 
relaxation of the bound resonances. Thus, using a complex of 
1-methylimidazole with ferrous CO and ~50% excess of base, 
saturation of the free methyl resonance results in a decrease 
in intensity of the bound methyl resonance. A similar result is 
obtained for the imidazole C-H resonances. The amount of 
saturation transfer observed depends on the relative popula-

450 500 550 600 650 
WAVELENGTH (nm) 

Figure 5. Visible spectra of chelated protoheme 9,0.03 M in Me2SO-^6: 
(a) hemin (9+C1); (b) reduction with dithionite (9-Me2SO); (c) addition 
of 1 atm of CO (9-CO). 
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Table II. Chemical Shifts of Alkylimidazoles in Ferrous CO Complexes of Protoheme IX Dimethyl Ester, 0.03 M in Me2SCW6 in Parts 
per Million Downfield of Tetramethylsilane 

H5^ .R1 (H) 

H< N N H 2 R 2 

— F e — 

substit 
position 

1 
2 
4 
5 

N 

a 
1.00 
0.42 
4.88 

1.99 
1.05 
0.36 
4.86 

O 

(CH.) ,NHCCH1 

4 
2.30 
1.07 
0.38 
4.95 

N CH1 

a 
-2.09 
-0.22 

4.72 

N ^ C H , 

1.99 
-2.15 
-0.30 

4.80 

< 

O 

(CH2)JNHCCH1 

:H3 

-2.19 
-0.29 

4.79 

" No signal due to rapid exchange with solvent. 

Table III. NMR Chemical Shifts of Side-Chain Protons in the Bound and Unbound Side Chains of Dichelated Protoheme (10) (see Figure 
3) and the Protoheme Dimethyl Ester Complex with l-[3-Acetamidopropyl]imidazole (11) (Figure 4) in Me2SO-^6 

O 
Il (CH2) 

5H. ^ C H 2 - C H 2 - C H 2 - N - C - C H 3 
1 6 7 H 9 

4 H 

111 X N X H 2 

1 
2 
4 
5 
6 
7 
8 
9 

shifts (5) in 
bound side-chai 
CO complexes 

10-CO 

2.55 
0.71 
0.34 
4.87 
0.70 

2.34,-0.17 
6.69 
2.79 

n 

li-co 
2.30 
1.07 
0.38 
4.95 
0.43 
1.88 
7.24 
1.56 

unl 
( 

10-CO 

3.98 
8.11 
7.23 
7.40 
1.81 
3.10 
8.30 
3.43 

shifts (5) in 
Dound side-chain 
CO complexes 

li-co 
4.11 
7.99 
7.22 
7.48 
1.85 
3.01 
8.06 
1.82 

upfield shift (Ad) 
upon binding 

^unbound ~~ "bound 

10-CO 

1.43 
7.40 
6.89 
2.53 
1.11 

0.76,3.27 
1.61 
0.64 

11-CO 

1.81 
6.92 
6.84 
2.53 
1.42 
1.13 
0.82 
0.26 

tions of the bound and free sites and the relationships of the 
7Ys and exchange rates.28 This technique was used in as
signment of the previously mentioned ruthenium complex.22 

The saturation transfer method is ideally suited to the co-
valently bound imidazole in 10-CO in which equal populations 
of bound and free sites are available. The shifts of the unbound 
side chain are listed in Table III. By noting saturation transfers 
caused by irradiation of the known unbound side-chain reso
nances, the correct assignment can be seen directly. As there 
are large differences in chemical shift between bound and free 
sites, the entire side chain could be assigned this way. The re
sulting assignments are listed in Figure 3. 

These results indicated the resonances of the methylene a 
to the bound imidazole are mostly obscured by the Me2SO 
peak. To get around this problem we exploited the differences 
in T\ of solvent and the side-chain resonances. T\ measure
ments by inversion recovery30 showed solvent to relax ~20 
times slower than the propylamide side chain. Under these 
conditions, the solvent protons can be saturated with negligible 
effect on the side-chain resonances.31 Thus, irradiation of the 
MeiSO peak with just enough power to cause saturation results 
in the spectrum in Figure 6, which shows the resonances around 
2.5 ppm. The methylene in question is now seen as a broad 

resonance at 2.55 ppm, between the previously assigned shifts 
at 2.79 and 2.34 ppm. Integration of this area indicates exactly 
five protons as required by the assignment. 

Several interesting aspects of the spectrum can be noted. The 
methylene next to the amide nitrogen is dramatically split into 
shifts at 2.34 and —0.17 ppm, with geminal coupling 3JHH

 = 

14 Hz. Similarly, the first methylene of the propionic amide 
is split into resonances at 4.57 and 3.95 ppm, 3 /HH = 14 
Hz. 

Having established the assignment, what can we learn about 
the details of the ligand binding? We should first like to 
demonstrate that the imidazole side chain is indeed internally 
bound as depicted in Figure 3. We would also like some in
formation on the conformation of the side chain and what ef
fect, if any, this has on imidazole and CO binding. 

To these ends the NMR of the protoheme dimethyl ester 
complex (11-CO) was investigated. The external base is the 
acetamide of the same 3-(l-imidazolyl)propylamine used to 
synthesize the chelated model compounds. Using an excess of 
ligand, the chemical shifts of the bound and free sites can be 
obtained from the same solution as was done with 10-CO. As 
before, visible spectra and saturation-transfer techniques were 
used to characterize 11-CO. The resulting shifts are given in 
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Table 111 and Figure 4. From these data, the upfield shift, A6, 
in parts per million for each position can be computed. This is 
the ring current-induced shielding or deshielding, which occurs 
when the ligand is brought from the "free" position in solution 
to the bound position on the iron. Inspection of the A<5 values 
for complex 11-CO shows that proceeding out the side chain 
(positions 6-9) there is a steady decrease in A<5 values, to be 
expected on moving the protons away from the symmetry axis 
and (most likely) out into solution as well. 

We now compare these to the A5 values for the side chain 
of the chelated 10-CO. Positions 1 and 6 are seen to have 
smaller A<5 values than the external base. One 7-H is shifted 
upfield only slightly, while the other experiences a greater A5 
than the5-H of the imidazole! The 9-CH^ of 10-CO is shown 
as having an upfield shift. As it lies in the deshielding region 
of the ring current,19 the effect amounts to less deshielding 
compared to the free side chain. 

The following is an interpretation we feel is consistent with 
the above results. First, the chelating imidazole is complexed 
completely to the heme in 9-CO. Any uncomplexed imidazole 
would have displayed resonances at <5 7.4, 7.23, and 8.11 as seen 
in 10-CO. The decreased upfield shifts of positions 1 and 6 in 
10-CO are due to loss of free rotation in the chelated com
pound, i.e., the methylenes are constrained to point away from 
the porphyrin plane. The wide differences between the 7-H 
positions strongly suggest a conformation in which one CH is 
directed toward the macrocycle and the other away. The amide 
NH appears to lie closer to the porphyrin ring than in the ex
ternal base. Less deshielding at the 9 position indicates a po
sition above the porphyrin plane. The increased deshielding 
of one CH of the methylene a to the porphyrin to 4.57 suggests 
constraint of the CH to lie more in the plane of the por
phyrin. 

The pattern of A<5s clearly demonstrates that the side chain 
is folded over the heme, not only internally bound but in a 
relatively fixed conformation. If the compounds were forming 
dimers or polymers32 by binding a noncovalently linked side 
chain, the ligand shifts would more closely resemble the ex
ternal base complex 11-CO and show resonances near 8 1.88, 
which we did not see. N MR of a chlorophyll model containing 
the same chelated imidazolyl side chain33 shows the same 
pattern of bound resonances and upfield shifts. 

We now turn to the position of the bound imidazole. Con
struction of a Corey-Pauling-Koltun (CPK) space-filling 
model shows the most suitable conformation of the side chain 
places the plane of the imidazole somewhat off the fourfold 
axes through the porphyrin nitrogens. This also relieves in
teractions of the 2,4 protons of the imidazole with these ni
trogens. The desirability of such a structure has been demon
strated by X-ray analysis of various ligand-heme combina
tions.34 

We have already shown the shift positions of the bound 
imidazole are sensitive to changes in the Fe-N bond angle. 
Comparison of A5 values in Table III shows the 4 and 5 posi
tions of the chelated imidazole to be the same as the external, 
unhindered base, but the 2 position is 0.48 ppm further upfield 
in the chelated model. This might seem to indicate a tilting of 
the imidazole toward the side chain; however, placement of the 
2-H closer to the ring by tilting would necessitate an equal 
uplifting of the opposite 4-H, leading to a smaller A<5. Such 
an effect is not observed. It is also unlikely, in a six-coordinated 
low-spin CO complex, that the Fe will move out of plane and 
so cause anomalous shifts. Inspection of the CPK model shows 
the 2-H to lie close to the amide carbonyl, perhaps within the 
shielding anisotropy of the C=O bond. The upfield shift of 0.5 
ppm experienced by this proton may easily be explained by 
such an interaction. 

