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Abstract: Line broadening and chemical shifts are reported for cetyltrimethylammonium bromide, sodium dodecyl sulfate, 
and Triton X-IOO micelles in the presence of ferro- and ferriprotoporphyrin IX. The specific micellar protons affected in the 
sodium dodecyl sulfate micelles suggest radial alignment of the metalloporphyrin along the hydrophobic tails interior to the 
micelle. Specific contact with the other micellar materials is less definitive. Association constants of dimeric hemin with the 
various micelles to produce an intercalated hemin-micelle complex have been measured using spectral techniques in the visi
ble region and are consistent with a hemin to micelle ratio of 1:1. Visible spectral differences have been used to characterize 
and evaluate the association constants of cyanate and imidazole binding to the intercalated hemin being 1:1 and 2:1 com
plexes respectively of nucleophile to hemin. Formation and decomposition rate studies at 25° of the hemin-nucleophile com
plexes in micellar solutions have revealed pH dependent multistep processes with half-lives ranging from milliseconds to min
utes which are extremely sensitive to the nature of the micelle. Cyanate binding and decomposition involving the iron center 
is particularly complex at physiological pH, suggesting the presence of linkage isomers. 

Investigations of the chemical properties of most metallo-
porphyrins have often been limited to nonaqueous1 solution 
due to limited solubility or dimerization.2-3 In recent years a 
number of water soluble3"5 derivatives such as the tetra-
phenyltetrasulfonated5 porphyrin (TPPS) have been pre
pared to overcome the solubility limitation although dimeri
zation still persists at high pH.3 Several recent studies,6-8 

however, have shown that hemin, normally dimeric in basic 
aqueous solution and insoluble under acidic conditions, is 
solubilized over the entire pH range in monomer form in 
the presence of cationic CetMesNBr,9 anionic SDS, and 
neutral Triton X-100 micelles. The iron center is suscepti
ble to attack by a variety of nucleophiles and exhibits re
versible binding with cyanide.8 Recent investigations of 
model hemes with histidine residues axially bound to the 
iron have exhibited reversible oxygen carrying ability.10'11 

The imidazole moiety of histidine is also recognized as a 
major influence on enzymatic reactivity 12 The interaction 
between the imidazole residue and iron phthalocya-
nine13-16 '34 has been looked at in DMSO to more closely ex
amine the nature of this interaction. We have undertaken a 
study of the intercalated hemin monomer with imidazole in 
aqueous solution over a wide pH region in an attempt to 
shed further light on imidazole-porphyrin interactions in 
hemoproteins. Cyanate binding studies at physiological pH 
have also been conducted to see what alternative role, if 
any it may have in its use for treatment of sickle cell ane
mia, other than carbamylation. 

Results 

Hemin Dimer-Monomer-Micelle Equilibrium. At 25°, 
0.1 M TMAB, and pH 9 a series of isosbestic spectra was 
obtained as either SDS, CetMeaNBr, or TX was added to a 
solution containing a fixed amount of hemin initially in the 
dimeric form No spectral changes in the dimer spectra are 
observed until the critical micelle concentrations are 
reached. Spectra were taken from 330 to 450 nm and plots 
of absorbance, at 400 nm, as a function of detergent are 
shown in Figure 1. The limiting spectra are taken to repre
sent the molar extinction coefficient spectra of monodis-
persed ferriprotoporphyrin. The spectra for these end prod
ucts are reported elsewhere.68 The equilibrium consistent 
with the data is described by the following:39 

FeDiMER + micelle'f ?=* 2H2OMOH • micelle (1) 

_ [H2OMOH-micelle]2 

eq [Fe0IMER] [micelle'f] 

micelle'totai = ( C D - cmc)/N (3a) 

micelle'f = micelle' total - 1, V2(H2OMOH-ITIiCeIIe) (3b) 

Cd is the molar concentration of the detergent, micelle'f is 
the free micelle concentration, and cmc is the critical micel
lar concentration. TV is the aggregation number of the mi
celle in 0.1 M TMAB at 25°, being 131,17 61 , 1 8 and 13936 

for SDS, CetMejNBr, and TX, respectively, with the equi
librium constants for eq 2 being respectively 0.55 ± 0 . 1 , 
0.13 ± 0.02, 0.93 ± 0.30. These equilibrium constants are 
pH independent from about 8 to 11.5. 