The NMR spectra of chelated hemes bearing ethyl or acetyl 
groups in place of vinyls show the 2-H to be shifted upfield by 

4 3 2 

CHEMICAL S H I F T , p p m 

Figure 6. 220-MHz NMR spectrum of 9-CO in Me2SO-(Z6 with saturation 
of the solvent peak. 

the same amounts, relative to 1-methylimidazole. This occurs 
despite the varying intensities of ring current induced shifts 
caused by addition of electron-donating or -withdrawing 
groups to the heme and lends further support to this shielding 
phenomenon being due to the side chain, and not tilting of the 
imidazole-Fe bond.35a 

We therefore conclude the imidazole position of 9-CO is 
sterically unhindered. This is borne out by kinetics measure
ments, which show that the chelated hemes 5-CO and a similar 
compound, having four rather than three (CH2) groups be
tween the two nitrogens, behave identically.36 

While the shift positions of the substituents on the porphyrin 
periphery are as expected, some important changes in multi
plicities are brought about by addition of the chelated side 
chain. External bases should be free to rotate among several 
equivalent positions relative to the porphyrin macrocycle; in
deed, this randomness has presented a problem to crystallo-
graphic analysis of such complexes.34 The chelated compound 
9-CO holds the imidazole in a unique position across the ma
crocycle. Since the natural heme is unsymmetrically substi
tuted, and the coupling procedure should not discriminate 
between the two propionic acids, one would expect an equal 
mixture of isomeric complexes of 9-CO (and of 10-CO as well) 
depending on which propionic acid is derivatized (or which 
imidazole is bound in 10-CO). 

A comparison of the downfield regions of 9-CO and 11-CO 
is shown in Figure 7. In that of 11-CO the meso protons appear 
as singlets and the vinyl methylenes as doublets. In the spec
trum of 9-CO (and in 10-CO), we now see that two of the meso 
positions are split into doublets, and the vinyl methylenes now 
appear as triplets. As the meso protons are not coupled to any 
other protons, the apparent splitting is due to a mixture of 
nonequivalent isomers. In 11-CO the vinyl methylenes appear 
as doublets due to fortuitous superposition of resonances from 
the 2 and 4 positions. This chemical-shift equivalence holds 
true for most external base complexes of ferrous protoheme 
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Figure 7. 220-MHz N M R spectra of 11-CO (upper spectrum) and 9-CO 
(lower spectrum) in Me2SO-rf6- Peaks at 5 7-8 are due to excess alkyl-
imidazoie. 
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Figure 8. Spectra of chelated pyrroheme 1 in dry dimethylformamide at 
15 0 C as the hemin ( I + C l - ) : ( - - - ) after reduction with Pd on charcoal 
as the heme (1) (—); after addition of 1 a tmof 0 2 g a s (I-O2) (•••); after 
flushing the gas phase briefly with CO (1-CO) (—). Insets are on an ex
panded (XlO) absorbance scale. 

dimethyl ester (unpublished results). In 9-CO the mixture of 
conformational^ different isomers results in chemical non-
equivalence between respective vinyl protons of each isomer. 
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Figure 9. Spectra of chelated protoheme 9 derivatives in 2% Cet-
Me3NBr-0.1 F potassium phosphate buffer at pH 7.3, 25 0 C : sodium 
dithionite at two concentrations ( - - - ) ; after addition of 9 + C l - to the excess 
sodium dithionite (9) (—); after addition of 1 atm of CO (9-CO) 
( ) • 

The chemical-shift difference is such that the superpositions 
of doublets resemble triplets. 

No splitting of bound imidazole resonances can be found. 
However, when the asymmetry of the ring is enhanced by 
substituting for vinyl groups strongly electron-withdrawing 
acetyl groups, the 2- and 4-bound resonances are distinctly split 
by 0.01-0.02 ppm, clearly demonstrating the presence of two 
distinct bonding arrangements.35 These results serve to char
acterize the chelated heme-CO complexes employed in our 
kinetic studies and suggest means of detecting the angle of the 
imidazole plane of rotation about its Fe-N bond.35b 

Visible Spectroscopy. Solutions of the hemin compounds 
(1 -20 /uM) were prepared in various organic solvents, organic 
solvent-water mixtures, or in 2-2.5% cetyltrimethylammon-
ium bromide (CetMe3NBr) solutions in aqueous, 0.1 F, 
phosphate buffer and spectra determined in 1-cm cuvettes. The 
positions and relative intensities of all peaks were independent 
of concentration (from 5 X 10-7 to 5 X 10 -5 M) in both or
ganic solvents and in CetMe3NBr suspension, indicating 
monodisperse hemins or heme compounds. Typical visible 
spectra are shown in Figure 8 for the chelated pyrroheme 1 as 
the hemin chloride I+ Cl-, the deoxy compounds, 1, the carbon 
monoxide complex 1-CO, and the oxygen complex I-O2, and 
the same series for the corresponding protoheme model com
pounds, 9, 9+Cl-, 9-O2, and 9-CO is shown in Figures 9 and 
10. Figure 11 shows the Soret region spectra of the oxygen 
complex, I-O2, in CetMeaNBr buffer solution at pH 7.3 and 
in dimethylformamide. The oxy spectrum in CetMesNBr was 
determined by flash spectroscopy after photodissociation of 
carbon monoxide. It corresponds closely to that determined 
by ordinary spectroscopy and shows that the flash photolysis 
method is detecting reversible oxygenation. However, in this 
experiment only about 80% yield of the oxy complex I-O2 was 
achieved as expected from the relative rate constants and 
concentrations of CO and O2. 

The effect of having the base covalently attached was dra
matically shown by the spectra of mesoheme dimethyl ester 
3, the chelated mesoheme 5, and the dichelated mesoheme 6. 
It is remarkable that the spectrum of mesoheme dimethyl ester 
in aqueous CetMe3NBr suspension is identical with its spec
trum in carefully dried benzene.36,37 It would appear that water 
has rather low affinity for hemes and that this affinity is further 
reduced in the Cet Me3NBr micelle. The spectra of compounds 
1-10 are tabulated in Table IV. 
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Figure 10. Spectra of 9 derivatives in dimethylformamide at 15 0C as 
hemin (9+Cl~) (---); after reduction with sodium dithionite-crown ether 
(9) (—); after addition of 1 atm of O2 (9-O2) (•••); after flushing the gas 
phase briefly with CO (9-CO) ( ). 

Stoichiometry of Oxygenation. We have previously em
ployed mass spectral techniques to show that dioxygen is taken 
up by a solid film of deoxy-1 and that the dioxygen is replaced 
by carbon monoxide.22 Similarly, the diimidazole compound 
6 was reduced in dry DMF and treated with a known excess 
of dioxygen in an oxygen-argon mixture of known composition. 
Before and after equilibrating this mixture with the solution 
of 6 that had been reduced with Pd and hydrogen, the relative 
mass spectral peak heights were determined. Then a known 
amount of carbon monoxide gas was added and the peak height 
determined again. From the ratios of argon to carbon monoxide 
or dioxygen peak heights, and the known amounts of gases 
added, the amount of dioxygen first absorbed and then dis
placed by carbon monoxide can be determined. These quan
tities are listed in Table V. Except for the heme being in solu
tion, this experiment was performed exactly as previously 
described.2a 

These data clearly show that the reaction with oxygen is 
completely reversible and has the stoichiometry shown below. 

(14) 
+ O, + CO 

(15) 
+ O, 

Kinetics and spectroscopic comparisons of 5 and 6 indicate that 
the second imidazole does not seriously interfere with dioxygen 
or carbon monoxide binding, 6 reacting only about five times 
slower with CO than does 5. 