Some representative data are shown in Table I. The data 
suggest that the micelle bound with a hemin monomer in
tercalated has an aggregation number of about V2-ZV, due to 
the first order dependence on micelle f and the second order 
dependence on the monomer. Spectral and kinetic studies 
were all run at 2% SDS, 4% CetMe3NBr, and 3% TX to en
sure the presence of at least 95% intercalated monomer. 

NMR of Hemin-Micelle Systems. Five per cent solutions 
of the three micelle systems, in D2O at 34°, have the N M R 
assignments shown in Table II. These solutions were run in 
the absence of TMAB and under basic conditions of about 
9-12 exhibiting no influence by pH in this region. Upon the 
addition of the ferriprotoporphyrin IX line broadening and 
chemical shifts occur as shown in Figures 2, 3, and 4. 
Hemin concentrations that approach and begin to exceed 
the calculated micellar concentration show appreciable 
changes in all protons. Excess sodium dithionite added to 
detergent solutions exhibits no effect on the micellar pro
tons. Standard aliquots of hemin dimer solution were added 
to these solutions. Hemin is rapidly reduced in the closed 
NMR tubes. The behavior of the ferro form in affecting 
line broadening and chemical shifts is noticeably different 
than the oxidized form. N M R spectra at high metallopor
phyrin concentration are shown in Figure 2 along with the 
5% detergent solutions for comparison. 

Equilibrium Data. The addition of either imidazole or po
tassium cyanate to hemin-detergent solutions, at constant 
pH, produced either red or orange colored solutions, respec
tively, with isosbestic curves shown in Figure 5 for cyanate. 
Limiting spectra are shown in Figures 6 and 7. Consistent 
with the spectral changes is the following: 
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Figure 1. Spectral changes accompanying the addition of CetMe3NBr 
(A), TX (O), and SDS (B) to solutions of constant hemin concentra
tion at pH 9.50, 250C. 

Table I. Hemin Dimer-Monomer Equilibrium in SDSa 

105micelle'f 
(M) 

10 5 Fe d i m e r 10sH2OMOH-micelle 
(M) (M) K1 eq 

1.13 0.277 0.446 0.64 
3.63 0.196 0.608 0.52 
8.86 0.118 0.764 0.56 

14.10 0.0978 0.804 0.47 

0.55 Av 

a Absorbance data taken at 400 nm, pH 10.50, 0.1 M TMAB, total 
porphyrin at 1.0 X 10"5A/. 

Table H. NMR Assignments 

CetMe3NBr CH3(CH2),,,CH2N(CH3J3
+Br-

N(CH3), 
(CH2)14 

CH, 

TX 

SDS 

(CH ).CCH,C(CH;),—i >—OtCH.CH.,0), —H 

(CH3)3C-
(CHj)2C-
(CH2CH2O)10 

CH3(CH2J10CH2SO4
-Na+ 

CH3 

(CH1),,, 
CH, 

(Hz) 
185.5 
74 
49 

(Hz) 

35 
69.5 

210 
(Hz) 

48 
72 

234.5 

H2OMOH • micelle + «L - :H202-„ML„ + OH- (4) 

where n = 1 for L = cyanate, n = 2 for L = imidazole. 
With L = cyanate the final product may either be 
HOM(NCOH) or H2OM(NCO). The possibility of N or O 
bound linkage isomers in both cases must also be consid
ered. The concentrations of the free and bound hemin are 
readily calculated.6'8 Representative data are shown in 
Table III. The equilibrium constants for imidazole are 8.86 
A/-', 4.85 X 10~2 M~\ and 0.44 M~l for SDS, Cet-
Me3NBr, and TX, respectively. For cyanate, in the pres
ence of CetMe3NBr, the value is 1.67X10~4. 

Kinetics of Formation of M(imid)2TnicelIe. Reactions with 
imidazole in the presence of SDS or CetMe3NBr were fol
lowed at wavelengths of either maximum product absorp
tion or maximum reactant absorption. Both yield identical 
half-lives. Upon mixing on the stopped-flow device a rapid 
change in initial absorbance was observed to be complete 
within mixing time of about 5 msec. This reaction is as
cribed to 

**m «*"»•» | ^ M 

200 K)O 

«wm& , V 

6 5 

Figure 2. (a) NMR spectra of 5% SDS (1), 4.5 mM H2OMOH-SDS 
(2), 4.5 mAf reduced heme (3). (b) NMR spectra of 5% CetMe3NBr 
(1), 4.5 mM H2OMOH-CetMe3NBr (2), 4.5 mM reduced heme (3). 
(c) NMR spectra of 5% TX (1), 2.2 raM H2OMOH-TX (2), 2.2 mM 
reduced heme (3). (d) NMR spectra of 5% CetMe3NBr (1). 1.45 mM 
H2OMOH-CetMe3NBr (2), 1.45 mM H2OM(OCN)-CetMe3NBr (3), 
1.45 mM reduced heme-cyanate (4); pD 8.0, 0.1 M OCN - . 