Kinetics. Because the compounds 1,5, and 9 exist in solvents 
as five-coordinated hemes like myoglobin, react faster with 
dioxygen than with carbon monoxide, and have photolabile 
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Figure 11. Soret spectra of 1 derivatives taken from absorbance vs. time 
curves at different wavelengths after flash photolysis in 2% Cet-
MejNBr-0.1 F potassium phosphate buffer at pH 7.3, along with spectra 
determined in the usual way. I+Cl" in CeIMe3N Br-buffer (---); after 
titration to 1 with sodium dithionite (—); after addition of 1 atm of CO 
( ); spectrum of 1-O2 in DMF-H2O at 15 0C (•••). Flash photolysis points 
in CeHVIe3NBr buffer at pH 7.3, 23 0C under 16.6 Torr (2.2 X 10~5 M) 
CO and 16.6 Torr (3 X 1O-5 M) O2 after a 2000-MS flash: immediately 
after flash (X); after 10 ms (A); after 2 s (O). These correspond to points 
at the beginning and end of curve a and at the end of curve b in Figure 
12. 

carbon monoxide complexes, the photoflash kinetic techniques 
applied to hemoproteins3a are directly applicable to these 
compounds. This discovery has allowed the kinetics and 
equilibria of oxygenation of simple heme compounds to be 
measured for the first time.l2ab In the reaction sequence shown 
in eq 16 and 17, the rate constant /' for return to HmCO can 

hv 

I 

HmCO Hm+ CO 

Hm + O2 = ^ HmO2 

(16) 

(17) 

be determined directly following a flash that removes carbon 
monoxide with a quantum yield of approximately 1. In the 
presence of dioxygen at appropriate pressures, a biphasic ab
sorbance vs. time curve is observed. An initial, rapid combi
nation rate gives the rate constant k' directly; the ensuing slow 
rate describes the system's relaxation to HmCO (Figure 
12). 

Following the rapid reaction of Hm with O2 (curves a and 
a'), the Hm02 returns to HmCO with an observed rate (curves 
b and b') having a rate constant, &0bsd, given by the rate of 
dissociation of H1T1O2 times the fraction of Hm going to 
HmCO (provided that / is very small compared to &):3e 

Cobsd = k 
1'[CO] 

./'[CO] + k'[02] 
(18) 

This can be rearranged to: 
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Table IV. Spectra of Model Compounds in Solutions" 

compd 

I+Cl-
1 
1-CO 
1-O2 

3 

3-CO 
5 
5-CO 
6 
7+CI" 
8+C1-
8 

8-CO 
9+C1-

9 

9-CO 

9+C1-

9 

9-CO 

9-O2 

proximal base 

Im 
Im 
Im 
Im 
none 

H2O 
Im 
Im 
Im 
Im 
Pyr 
Pyr 

Pyr 
Im 

Im 

Im 

Im 

Im 

Im 

Im 

solvent 

DMF 
DMF 
DMF 
DMF 
CetMe3NBr 

CetMe3NBr 
CetMe3NBr 
CetMe3NBr 
CetMe3NBr 
CetMe3NBr 
CetMe3NBr 
CetMe3NBr 

CetMe3NBr 
CetMe3NBr 

CetMe3NBr 

CetMe3NBr 

DMF/H20 
(70:30) 
DMF/H20 
(70:30) 
DMF/H20 
(70:30) 
DMF/H20 
(70:30) 

temp, 0C 

15 
15 
15 
15 
23 

23 
23 
23 
23 
23 
23 
23 

23 
23 

23 

23 

15 

15 

15 

15 

derivative 

Fe+Cl-
deoxy 
CO 
O2 
Fe(II) 

CO 
deoxy 
CO 
Fe11Im 
Fe+Cl-
Fe+Cl-
deoxy 

CO 
Fe+Cl-

deoxy 

CO 

Fe+Cl-

deoxy 

CO 

O2 

Soret 

392 
415 
407 
404 
384 
411 
439 sh 
403 
417 
410 
407 
394 
393 
413 
425 sh 
408 
403 
(75) 
430 

(114) 
420 

(203) 
408 
(90.8) 
427 

(124) 
420 

(203) 
414 

(121) 

/? 

548 
525 
530 
529 

522 
545 

527 

525 
(7.4) 

540 
(16.3) 
540 

(7.3) 
530 
(10.6) 
540 
(15.5) 
543 
(16.5) 

a 

558 
560 
562 

552 

556 

565 
(6.3)* 

558 
(13.5) 
569 
(15.2) 
565 

(6.4)' 
558 
(15.4) 
569 
(13.7) 
575 
(14.2) 

" Extinction coefficients, mM, in parentheses. * A shoulder (« = 4.4) appeared at 610 nm. c A shoulder (e = 2.6) appeared at 670 nm. 

Table V. Amounts of O2 Absorbed and Liberated by CO in DMF 
Solutions of 6 a t -45 0C 

total heme 
O2 absorbed 
CO absorbed 
O2 released by CO 

4.26 jimol 
4.28 jtmol 
4.99 jtmol 
4.56 ^mol 

/b 

a 

V 
f 

* 'VM 11 I l 

Figure 12. Oscilloscope traces of the 410-nm absorbance vs. time (curved 
lines) and In (absorbance, - absorbance.) vs. time (straight lines) after 
flashing a solution of 4.3 /nM chelated mesoheme 5 in 2% CeIMe3NBr-0.1 
F potassium phosphate buffer having 21 /uM O2 and 35 ^M CO concen
tration (including 5-CO) at 23 0C. Abscissa: (b) 50 ms/division; (a) 0.5 
ms/division; (b') 20 ms/division; (a') 0.2 ms/division. Ordinate: (a and 
b) 0.05 absorbance unit/division; (a' and b') 0.5 In unit/division. 

= I + AIfIO2I) (19) 
k W \[CO]j y ' 'obsd 

A plot of the reciprocal of the observed rate constant, /c0bSd, 

4.0 6.0 8.0 

(Cone. Oj /Core. CO) 

Figure 13. Plots of reciprocal of the slower rate constant observed after 
photolysis of a solution of 5-CO in 2% CetMe3NBr buffer against the ratio 
of dioxygen to carbon monoxide concentrations (including the CO from 
5-CO). 

against the ratio of dioxygen to carbon monoxide concentra
tions then gives an intercept yielding k~' and a slope from 
which Ko2 and thus k' can be obtained. A typical plot of such 
a set of data is shown in Figure 13. Alternatively, /'[CO] can 
be determined directly before addition of O2 and /c'[02] can 
be observed directly at the Hm vs. HmCO isosbestic point. 
These, with /c0t,sd, give k directly. 

By observing the biphasic curve (Figure 12) associated with 
k' and /c0bsd at different wavelengths, we can obtain spectra 
of the intermediates. The spectrum of the intermediate oxy-
heme 1-O2 in aqueous CeUvIe3NBr suspension, obtained in this 
way, is shown in Figure 11. 
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Table VI. Kinetic Constants for Reaction of Dioxygen and Carbon Monoxide with Chelated Heme Compounds at 22 °C 

compd PH 
/ ' , M - ' s - ' 

X 1(T6 
k\ M"1 s-

x icr6 
* , S " 

Ko2, 
/ tM-' solvent 

7.3 
7.3 

7.3 
7.3 
7.3 
5.5 
7.3 
7.3 

300"(24O)* 
11 
8 
2.3 
2.5 

26 
70 
12 
4 

C 

22 
53 
c 
c 

40 
40 
17 
20 

C 

23 
1700 

C 

C 

33 
32 

380 
44 

C 

1.0 
0.03 

C 

C 

1.2 
1.2 
0.045 
0.5 

CetMe3NBr 
CdMe3NBr 
toluene-CH2Cl2, 90% v/v 
CetMe3NBr 
Triton X-100 
CdMe3NBr 
CetMe3NBr 
CetMe3NBr 
CdMe3NBr 

" Reference 36. b Reference 29. c Attempts to study the kinetics of oxygenation were not successful due to oxidation, even in the presence 
of carbon monoxide. d Reference 35. 

Kinetic parameters for some of the compounds in Table I 
are shown in Table VI. 

Discussion 

In order to produce chelated hemes whose structures cor
respond as closely as possible to those in natural or reconsti
tuted hemoproteins, we chose to couple potential proximal base 
side chains to naturally occurring hemes or their derivatives. 
Because these chelated hemes are prepared by unsymmetrical 
coupling of a single proximal base chelating arm, we obtain 
a mixture of two isomeric compounds that we do not separate. 
Even the dicoupled product, when chelated, produces two 
isomers (see eq 13). The presence of the two isomers is verified 
by the two resonances seen for some of the meso protons in the 
NMR (Figure 3). 