H2OMOH • micelle + imid -^ 

M(imid)(OH) • micelle + H2O (5) 

The subsequent reaction was fitted to the following two-step 
process, 

M(imid)(OH) • micelle ^M(imid) • micelle -I- OH~ (6) 
k-2 

M(imid) • micelle + imid 1H M(imid)2 • micelle (7) 

With a steady state on M(imid)-micelle the observed rate 
law (with excess imidazole) becomes, 

J Ar_2[OH-] 
KQ bsd k2k, 

-i-4,± 
imid] ki 

(8) 

A plot of l/£0bsd against l/[imid], at constant pH, yields a 
straight line with intercept l/fc2 and a slope of fc_2(OH-)/ 
k2k%. Figures 8 and 9 are the plots for SDS and Cet-
Me3NBr. The slopes, corrected for pH, are shown in Table 
IV along with the intercept values. 

Base Decomposition of M(imid)2Tnicelle. As eq 4 indi
cates the position of equilibrium may be shifted to the reac
tant side by the addition of base. Solutions containing either 
100% of the bisimidazole complex or equilibrium mixtures 
were decomposed on the stopped-flow devices. Sodium hy
droxide solutions either contained the same concentrations 
of detergent as the hemin-imidazole solutions or the hemin-
imidazole solution had twice as much detergent as used in 
the formation and was mixed with sodium hydroxide con
taining no detergent. The data are presented in Table V. In 
all cases unimolecular processes were observed. For the 
M(imid)2-SDS decomposition it was noted that under con
ditions where initially there is essentially 100% of the bis 
form the absorbance changes, as observed on the stopped-
flow, in going from the bis to the product are not consistent
ly in the right direction based on their spectral differences 
as measured on the Gary 17. The absorbance change at 530 
nm is consistent with the spectral differences between the 
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Figure 3. (a) Line broadening for SDS protons: by Fe(II) for (CH2) io 
(A); by Fe(III) for (CH2),0 (O). (b) Line broadening for CetMe3NBr 
protons: by Fe(III) for N(CHj)3 (D); by Fe(II) for N(CH3) (O); by 
Fe(III) for (CH2)H (O); by Fe(II) for (CH2)u (A), (c) Line broaden
ing for TX protons: by Fe(III) for (CH2CH2O),0 (D); by Fe(II) for 
(CH2CH2O)10 (O); by Fe(III) for CH3)3C (O); by Fe(II) for 
(CH3)3C (A). 

reactants and products, however, that at 600 nm is not. 
However, when equilibrium solutions (ones comparable in 
M(imid)2'micelle and M(OH)(H20)-micelle) are decom
posed by base, the reverse occurs where now the 600 nm ab-
sorbance change is consistent with spectral differences 
while that at 530 nm is not. The rates of decomposition re
main the same regardless of absorbance direction changes 
or initial concentrations of the bisimidazole complex to 
M(OH)(H20)-micelle. 

Kinetics of Cyanate Binding to Hemin Intercalated in 
CetMe3NBr. Kinetics of formation of the cyanate complex 
were investigated between pH 4 and 8. The bimolecular re
action observed for the binding appeared to be preceded by 
a unimolecular process of very small amplitude. This uni-
molecular process has a t\/2 =* 10 msec and is independent 
of hemin concentration, pH, or cyanate. A reaction of the 
same half-life was observed with hemin in 4% CetMe3NBr 
mixed rapidly with CetMe3NBr at 4% both under basic 
conditions. It could be observed with dimeric hemin mixed 
with an 8% CetMesNBr solution. The reaction appears to 
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Figure 4. (a) Chemical shift forSDS protons: by Fe(II) for (CH2),0 
(A); by Fe(III) for (CH2)10 (O). (b) Chemical shift for CetMe3NBr 
protons: by Fe(III) for N(CHj)3 (D); Fe(II) for N(CHs)3 ("Q); by 
Fe(III) for (CH2)I4 (O); by Fe(II) for (CH2),4 (A), (c) Chemical shift 
for TX protons: by Fe(II) for CH2CH2O),0 (o);by Fe(II) for 
(CH3)3C (A). 

be a dilution perturbation of the dimer-monomer-micellar 
equilibrium and is not related to the actual cyanate binding. 