We have been unable to crystallize these chelated hemes, 
perhaps due to the lack of symmetry and the mixtures of 
compounds. Therefore, we have resorted to other methods of 
characterization which better characterize the compounds in 
solution. First, because 9+Cl~ is prepared in one step from 
protohemin, there is little need to prove the heme ring struc
ture. Secondly, even in those cases where external base-heme 
structures are asserted to be characterized by X-ray crystal
lography, this does not constitute the characterization of the 
species in solution. For example, a crystalline heme- 1-meth-
ylimidazole compound when dissolved in a CetMe3NBr sus
pension or in benzene at 5 /xM concentration dissociates almost 
completely into heme and 1-methylimidazole.29'37 Such dis
sociation is less of a problem with chelated hemes having the 
imidazole arm. Nevertheless, in order to understand the dy
namic behavior of chelated hemes toward ligands, we wish to 
characterize them as completely as possible in solution. NMR 
spectroscopy is the most definitive method for this pur
pose.38 

The NMR spectra of the mono- and dichelated protoheme 
derivatives 9-CO and 10-CO make possible the assignment of 
the NMR position of every proton in both structures and serve 
to indicate the basic structure of these compounds. Clearly the 
coupling reactions have not affected either the heme ring or 
the vinyl groups. But more importantly, a comparison of these 
two NMR spectra confirms the conclusion, previously reached 
from kinetic and visible spectra studies,120 that the chelation 
arm in these CO complexes is completely bound to the iron 
(within the accuracy of the NMR method). The large chemical 
shift between iron-bound and unbound side chain protons in 
10-CO is definitive evidence of such binding (Figure 3). 

The very close similarity between the visible spectra of the 
solutions that were characterized by NMR and dilute (mi-
cromolar) solutions of these same CO complexes in Me2SO 
or in CCtMe3NBr suspension (compare Figures 5 and 9) serves 
to document our assignment of the chelated structure to these 
compounds in dilute solution where our kinetic measurements 
are usually made. Unlike one-to-one mixtures of heme-im

idazoles, these chelated hemes show visible spectra which are 
independent of concentration of base (and heme) from 1 ^tM 
to 0.05 M. 

The very large differences in the visible spectra5b of four-, 
five-, and six-coordinated hemes sometimes allow ligation of 
a deoxy chelated heme such as S or 9 to be determined directly. 
In particular, the four-coordinated and six-coordinated hemes 
have well-defined (but different) a and /3 bands, whereas 
five-coordinated hemes such as myoglobin have a single broad 
band in the a,/3 region around 520-580 nm (see 3,5, and 6 in 
Table VI). From the nature of these bands we conclude that 
monochelated hemes such as 5 or 9 are five-coordinated (high 
spin) in noncoordinating solvents such as toluene, methylene 
chloride, DMF, or CdMe 3 NBr suspension, but are substan
tially hexacoordinated (low spin) in solvents such as methanol, 
dimethyl sulfoxide, or ethers.36 

Because solvent ligation could compete (in most cases rather 
weakly)37 with binding of other ligands such as dioxygen or 
carbon monoxide, we have preferred solvent systems that do 
not coordinate with heme iron. The CetMe3NBr suspension 
serves to prevent water coordination. In addition, the solubil
ities of carbon monoxide and dioxygen in the dilute micelle 
suspension are very likely identical with those in dilute protein 
solutions. Both the protein and the micelles have hydrophilic 
exterior and somewhat hydrophobic interiors. It therefore 
seems reasonable to make no corrections for gas solubilities 
in these suspensions in making comparisons with hemoprotein 
solutions. Kinetic behaviors of model compounds toward li
gands are not altered by changing the suspending agent from 
CdMe 3 NBr to the nonionic detergent Triton B (see Table 
Vl). 

We have shown in another study that the carbon monoxide 
binding constant for the deuteroheme-imidazole complex (eq 
20) is reduced by a factor of 190 upon changing from 1-
methylimidazole (Ri = Me; R2 = H) to 2-methylimidazole 

+ CO (211) 

(Ri = H;R2= Me) in a CetMe3NBr suspension.29 The change 
is exactly the same as that in benzene observed by Rougee and 
Brault.39 Because 2-methylimidazole greatly inhibits the 
binding of a sixth ligand, this result requires that the solvent 
is not binding to iron in a CdMe 3 NBr suspension any more 
than it is doing in benzene. 
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Absence of Polymeric Forms of Chelated Hemes. It has been 
suggested that chelated hemes such as 9 may disproportionate 
into either dimeric or polymeric forms in toluene solution.32 

We present the following three observations which clearly 
demonstrate that such a phenomenon is not a factor in our 
studies of ferrous chelated hemes, whether under equilibrium 
or kinetic conditions. 

The possible reactions involved in dimerization are shown 
in Scheme I. jt is not possible to distinguish between 9-CO and 
a CO dimer (I) by visible spectroscopy. However, as we have 
shown above, the proton NMR spectrum of 9-CO provides 
excellent evidence that the complex indeed exists as the che
lated monomer, and not the open-chain dimer (see Figures 3 
and 4). The side-chain chemical shifts of the open-chain dimer 
(I) would be expected to more closely resemble those of the 
external base complex H-CO. The shifts of 9-CO, especially 
those for the position labeled 7 in Table III, show that the 
bonding arrangement is /n/ramolecular and relatively rigid in 
Me2SO-^6; similar results have been obtained in benzene-^ 
(not shown). Thus, the chelation arm serves to keep the local 
concentration of imidazole sufficiently high so that intramo
lecular binding such as in I is disfavored. The equilibrium in 
eq 25 lies to the side of the monomer even at normal heme 
NMR concentrations of 20-30 mM, so dimer formation is 
certainly not possible in micromolar solutions of chelated 
hemes. 

Two types of deoxy dimers are possible: a completely five-
coordinated dimer as in 11 or a mixture of four- and six-coor
dinated heme as in III. Again, one would not expect to differ
entiate II and monorneric 9 by visible spectroscopy. However, 
it is reasonable to assume that high local concentration of the 
chelation arm, demonstrated in the CO complex, is still ef
fective in the deoxy form. This precludes existence of 11, under 
equilibrium conditions, at the low heme concentrations em
ployed in visible spectroscopic studies. 

The existence of dimers of form III would require a mixture 
of spectral characteristics quite unlike those of a simple deoxy 
heme.32 Such a spectrum has never been observed for our 
deoxy, unstrained chelated hemes in dilute solution. 

Further, this six-coordinated dimerization requires that the 
product of the equilibrium binding constant of the second base, 
A"B, times the heme concentration exceeds that of the binding 
constant of the first base, A"B, times the effective local con
centration of the chelated base. The value of ~200 3 6 for the 
closure equilibrium K (eq 22) and the affinity of imidazole and 
heme in CetMesNBr29 lead to an effective local concentration 
of the chelated imidazole of >1 M. In benzene, where K% = 
10A"B, heme concentrations in the millimolar range would be 

required before substantial amounts of six-coordinated heme 
would form, consistent with published observations.32 In 
CetMe3NBr suspension, with K\ =* KB,29 even higher heme 
concentrations would be necessary; in either case, these con
centrations are far higher than those normally used. 

The possibility still remains that dimeric species could be 
generated transiently in kinetic investigations in solvents, such 
as benzene, which favor hexacoordination by the base. Again 
referring to Scheme I, photolysis of 9-CO leads immediately 
to deoxy-9 (eq 21). If reversible loss of base, giving four-
coordinated heme, were followed by a rapid dimerization re
action &D leading to II or III (eq 22 and 23), then the recom
bination rate of CO would show different kinetics. This di
merization can be excluded on kinetic grounds. At 5 /uM 
concentration of heme, even if ko were diffusion controlled, 
the rate of dimer formation would be limited by the chelation 
equilibrium constant K of at least 200 to A:D[Hm]2/A: = 109(5 
X 10_ 6)2 /200 = 1.2 X 1O-4 M s_ 1; this is competing with a 
CO on rate for five-coordinated heme (at 1O-4 M CO) of at 
least 5 X 1O - 6X 1O - 4X 107 = 5 X 1O -3 M s - 1 . But we know 
from other studies24 that imidazoles react with hemes with rate 
constants less than 109 M - 1 s_ 1 

Therefore, even in solvents which favor dimerization, such 
processes cannot occur during kinetic experiments, which use 
low heme concentrations. 