The reactions, driven to completion, were followed at ei
ther 540 nm (the peak of the reactant) or 600 nm (the peak 
of the product) both yielding the same result. A mechanism 
consistent with the data is shown in Scheme I. Applying a 
steady state to the five-coordinate intermediates H 2O-M-
micelle and HO-M-micelle one obtains eq 9. 

>2aA:a[H+] [NCO-] ^ 
#obsd •[! + A:2a[NCO-] 

kjbkbKg [NCQ-] 

*-b + fc2b[NCO-]. J L[H+] +K3J (9) 

Ka for the above reaction was determined previously8 to be 
7.95 X 10~7 M~\ At high cyanate concentrations the reac
tion becomes cyanate independent with &2a(NCO -) > k-.x 

and /j2b(NCO_) > k-^. Equation 9 reduces to, 

( [H + ] + Ka)koM
nm = ^a(H + ) + kbKa (10) 

A plot of ( [H + ] + A:a)/tobsd
lim (see Table VI) against [H + ] 

Simplicio, Schwenzer, Maenpa / Cyanate and Imidazole Binding to Hemin in Micelles 
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Figure 5. Family of curves showing isosbestic points in the equilibrium 
between H2OM(OCN)-CeHvIe3NBr and H2OMOH-CeHvIe3NBr. For 
conditions see Table III. 
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Figure 6. Spectra of H2OMOH-CetMe3NBr (—), H2OM(OCN)-CeI-
Me3NBr ( ) H2OM(OCN)'-CetMe3NBr ( ), and hemin-cya-
nate( ); pH 8.0. 

Scheme I 

M(OH)2TiIiCeUe 

(+H2)*«1*»(-H20) 

H2OMitiicelle 

A2JNCO-

HjOMOH-micelle + H + 

(+H20)*_bj*u(-H20) 

HOM-micelle 

AJNCO-

product(s) 

yields a straight line with slope ka « 5.8 sec-1. At low cya-
nate concentrations the formation reaction is first order in 
cyanate as shown in Figure 10. (This figure does not include 
the [H+] + K3 factor of eq 9 for the convenience of putting 
all the data on the same plot. Table VI is calculated from 
slopes and limiting rates displayed in Figure 10 but includes 
the [H+] + K3 correction factor.) Under these conditions 
eq 10 reduces to 

[[H+] + A:a]A:obsd - [ • 
A:afc2a[H

+] + KJcpk2b j [NCO-] 

(H) 

consistent with k-a > fc2a(NCCr) and k-b > &2b(NCO~). 
A:0bSd([H+] + K21)I[H+) is relatively constant from pH 8 

to 4 and all of the lines in Figure 10 essentially intercept the 
origin, within experimental error. This situation could only 

\ 
\ \ \\ 

\ 

500 525 550 575 600 625 
WAVELENGTH, nm 

Figure 7. Limiting molar extinction spectra of H2OMOH-SDS ( ), 
M(imid)2-SDS ( ), H2OMOH-CetMe3NBr ( ), and M(imid)2-
CetMe3NBr ( ) at pH 9, 0.1 M TMAB. 

20 30 

VlMID, ( M " 1 ) 

Figure 8. Plot of rate data for the formation of M(imid)2-SDS from eq 
8 at 25°: pH 8.5 for A, 9.0 for O, and 9.5 for D. 

hold if the second term in brackets in eq 11 is much smaller 
than the first term. Thus (Afc0bsd/A(NCO-))(H+ + K3)/ 
(H+) * k3k2a/k-a. Factoring out ka from 1.80 X 102 sec - ' 
(see Table VI footnote) yields fc2a/fc-a * 30.9. 

Decomposition of M(H2OXNCO>miceUe in CetMe3NBr. 
Equation 4 indicates the cyanate product can be decom
posed by the addition of base. The breakdown is character
ized by a fast unimolecular process with 11/2 about 10 msec 
and is independent of base from 10 -5 to 0.5 M. As the base 
concentration used decreases so does the spectral ampli
tude. This reaction is followed by a slower unimolecular 
process which ultimately becomes base dependent as ob
served at either 540 or 600 nm. The data are plotted in Fig
ure 11. 