The above arguments conclusively show that the dimeri
zation of chelated hemes reported by other laboratories732 has 
not affected any of our previous work and is not seen in the 
present work. The use of kinetic methods avoids the problem 
in any solvent, and it is not encountered under equilibrium 
conditions at the usual low heme concentrations employed. 

Approaches toward Preparation of Five-Coordinated Hemes 
in Solution. Three approaches toward the production of five-
coordinated hemes have been developed. The cyclophane 
protection5"'40"43 or other steric protection7,44 of one side of 
the heme has, in some cases, successfully prevented the second 
imidazole from complexing with the heme.43-44 The use of 
2-methylimidazole as a sterically hindered base was found to 
result in almost exclusive formation of five-cdordinated heme, 
and this system was offered as a possible myoglobin model.45 

However, the same steric hindrance that prevented binding a 
second 2-methylimidazole also reduced the affinity for carbon 
monoxide39 compared to the 1-methylimidazole. Furthermore, 
the kinetics and equilibria of binding of CO to this mixture 
depend upon the concentration of imidazole, and in such a 
strained system the reaction with carbon monoxide occurs 
predominantly by a base dissociation mechanism.46 This does 
not mean that ligand affinities of the heme-2-methylimidazole 
complex cannot be obtained. However, they are not observed 
directly but are obtained by extrapolating to high concentra
tions of 2-methylimidazole (e.g., above its solubility in ben

zene 
29,46 

The third method, that of covalently attaching the proximal 
base to the heme,2a has none of the drawbacks of using external 
bases as proximal ligands due to the neighboring group or 
chelation effect that maintains a very high local concentration 
of base. 

The enormous advantage of having this local concentration 
at an actual imidazole concentration of 5 nM is obvious from 
the above discussion of dimerization. 

We have recently been able to derive (by an extrapolation) 
the rate constant of carbon monoxide reaction with the 1-
methylimidazole-mesoheme complex (reaction 26) which is 
essentially identical with the rate of reaction with 5 (reaction 
27). The off rates are also very similar. Therefore, the chelation 
does not affect this single step as compared to external base-
heme mixtures unless the chelation introduces some steric 
strain. 

Chelated hemes, having the same conformation and five-
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CO + —Fe-
l = 1.1 X 107M"1 s 

—* Fe ' F e — ' (27) 

O 

coordinated ligation as does hemoglobin or myoglobin, opti
mize the conditions for simple dynamic reversible ligation such 
as oxygenation.2a>7b 

Characterization of a Reversibly Formed Oxygen Complex. 
One of the advantages of preparing model compounds from 
protoheme or mesoheme is that the visible spectra of their 
derivatives match exactly those of the hemoproteins them
selves. A comparison of the spectrum of the dioxygen complex 
9-02 in DMF (Figure 8) with that of hemoglobin-02 reveals 
an identity in the Soret and the visible bands in these two 
compounds. 

That carbon monoxide displaces 1 equiv of dioxygen from 
a solution of 6-O2 in DMF is very strong evidence for reversible 
oxygenation rather than oxidation. The flash photolysis of a 
chelated heme-CO complex in the presence of dioxygen is itself 
definitive evidence for oxygenation. After photolysis of the 
carbon monoxide complex l-CO, the immediately observed 
spectrum corresponds to the deoxy form 1, which changes to 
the spectrum corresponding to the oxy complex I-O2 at rates 
that are proportional to dioxygen concentration. Subsequently, 
the spectrum returns to that of the carbon monoxide complex 
1-CO at rates that are dependent upon both dioxygen and 
carbon monoxide concentration. These observations are con
sistent with reversible oxygenation and are very difficult to 
explain in any other way. These processes are also identical 
with those which occur with myoglobin except for the actual 
rate constants. 

Perhaps the most interesting demonstration of an oxy 
complex as contrasted to the oxidized iron is the fact that the 
oxy complex of chelated protoheme can be prepared in the 
presence of a reducing agent. In polar aprotic media such as 
dimethylformamide, the 18-crown-6 complex of sodium di-
thionite rapidly reduces the Fe(III) form of chelated proto
heme.47 

Im 

—Fe^ 

Cf 

+ crown-Xa2S204 —Fe- (28) 

In the presence of excess reducing agent, the addition of 
dioxygen at 25 0C results in the formation of the oxy complex 
9-O2, as indicated by its visible spectrum (identical with that 
shown in Figure 9). The crown ether-sodium dithionite com
pound does not react with dioxygen under these conditions. 
Therefore, the spectrum observed when dioxygen is added to 
this solution cannot correspond to an Fe(III) compound be
cause the excess reducing agent would immediately reduce the 
Fe(III). 

These observations, and the mass spectroscopic identifica
tion of dioxygen gas that is displaced from the oxy complex 
6-O2 with CO, leave little doubt as to the identity of our oxy 
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complexes I-O2, 5-O2, 6-O2, and 9-O2. Since our first report 
of this complex,211 its existence has been independently con
firmed18 and many other dioxygen complexes of simple un
protected heme compounds have been reported.5b'6 

Chelated Protoheme, an Accurate Model of R-State He
moglobin. We have previously employed mesoheme or pyrro-
heme derivatives and have compared them with hemoproteins 
reconstituted with the corresponding hemes. In this work we 
report a very simple synthesis of monochelated protoheme 9, 
which has the same electronic properties as the heme in most 
hemoproteins. Not surprisingly, the spectral properties of this 
compound in CetMesNBr suspension as the deoxy (9), oxy 
(9-O2), and carbonmonoxy (9-CO) derivatives correspond 
almost exactly with those of hemoglobin. A comparison of the 
kinetics and equilibria of reactions of this compound with those 
of R-state hemoglobin are included in Table VII. It is quite 
clear that in CetMe3NBr suspension not only the binding 
constants for dioxygen but the on and off rates are rather close 
to those of R-state hemoglobin. 

Because the pressure for half-saturation of heme compounds 
is solvent dependent, decreasing as CO solubility increases, it 
is possible to achieve situations in which the P]/2CO for a model 
compound is lower than that for hemoglobin. For example, 
chelated mesoheme 5 has a P\/2CO = 4 X 1O-4 Torr in toluene, 
while in CetMe3NBr suspension the P\/ico of chelated me
soheme 5 is 10~3 Torr, almost the same as that of R-state he
moglobin. With solvent changes the variations in P\/2CO are 
only factors of about 3 to 7, depending upon the structure of 
the hemes. Owing to these variations in solubility, we prefer 
to make the protein comparison in aqueous suspension. The 
heme in hemoglobin is held in a "micelle" of protein, whereas 
in CetMe3NBr the heme is contained in a CetMeaNBr micelle. 
At the low concentration of heme used in titration or kinetic 
studies, the CO is in the water and not in the protein or Cet-
Me3NBr micelle. Therefore, it is logical to consider the CO 
activity as identical in these two systems. 

The conclusion is that both dioxygen and carbon monoxide 
bind to R-state hemoglobin without serious interference by the 
protein,12b its function being the maintenance of five-coordi
nated heme. By synthetically maintaining five-coordinated 
protoheme, we reproduce both the spectral and kinetic prop
erties of this protein in the R state. This leaves chelated pro
toheme as the only model system that has displayed the same 
ligation behavior as hemoproteins in both dioxygen and carbon 
monoxide binding. Modeling of the factors that change this 
basic five-coordinate protoheme behavior to the kinetic be
havior of T-state hemoglobin and other hemoproteins is dis
cussed elsewhere.29-36 

Reversible Oxygenation of Chelated Hemes at Room Tem
perature. The first study of reversible oxygenation of chelated 
hemes was carried out at —45 0C, and it was reported that 
these compounds were not stable toward oxidation at room 
temperature.213 Some synthetic heme compounds having one 
side protected by cyclophane40-41 or bulky groups44 were re
ported to undergo reversible oxygenation at room temperature. 
But such steric protection is not necessary for reversible oxy
genation at room temperature. The chelated hemes 1,5,9, etc., 
are all reversibly oxygenated at room temperature by reversibly 
converting the deoxyheme to the carbon monoxide complex. 
For example, the spectral intermediate I-O2 is an oxyheme 
obtained by flashing CO off a solution of 5 fiM 1-CO in the 
presence of dioxygen. Depending upon the relative concen
trations of O2 and CO, this oxyheme 1-O2 returns to car-
boxyheme 1-CO with half-times of from 0.05 to 1 s, sufficient 
to make many kinds of measurements on these solutions. Each 
point on the 1-O2 spectrum in Figure 11 is a separate reversible 
oxygenation of the same solution of 1. Clearly, reversible ox
ygenation can be repeated many times at 25 0C without ap
preciable oxidation. Our observation that (at —45 0C) 1 equiv 
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Table VII. Comparison of Spectroscopic and Kinetic Properties of Hemoglobin and Chelated Protoheme 9 at 20 0C" 

compd 

Hb 

9 

Hb(CO)4 

9-CO 

Hb(02)4 

9-O2/ 

" Chelated protoheme was suspended in 2% cetyltrimethylammonium bromide-phosphate buffer at pH 7.3. * Extinction coefficients, mil-
limolar, in parentheses. Those for Hb are from ref 3d. c At 22 °C.48a d At pH 5.48b e At pH 9 48b f Static visible spectra determined in 70:30 
DMF/H20. 