Temperature Jump Relaxation of M(H2OXNCO>Cet-
Me3NBr. A solution of the completely formed cyanate 
product was temperature jumped from 18 to 25°. A relaxa
tion effect, T = 10.2 msec, was observed at two wave
lengths, an increase in absorbance at 600 nm and a decrease 
at 540 nm. The relaxation time is independent of cyanate 
from 0.05 to 0.15 M and pH from 8.0 to 10.0. Below pH 8 
the relaxation effect was not observed. A temperature jump 
was applied to a 4% CTAB, 0.1 M TMAB, and hemin solu
tion with no observable effect. 

Discussion 
The hemin monomer-dimer equilibrium in the presence 

of micelles suggests that one hemin occupies a micelle with 
a new average aggregation number of about one-half of the 
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Table HI. Equilibrium Parameters at 25° and 0.1 M TMAB 

10s 

M(NCO) 
(M) 

For Hemin and Cyanate in CeIMe3NBr 
10= 

10s COTfree 
H2OM(OH) (M) pOH ICAT1 eq 

1.40 
1.90 
2.51 
3.12 
0.66 
1.10 
1.50 
7.15 
6.40 
5.25 
4.84 
3.55 
2.22 
2.15 
1.24 
0.90 
4.10 
6.90 
8.35 

105 

M(imid)2 
(M) 

0.98 
2.90 
4.22 
5.45 
6.64 
1.18 
3.68 
5.56 
7.45 
8.53 
1.74 
3.60 
5.20 
6.65 
8.31 
2.85 
3.94 
4.95 
4.12 
4.61 
6.90 
7.68 

11.9 
5.92 

10.5 
12.9 
16.2 
17.9 

3.10 
2.60 
1.99 
1.38 
2.04 
1.60 
1.20 
1.85 
2.60 
3.75 
4.16 
5.45 
6.78 
6.85 
7.76 
8.10 
5.60 
2.80 
1.35 

9.15 

8.94 

12 

1.0 
2.0 
4.0 

4.42 
4.67 
4.85 
5.04 
4.47 
4.74 
4.95 
4.10 
4.29 
4.62 
4.69 
4.9 
4.99 
5.25 
5.41 
5.60 
6.00 
6.00 
6.00 
Ajiv = 1. 

1.86 
1.75 
1.93 
2.43 
0.775 
1.02 
1.10 
1.69 
1.72 
1.42 
1.45 
1.60 
2.59 
1.48 
2.02 
1.87 
1.0 
1.23 
1.54 

.67 X IQ-"4 

For Hemin and Imidazole in SDS 

105H2OMOH 
(M) 

103 imidf r e e 
(M) pOH 

9.39 
7.47 
6.15 
4.92 
3.73 
9.19 
6.69 
4.81 
2.92 
1.84 
8.63 
6.77 
5.17 
3.72 
2.06 

12.7 
11.6 
10.6 
11.4 
10.9 

8.65 
7.87 
3.66 

14.8 
10.2 

7.75 
4.50 
2.75 

0.980 
0.942 
0.916 
0.891 
0.867 
2.98 
2.93 
2.89 
2.85 
2.83 
4.96 
4.93 
4.89 
4.87 
4.83 
0.443 
0.421 
0.401 
3.94 
3.93 
3.89 
3.88 
3.76 
9.88 
9.79 
9.74 
9.68 
9.64 

3.98 
4.72 
4.96 
5.19 
5.52 
3.20 
3.79 
4.12 
4.52 
4.89 
2.96 
3.39 
3.68 
3.93 
4.32 
5.00 
5.30 
5.55 
3.41 
3.47 
3.81 
3.88 
4.53 
2.60 
3.11 
3.37 
3.69 
4.00 
^av = 

Curved 

K, M'' 

11.39 
8.33 
8.98 
9.01 
7.15 
9.15 

10.42 
10.51 

9.48 
7.46 
8.96 
8.92 
8.77 
8.87 
8.26 

11.40 
9.59 
8.18 
9.10 
9.35 
8.28 
8.69 
6.78 

10.30 
8.34 
7.51 
7.85 
7.06 

8.86 M-
a S e e Figure 5. 

original value. This is indicated by the first-order depen
dence on the calculated micel le concentration and the sec
ond-order dependence on the m o n o m e r form in eq 2. M i 
cel le s izes and structures are known 2 1 to be sensit ive to the 
nature and charge of the added electrolytes. T h e molecular 
weight of S D S can vary between 14200 and 2 5 5 0 0 2 2 in the 
presence of 9 .66 X XQrA M Zn 2 + to 38000 in 0.1 M 
NaCl.17 Solubilization studies23 of benzene in a variety of 
micelles indicate that the solubilizate does affect the size of 
the micelle and that the benzene to micelle ratio varies be
tween 2.1 and 2.7. It is reasonable to expect the micelle to 
contain at most a single hemin considering its size relative 
to benzene. A hemin dimer-monomer equilibrium in a 
water-ethanol mixture (48.8 mol % alcohol) giving 

is a a 

VIMID, (M'1) 

Figure 9. Plot of rate data for the formation of M(imid)2-CetMe3NBr 
from eq 8 at 25°: pH 8.0 for O, 8.5 for A , and 9.0 for • . 

Table IV. Summary of Formation Data of Imidazole Binding 

Micelle PH 

SDS 

CetMe„NBr 

9.50 
9.00 
8.50 

9.0 
8.5 
8.0 
A:, = 0.25 t 0.08 

10 ^A: ^AVt3 ," sec 
1.82 
2.40 
2.90 

10-5fc_2/fc2fc3> sec 
2.4 
5.3 
4.5 

sec ' b 

a Values are known to +10%. * Obtained by least-squares analysis. 

Table V. Acid and Base Decomposition of M(imid)2-micelle 

Fast Slow 
Micelle W[OH-] a M * o b s d , sec - 1 1 0 2 * o b s d > s e c -

2.8 
79.5 

100 
560 

[HCl] fi M 
0.05 
0.10 
0.20 
0.30 
0.50 

33 
41 
36 
46 

31.8 
34.8 
32.7 
35.0 
38.1 

1.24 
1.87 
1.54 

102[OH ],"M Aobsd. see" ' fc0bsd> sec" 

SDS 0.50 
1.0 
1.5 
2.0 
2.5 
3.0 
4.0 

3.9« 
3.9 
3.8 
3.8 

3.3<*.e 
3.4* 
3.5« 
3.1« 
3.3 
3.2 
3.0 

" Followed at 530 and 600 nm. b Followed at 400, 490, 570, and 
640 nm. c 2% SDS in both base and hemin-imidazole solutions. 
d 4% SDS in hemin-imidazole solution and 0% in base, « 4% SDS in 
hemin-imidazole solution and 4% in base give same result. 

dimer: • 2monomer 

(K = 0.04 M) gives a solution which is roughly 10% in the 
dimer form.14 A 1.4 X 1 O - 4 M micellar solution of SDS 
will produce the same percentage dimer-monomer concen
trations. The hydrophobic micellar environment apparently 
solvates hemin more than the polar water-ethanol mixture. 
Since both the size of the micelle (i.e., one that contains the 
hemin) and the charge on the Stern layer are both likely to 

Simplicio, Schwenzer, Maenpa / Cyanate and Imidazole Binding to Hemin in Micelles 



7324 

Figure 10. Plot for eq 10 from stopped-flow data at 250C, 0.1 M 
TMAB, and 4% CetMe3NBr: curve 1 at pH 8.0; curve 2 at pH 7.5; 
curve 3 at pH 7.0; curve 4 at pH 6.0; curve 5 at pH 5.0. For conve
nience of display purposes [H+] + Ka is not included in the plot. Table 
VI summarizes slopes and limiting rates talcing [H+] and Ka into ac
count. 

Table VI. 

pH 

8.0 
7.5 
7.0 
6.0 
5.0 
4.0 

10-<[A* o b s d / 
A(NCOl] 
[H+ + * a ] 

sec ' 

1.86 
4.48 

16.8 
225 

3920 
~48700 

10-nAfcobsd/ 
A(NCOl] 
[H+ + JST3]/ 

[H+] 
Af ' sec ' 

1.86" 
1.41 
1.68 
2.25 
3.926 
4.876 

[H+ + /Ca](fcobsd»m) 
M sec"1 

— 
6.27 X 1 0 - 6 

2.87 X 1 0 - s 

4.86 X 1 0 - s 

1.21 X 1 0 - 3 

a The average value from pH 8 to 6 is 1.80 X 102M-1 sec-1. 
b Scatter in the data makes these numbers somewhat unreliable. Al
so evidence presented later on suggests the appearance of new mixed 
protonated hemin-cyanate-micelles that could contribute to al
tering these slopes under highly acidic conditions. 

affect the monomer-dimer equilibrium it is difficult to un
ambiguously rationalize the order of the equilibrium con
stants, TX > SDS > CetMe3NBr at 25°. 