Soret 

430 
(133)* 
430 

(114) 
419 

(191) 
420 

(203) 
415 

414 
(121) 

/8 

540 
(13.4) 
540 
(16.3) 
541 
(13.8) 
543 
(16.5) 

555 
(12.5) 
558 
(13.5) 

a 

569 
(13.4) 

569 
(15.2) 
577 
(14.7) 
575 
(14.2) 

rate constants 
on, 

M - ' s - ' 

6 X 106 

6 X 106 

3 X 107 

2 X 107 

off, 
s-' 

0.009 

0.007c 

50 d 

10f 

44 

equilibrium 
constant, 

M"1 

7 X 108 

6 X 108 

1-6 X 105 

5 X 105 

of oxygen is absorbed selectively from a dioxygen-argon 
mixture by a solution of 6, and reevolved with simultaneous 
disappearance of 1 equiv of carbon monoxide, all quantitatively 
identified by mass spectroscopy, is the most definitive evidence 
that dioxygen is reversibly bound in a solution of a heme model 
compound. The identity of the visible spectrum of this dioxygen 
complex to those observed by flash spectroscopy lends strong 
evidence for the kinetic oxygenation that we report here and 
elsewhere. 

A second method of accomplishing reversible oxygenation 
involves the use of a selective reductant that reduces any heme 
which gets oxidized by dioxygen without reducing dioxygen 
itself. We have prepared an 18-crown-6 complex of sodium 
dithionite that reduces hemins effectively and rapidly, but 
reacts very slowly with dioxygen in aprotic solvents such as 
DMF, MejSO, and methylene chloride.47 Using this reducing 
agent it is possible to prepare, e.g., 9-O2 directly at 25 0C in 
an air-saturated solution of 9+Cl" in DMF by simply adding 
a solution of the crown ether-dithionite reducing agent. The 

B 

I + — F e — + crown-Na2SA 

9+CF 

N 

B 
0 , fast 

DMF 

slow 

— F e — 

B 

I 
- F e -

I 
O, 

(29) 

success of this method depends upon the absence of protic 
solvents that are required for the reduction of O2 by dithionite 
and upon the rather slow oxidation of 9 in DMF or MejSO 
solution. Therefore, this method is not effective at a high 
concentration of heme or in protic solvents. 

The oxygenation of simple hemes has several advantages. 
First, because steric protection is absent, the effects of solvent 
or extra side chains in intimate contact with the Fe-CO 
structure can be studied. Secondly, synthetic problems are 
simplified because steric protection does not have to be in
corporated into each new heme. But, importantly, the model 
compounds prepared from protohemin have the same structure 
and thus the same spectra as do hemoproteins. This makes 
possible the study of subtle changes in spectra of hemoproteins 
that result from changes in protein structure.3513 

One difference between simple unprotected heme model 
systems and those that have steric protection7 is that the pro
tected hemes can be oxygenated at high concentration and their 
dioxygen complexes are stable for long periods, whereas those 
of unprotected hemes are not. For some purposes such stability 
is required, but kinetics and equilibria of oxygenation can be 
accomplished at room temperature without this protectidn. 

Nature of the Iron-Dioxygen Bond. Studies of solvent effects 
on dioxygen binding to chelated hemes suggested a polar form 
Fe6+-OO6- for the oxyheme structure,19b'49'50 which is also 
consistent with the 0 - 0 stretching frequency of oxyhemo
globin and myoglobin.51 Further studies of solvent and elec
tronic effects on both CO and O2 binding dynamics that con
firm this conclusion will be reported elsewhere. 

Conclusion 

Convenient syntheses of hemoprotein model compounds 
having a covalently attached imidazole arm (chelated hemes) 
have been described. The chelated protoheme model has been 
characterized in solution by NMR and simultaneous visible 
spectroscopy. Imidazole chelated protoheme displays spec
troscopic properties and kinetics and equilibria for CO and O2 
binding that are almost identical with those of R-state hemo
globin. 

Experimental Section 
Protohemin chloride (Sigma or Calbiochem), cetyltrimethylam

monium bromide (Sigma), and Na2S2O4 (J. T. Baker) were used as 
received. All solvents were reagent grade. Pyridine was distilled from 
CaH2. CO and O2 were obtained from Matheson Gas Products. 
Chromatography was performed on silica gel plates (Eastman No. 
13181) or on silica gel (Baker) columns. Deuterated solvents were 
from Stohler Isotope Chemicals. 

Visible spectra were determined on a Cary 15 spectrophotometer. 
Special clear Dewar flasks equipped with a gaseous nitrogen cooler 
were used for low-temperature spectra. 

Nuclear magnetic resonance spectra were determined on a Varian 
HR-220 spectrometer equipped with Nicolet TT-100 pulse/Fourier 
transform. Three-four kilohertz sweep widths and 4-8K data points 
were used, and all shifts are reported downfield of internal Me4Si. 
Solutions were prepared 25-40 mM in Me2SO-^ as follows. The 
hemin was weighed into a precision NMR sample tube, which was 
closed with a silicone septum. The tube was evacuated via syringe 
needle and filled with CO or argon, then solvent. Reduction of the 
hcmin was accomplished by addition of 5-10 /xL of a D2O solution 
saturated with Na2S2O4. Aliquots of CO or other ligands could then 
be added via microliter syringe, and the titrations followed by 
NMR. 

To facilitate identification of the resulting complexes, a simple 
method was devised to measure visible spectra of samples in the NMR 
tube. A bored-out vortex plug was fitted midway down the tube. On 
this rested a 2-cm sleeve of precision glass tubing (Wilmad No. 520-3) 
that fit the sample tube to leave a 0.04-mm annular space. A stable 
smear was formed in this annular space, which was equilibrated with 
the rest of the solution by shaking so that the sleeve slid back and forth 
in the NMR tube. The use of lenses allowed visible spectra to be 
measured through this smear on the Cary 15. The visible spectra so 
obtained were identical with those obtained in dilute solution. 
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Solutions for Flash Photolysis or Spectroscopic Studies. Kinetics 
of reaction of the hemoprotein active-site compounds used here were 
carried out on the same concentrations of solutions and in the same 
tonometer systems as were used for equilibrium spectroscopy. The 
heme concentrations were 1O-6 to 10~5 M, in CdMe3NBr (2%) 
suspension containing 0.1 M buffer, or in organic or aqueous organic 
solvents. Some recent batches of CetMe3N Br (Sigma, Aldrich) pre
cipitated from 2% solutions suggesting that older batches are mixtures 
with perhaps differing chain lengths. 

Two kinds of tonometers have been developed for use with aqueous 
or partially aqueous systems. For flash photolysis studies, the to
nometer shown in Figure 14A was used. This consists of a 1 -cm2 Pyrex 
cuvette appended to a 100-mL bulb (130 mL total volume), to which 
is attached a holder for the Applied Science Laboratories W-IO sep
tum (Catalog No. 15443) and a three-way vacuum stopcock. Five 
milliliters of the CetMe3N Br buffer or aqueous organic solvent was 
placed in the tonometer and about 0.01 mg of the requisite heme in 
about 3 ^JL of methanol was added. The resulting solution was 
freeze-pump-thaw degassed three times and 1-2 ^L of a degassed 
solution of 5 mg of sodium dithionite in 5 mL of water was added. For 
CO studies excess sodium dithionite was added until a dithionite ab
sorption of about 0.5 at 350 nm was observed. When oxygen studies 
were planned, careful titration to complete heme reduction (monitored 
in the Soret region) was achieved without appreciable absorption in
crease at 350 nm. Alternatively, excess dithionite was destroyed, 
without deleterious effect on the heme, by adding a small amount 
(<0.5 mg) of hexachloroethane in 1 to 2 pL OfCH2CI2 or methanol. 
The probable course of the reaction (eq 30) produces no interfering 
products. 