The observation that the methylene hydrogens of SDS 
are affected indicates that the porphyrin is not associated 
with the anionic Stern layer. The N M R data tend to show 
little or no effect on either the internal methyl group or on 
the methylene protons adjacent to the sulfate group up to 
high concentrations of metalloporphyrin. Since the para
magnetic influence falls off as 1 /r6 this tends to support a 
radial type alignment of the hemin in the micellar aggre
gate rather than immersed in the center of the core.33 Such 
an arrangement has been suggested for benzoic acid24 in 
SDS with the carboxylic acid end in the Stern layer and the 
benzene ring dissolved in the hydrophobic core. 

Up to appreciable concentrations of either heme or hemin 
the /V-methyl protons of CetMesNBr are not affected. 
However, at about 0.02 M hemin these protons, as well as 
the methylene protons of the aliphatic chain, begin to un
dergo substantial broadening. This suggests micellar dis
ruption and/or hemin aggregation at the micelle surface. 
Heme has little effect on the line broadening of the N-
methyl protons at concentrations up to 0.05 M but has sub
stantial effect on the chemical shift on these same protons 
almost immediately upon the addition of minute quantities 
of heme. In TX the protons in the ethoxy chain are broad-
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Figure 11. Base decomposition of hemin-cyanate complex in 4% Cet-
Me3NBr and 0.1 M TMAB. 

ened compared to the branched alkane end presumably be
cause of the proximity of the porphyrin. It is known that the 
ethoxy end is in extensive contact with solvent.32 These pro
tons are even more dramatically affected by heme. The 
NMR data provide evidence to confirm a close association 
between the hemin and the micelle as suggested by the visi
ble spectral data presented here. 

While each of the detergent micelles of SDS, Cet-
MesNBr, and TX readily solvate and monomerize the 
dimer, there appears to be no obvious correlation of the 
equilibrium constant to either charge on the Stern layer or 
aggregation number. No doubt these all play an important 
role. A recent study37 with the water soluble sodium te-
tra(p-sulfophenyl)porphyriniron(III) has found that this 
dimer system is not monomerized under basic conditions by 
the addition of similar detergents. Another added parame
ter needed to understand the solvation properties of the mi
celles with respect to porphyrins is the substituent effect on 
the porphyrins. The micelles associated with the compara
bly large hemin no doubt have a considerably different ar
rangement from their usual spherical or elipsoidal geome
try. It is likely that this disruption introduces significant 
quantities of solvent into the proximity of the hemin-mi-
celle complex. Hemin appears to be completely insoluble in 
benzene38 but when methanol is added it readily dissolves 
due to its solubility in a methanol pool that is surrounded by 
the surfactant molecules. Two imidazole ligands bind in the 
final product as was found with cyanide.8 However, only 
one cyanate is bound to the hemin in the micellar solution 
of CCtMe3NBr. In contrast to the study of only one imidaz
ole binding to a water soluble porphyrin4 our results coin
cide with the stoichiometry found in nonaqueous solvents,'3 

water-ethanol mixed solvents,14 and X-ray data25 for a 
wide variety of iron porphyrins. The instability of a mono-
imidazole complex is believed to be a result of a high spin to 
low spin conversion resulting from the first imidazole bind
ing and favoring a second one to bind immediately.13 That 
only one cyanate binds is consistent with the fact that cya
nate imposes a weak ligand field incapable of changing the 
spin state and thus not favoring the binding of a second cya
nate. Alternatively, if the structural arrangement of the 
monocyanate complex is HOM(NCOH) then it is reason
able not to expect an additional cyanate to displace the 
O H - which is a much stronger coordinating ligand. If the 
bimolecular rate constant for the first imidazole binding to 
hemin in CetMeaNBr is taken to be about 3 X 104 M - ' 
sec - 1 ,1 5 then at the concentrations of imidazole used in the 
present study the half-life would be about 1 msec and is be
yond the time resolution of the stopped-flow device. This is 
consistent with the large absorbance change observed to 
occur within mixing time in the formation study. The pH 
corrected slopes of Table IV should all be the same, but, 
while no trend is evident, the data indicate small differences 
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outside experimental error. This deviation may be a reflec
tion of the pH differences at the micelle-water inter
face1926 due to the lowering of the effective dielectric con
stant at the surface. It may also be due to the variation of 
the pKa of imidazole known to be sensitive to the micellar 
environment.27 