S2O4
2- + Cl3CCCl3 — 2Cl- + Cl2CCCl2 + 2SO2 (30) 

After determining the UV-visible spectrum, the appropriate kinds 
and volumes of gases (CO, O2, etc.) were injected through the septum 
using gas-tight syringes, and the tonometer solution was equilibrated 
with the gas by vigorous shaking at 25 0C, placed in the spectropho
tometer or the flash photolysis apparatus, and flashed to obtain ki
netics of reaction with CO, O2, etc. or the spectra were determined. 
Spectra were usually determined before and after kinetic studies. 

In those cases where anhydrous organic solvents were used, a newly 
developed crown ether-sodium dithionite complex47 or Pd/C with 
calcium hydridel2b was employed. 

A simple and convenient method of studying hemes in solution 
without a gas phase employed the tonometer in Figure 14B. The to
nometer neck was made so that the W-IO septum described above was 
a close, but sliding, fit. A small glass bead was added to the tonometer 
for stirring, and the tonometer was filled to just overflowing with the 
buffer solution, organic solvent, or solvent mixture. A thin gage needle 
was inserted through a septum; then, using the tool shown with the 
tonometer, the septum was forced into the neck the desired distance 
and the needle removed. By positioning the septum toward the bottom 
of a 4-cm neck, as much as 2 mL of solution would be added to the 
heme solution tonometer by forcing the septum upward as solution 
was added. This made titrations under anaerobic conditions very 
convenient. If this was done properly no gas bubbles appeared. To this 
solution was added via microliter syringe 1 -3 ^L of a 5% sodium di
thionite solution so as to produce an absorption of approximately 0.5 
at 350 nm. Approximately 0.01 mg of the hemin chloride of interest 
was dissolved in 2-5 nL of methanol and added to the tonometer to 
produce the deoxyheme directly. This method avoids the production 
of the dithionite plus dioxygen reaction intermediates in the presence 
of the heme or hemin. The excess sodium dithionite was either left in 
the tonometer for carbon monoxide, etc., studies, or removed by re
action with added CCl3CCl3 if it would interfere. For quantitative 
carbon monoxide or dioxygen studies, saturated solutions of these 
gases in the same solvent were added with syringes. 

Kinetic Studies. In a typical kinetic experiment, a solution of about 
3 jiM 7+Cl" was degassed and reduced by titration with sodium di
thionite in the large tonometer as described above. Successive aliquots 
of carbon monoxide gas were added with a gas-tight syringe (volume 
corrected for temperature and pressure). After each equilibration 
(10-min shaking), the tonometer was placed in the flash photolysis 
apparatus previously described,1213 then flashed with a 100-400-jis 
flash. The absorbance change was recorded on a storage oscilloscope 
either as A vs. t or In (A — A^) vs. t, using a specially designed analog 
processing device.52 Aliquots of dioxygen gas were added, equilibrated, 

Figure 14. Tonometers for spectroscopic and kinetic studies. B is a 6-mL 
liquid phase tonometer of variable size and A is a 130-mL gas-liquid to
nometer for vacuum line methods. 

flashed, and recorded in the same manner, using appropriate time 
scales. 

The combination rate constants for carbon monoxide, /', and for 
dioxygen, k', were obtained directly by dividing the observed pseu
do-first-order combination rate by the appropriate gas concentration,53 

taking into account the CO flashed off the heme. The dioxygen dis
sociation rates were obtained by the intercept method of Gibson.3e'54 

The absorbance vs. time plots, shown in Figure 12, and the pseudo-
I irst-ordcr rate constants so obtained were reproducible to ±5% for 
repetitive flashes of the same sample. Sample-to-sample reproduc
ibility with this system was found to be ±10%. We have recently as
sembled a laser flash photolysis apparatus29 in which 10-20 kinetic 
runs are computer averaged to yield a higher signal-to-noise ratio and 
kinetic constants with standard deviations of ±2% on successive runs 
on one sample. Reproducibility of complete experiments is ±10% for 
observed rates of <103 s_l and ±20% for observed rates of > IO4S-'. 
Several rate constants measured with the analog device were con
firmed by this new system to lie within the stated error limits. 

Mass Spectral Determination of O2 and CO Binding Stoichiometry. 
A solution of 5 mg of 6+CI~ in 18 mL of anhydrous dimethylform-
amidc was reduced with Pd black/calcium hydridel2band decanted 
anacrobically from the catalyst into a preweighed special flask having 
known volume and a calibrated gas inlet port. The 14.34 g of solution 
in the flask was subsequently shown by the pyridine hemochrome 
method to contain 4.26 /imol of 6. Admitting successively known 
volumes of a mass spectrally analyzed argon-dioxygen mixture and 
then carbon monoxide to the solution and, after mixing the solution 
upon each addition at -45 0C, taking gas samples for analysis allowed 
the number of moles of dioxygen absorbed and released upon CO 
addition to be determined. The gas analysis, reaction flask, and gas 
handling methods were exactly those previously described.55 The re
sults are listed in Table V. 

1-Methylimidazole (Aldrich) was distilled at reduced pressure. 
Imidazole and 2-methylimidazole (Aldrich) were twice recrystallized 
from benzene. 1,2-Dimethylimidazole (Aldrich) was used as received. 
Compounds 1, 2, 3, 6, and 11 were obtained from a previous stu-
t|y i2b,c,35 3-(3-Pyridyl)propanol (Aldrich) and 3-(2-pyridyl)propanol 
(Aldrich), distilled from calcium hydride, had NMR spectra consis
tent with their structures. 

l-(3-Aminopropyl)imidazole (11) was synthesized by the method 
ofSchwan:56 NMR 5 2.5 (2, NH2), 2.5 (t, 2 H, CH2), 1.80 (q, 2 H, 
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CH2), 3.94 (t, 2 H, CH2), 7.61 (s, 1 H, H2), 7.01 (s, 1 H, H4), 7.09 
(s, 1 H1H5). 

Mesoporphyrin dimethyl ester (3P) was prepared by the method 
described by FaIk57 and partially hydrolyzed as follows. 

Mesoporphyrin Monomethyl Ester (4P). Mesoporphyrin dimethyl 
ester (3P), 200 mg (0.345 mmol), was dissolved in 20 mL of 4 N hy
drochloric acid and stirred for 12 min at room temperature. Two 
hundred milliliters of distilled water was added and the aqueous layer 
extracted repeatedly with 30-mL portions of methylene chloride until 
no further porphyrin was obtained. The combined organic extracts 
were washed twice with 2% aqueous sodium bicarbonate, twice with 
distilled water, and dried over anhydrous potassium carbonate. The 
mixture of porphyrins was dissolved in methylene chloride-tetrahy-
drofuran (95:5) containing 0.5% triethylamine and chromatographed 
on silica gel. Elution with this solvent mixture cleanly separated 
mesoporphyrin dimethyl ester, leaving a mixture of mesoporphyrin 
monoacid monomethyl ester and mesoporphyrin diacid on the column. 
Elution with a methylene chloride-methanol mixture (4:1) separated 
mesoporphyrin monomethyl ester, monoacid. The recovered meso
porphyrin dimethyl ester was recycled through the partial hydrolysis, 
and the very small amount of remaining mesoporphyrin diacid was 
discarded with the silica gel. The yield was approximately 30% per 
hydrolysis cycle; 200 mg of mesoporphyrin dimethyl ester yielded 130 
mg of mesoporphyrin monomethyl ester, monoacid after three iterative 
hydrolyses: 1R, ester and acid carbonyl absorption at 1730 cm - ' . The 
visible spectrum is identical with that of mesoporphyrin IX: NMR 
(CDCl3) & 10.04 (s, 4 H, meso), 4.40 (t, 4 H, propionate), 4.07 (q, 4 
H, Et), 3.69-3.60 (m, 15 H, methyls), 3.26 (t, 4 H, propionate), 1.96 
(t, 6 H, Et), -3.92 (s, 2 H, pyrrole H). 

Mesohemin \1ono-3-U-imidazolyl)propylamide, Monomethyl Ester 
(5+CI~). Mesoporphyrin monomethyl ester, monoacid (4P), 25 mg 
(42.6 /umol) was dissolved in 10 mL of anhydrous methylene chloride 
under an argon atmosphere. The mixed anhydride was formed 
quantitatively by adding 43 /umol of pivalyl chloride and stirring for 
1 h, and then was reacted without purification with 6.25 mg (50 jtmol) 
of l-(3-aminopropyl)imidazole (11). The mixture was stirred over
night. The solvent was evaporated with the crude product chroma
tographed on silica gel. Elution with methylene chloride-methanol 
(4:1) afforded the final product (5P): yield, 22 mg (75%); NMR 
(CDCI3) 5 10.1 (s, 4 H, meso), 10.04 (s, 1 H, amide), 7.1, 6.7, 6.2 (3 
s, 3 H, imidazole), 3.5-3.6 (m, 15 H, methyls); IR ester carbonyl 
absorption at 1730 cm -1, amide carbonyl absorption at 1662 cm-1. 
The visible spectrum was identical with that of the precursor. 

The porphyrin was converted to the hemin chloride by the method 
of FaIk.57 Chromatography on silica gel, eluting with methylene 
chloride-methanol (4:1) containing 0.5% triethylamine, yielded the 
final product (5+Cl -). This compound can also be obtained by hy-
drogenation of 9+Cl-. 

Mesohemin Mono-3-(3-pyridyl)propyl Ester, Monomethyl Ester 
(8+Cl~). An anhydrous slush of p-toluenesulfonic acid in methylene 
chloride was prepared by placing approximately 50 g of p-toluene-
sulfonic acid monohydrate (Aldrich, T3592) and 150 mL of methylene 
chloride in the pot of a Soxhlet extractor and refluxing the azeotrope 
over solid CaH2 contained in the thimble for 6 h. Mesoporphyrin 
monomethyl ester (4P), monoacid, 30 mg (51.7 jimol), was dissolved 
in 20 mL of p-toluenesulfonic acid saturated anhydrous methylene 
chloride. Seven microliters (51.7 mmol) of 3-(3-pyridyl)propanol was 
added. The reaction mixture was heated to reflux. The methylene 
chloride was refluxed over fresh molecular sieves before returning it 
to the pot. Reflux was continued for 24 h. The reaction mixture was 
extracted three times with 2% aqueous bicarbonate and three times 
with distilled H2O. The crude product was chromatographed on silica 
gel, eluting with methylene chloride-methanol (95:5) containing 0.5% 
triethylamine. Switching solvents to methylene chloride-methanol 
(4:1) eluted a second smaller fraction. The yield of mesoporphyrin 
mono-3-(3-pyridyl)propyl ester (8P) was 18 mg (50%): NMR 
(CDCl3) S 10.08 (s, 4 H, meso), 8.07 (m, 2 H, Pyr 2, 6 H), 6.42 (m, 
2 H, Pyr 4, 5 H), 4.45 (t, 4 H, propionate), 4.09 (q, 4 H, Et), 4.00 (t, 
2 H, propyl), 3.5-3.6 (m, 15 H, methyls), 3.31 (t, 4 H, propionate), 
2.00 (t, 2 H, propyl), 1.88 (t, 6 H, Et), 1.52 (m, 2 H, propyl), -3.79 
(s, 2 H, pyrrole H). Eight milligrams of starting mesoporphyrin mo
nomethyl ester, monoacid was recovered. 

Iron was inserted in the usual manner. The hemin solution in 
chloroform was washed with 0.1 N hydrochloric acid, dried, and 
evaporated. Chromatography on silica gel, eluting with CH2Cl2-
CH3OH (4:1) containing 0.5% triethylamine, afforded the final 

product (8+Cl") in a yield of 16 mg (79%): IR ester carbonyl ab
sorption at 1725 cm-1. 

This compound (8+Cl~) can also be prepared in good yield by the 
pivalyl chloride method. 

Protohemin Mono-3-(l-imidazolyl)propylamide, Monomethyl Ester 
(9+Cl-). To a three-necked, round-bottomed flask equipped with 
condenser, rubber septum, magnetic stirring bar, and dry atmosphere 
was added 30 mL of dry pyridine and 0.5 g (0.77 mM) of protohemin 
chloride (Calbiochem). The flask was cooled in an ice bath and the 
pivalyl chloride (1.40 mM) added via syringe over 20 min. Conver
sion to anhydride can be followed by quenching aliquots with methanol 
and chromatographing the product on TLC plates. Development with 
9:1 CH3Cl-MeOH shows the dimethyl ester of hemin with /?/ 0.55, 
side products at Rf 0.2. 

A 10% solution of l-(3-aminopropyl)imidazole (11) (0.63 mM) 
in pyridine was added to the anhydride solution in 20 min with stirring. 
Conversion to the monoamide (9+Cl~) (Rf 0.37) and diamide 
(10+C1-) (Rf 0.18) was followed by TLC as described above. 

Following the amine addition, 10 mL of MeOH was added, the 
solution was stirred 10 min, and the volatiles were removed in a ro
tatory evaporator. The crude product was dissolved in chloroform, 
washed with dilute hydrochloric acid, and applied to a silica gel column 
packed in CHC13-1% Et3N. Elution with 9:1:0.1 CHCl3-MeOH-
Et3N provided the dimethyl ester of hemin first, followed by the mo
noamide monoester (9+Cl-). With some batches of protohemin 
chloride, fast eluting impurities appeared. These could be removed 
by chromatography with a 95:5 chloroform-formic acid eluent, which 
slows elution of the imidazole derivatives, followed by the elution 
described above. Analysis of 9+Cl~: Calcd for C4)H43N7O3FeCl: C, 
63.69; H, 5.61; N, 12.67. Found: C, 63.88; H, 5.71; N, 12.62. NMR 
(Me2SO, Fe(III) dicyano complex): The imidazole protons were at 
5 7.77, 7.41, and 6.83, and those of the propyl side chain at 4.20, 2.74, 
and 1.88. The remaining heme substituents showed resonances con
sistent with the assignment for dicyano protohemin:58 IR (CHCl3) 
3020, 1730, 1650 cm-'. 

When the reaction mixture was quenched with water instead of 
methanol, the monoacid monoamide was obtained. 
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prompts us to report now a detailed examination of a-chy-
motrypsin in water pool systems composed of 95-98% heptane. 
Apart from the inherent interest in determining how enzymes 
behave under these unusual conditions, we were motivated by 
the following questions: How does enzyme activity depend on 
the size of the water pools? What happens when the pool size 
becomes smaller than that of the enzyme? What is the pH-rate 
profile inside a pool? Does the enzyme experience pronounced 
conformational changes within the pool? How does substrate 
transport across the heptane-water boundary affect the en
zyme kinetics? These questions concerning micellar chymo-
trypsin have not been previously addressed. 

From a practical standpoint, pool-entrapped enzymes have 
potential utility in enzyme-mediated syntheses involving 
water-insoluble compounds. Incorporating enzymes into pools 
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Abstract: a-Chymotrypsin catalyzes the hydrolysis of /V-acetyl-L-tryptophari methyl ester in water pools consisting of 0.11 M 
Aerosol OT and 2.8 M H2O (buffered at pH 7.0 with 0.01 M phosphate) in heptane. The kCM and Ku(app) were found to be 
0.63 s_ l and 2.5 X 1O-4 M (compared with 28 s_ ' and 9.5 X 1O-5 M for the same reaction in bulk water). Titration of the en
zyme inside the pools with p-nitrophenyl acetate showed that the reduced activity at pH 7.0 is not the result of protein denatur-
ation. Instead, the a-chymotrypsin solubilized in 95% heptane experiences a 1.5-unit shift to the right in its sigmoidal rate-pH 
profile. This shift places pH 7.0 on the low-pH plateau of the profile, thus greatly diminishing the apparent rate. At higher pH 
values (where the enzymatic rates reach their maximum), pool-incorporated enzyme actually has a larger /ccat than does en
zyme in bulk water. Enzyme activity is insensitive to the pool size, which was varied from much smaller to much larger than 
the enzyme. This suggests that a-chymotrypsin molecules "create" their own micelles in the heptane rather than occupy empty 
ones already present. Circular dichroism studies indicate no major conformational changes in the protein within the water 
pools. 
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