M(imid)2-micelle is decomposed by the addition of base 
to shift equilibrium 4 to the left or by the addition of acid 
which acts to protonate free imidazole. The absorbance 
changes in going from product to reactant side are not con
sistent with the spectral differences between product and 
reactant as found on the Cary 17. The direction is depen
dent upon the initial ratio of hemin to the bisimidazole 
product although the rates remain the same regardless of 
the direction of the absorbance change. The spectral 
changes associated with base decomposition can be ration
alized by invoking the existence of an unstable monoimid
azole intermediate whose spectral properties29 are different 
from either final reactant or product and whose concentra
tion varies with the initial conditions. An observable monoi
midazole transient intermediate is not unexpected in view of 
the stable product found with an ethylenediamine substitut
ed protoporphyrin IX.4 Table V shows a unimolecular de
composition which may be the first imidazole coming off of 
M(imid)2-SDS. The apparent dissociation rate constant for 
the myoglobin28 monoimidazole complex is 4.3 sec - 1 at pH 
8 compared to 3.9 sec""' in the present study. This observed 
reaction may be the first imidazole dissociating although 
the spectral changes parallel those observed for the loss of 
the second imidazole in CetMesNBr. The decomposition of 
M(imid)2-CetMe3NBr exhibits a fast unimolecular process 
identical for both acid and base decomposition suggesting a 
common rate determining step, presumably the first imid
azole coming off. This is followed by a slower unimolecular 
process with a rate constant 1.54 X 1O -2 sec - 1 , presumably 
being the second imidazole coming off. The second imidaz
ole dissociation is not observed under acidic conditions and 
may reflect a translabilizing effect by water in the acid path 
as opposed to a hydroxy group in the base path. Assuming 
1.54 X 1 0 - 2 sec - 1 to represent k~] (the reverse of eq 5) and 
the faster base decomposition rate of 38 sec - 1 being k-} 
with k-ijkiki = 5 X 105 sec and k\ as assumed earlier 3 X 
104 M - 1 sec - 1 , then the overall kinetically estimated equi
librium constant, i.e., ^1^2^3/^-1^-2^-3. of eq 4 is calcu
lated to be 10.2 X 10"2 M~x compared to 4.85 X 10 - 2 A/ - 1 

determined spectrally. 

The large difference in base decomposition of the bisim
idazole complex between the SDS and CetMe3NBr micelles 
is likely a reflection of the charge differences at the Stern 
layer of the micelles as well as the hydrophobicity differ
ences imposed upon the hemin by the two types of micelles. 
The greater thermodynamic stability of the bis complex in 
SDS compared to CetMeaNBr parallels the slower decom
position of the imidazole from M(imid)2-SDS. 

In the lower pH region around 5, where appreciable con
centrations of H N C O are present, an inherent kinetic ambi
guity exists via the acid path for the hemin-cyanate forma
tion reaction (Scheme II). However, we prefer the scheme 
in which H2OMOH reacts only with N C O - since in the 
equilibrium studies carried out at high pH, where no 
HNCO exists, the N C O - anion clearly binds to the hemin 
with the liberation of hydroxide. It is likely that the N C O -

does not directly displace the much stronger nucleophile hy
droxide but rather operates overall by: 

(H 2 O)M(OH) + N C O - - (NCO)M(OH) + H 2 O 

(NCO)M(OH) + H2O — - (HNCO)M(OH) + O H -

fast 

Scheme II 

M(H2O)2 • 

1-H1O 

M(H2O) 

I+NCO" 

H2OMOH + H+ 

J-H2O 

M(OH) 

I+HNCO 

Scheme III 

TH2O-M(OCN )-mieelle 
K,, 

3 

"8- (5) 

or (HO-M(OCNH))-micelle 

(2) 

K„ 

-H2O-M(NCOWeIIe 
(4) 

or HO-M(NCOH>micelle 

HO-M(OCN> 1 

micelle + H+ 

(3) 

HO-M(NCO)' -1 

micelle + H+ 

The decomposition of the cyanate complex by base is char
acterized by a unimolecular reaction with a 10-msec half-
life followed by a slower first-order process, above a base 
concentration 0.02 M, of a 116 sec half-life. Using a contin
uous flow, the spectrum of a transient intermediate was 
taken within approximately 5 sec after its generation and is 
shown in Figure 6. Above pH 8, with cyanate concentra
tions that will produce 100% of the hemin-cyanate product, 
temperature-jump relaxation effects are observed and are 
independent of cyanate yielding T - ' = 9 8 sec - 1 . The relax
ation effect considered together with the fast unimolecular 
process that precedes base decomposition and the spectral 
evidence of a transient intermediate suggests a linkage 
isomerization process involving the N and O ends of the 
ambidentate cyanate. As the pH of a hemin-cyanate solu
tion is lowered below 8 the relaxation effect is no longer ob
served despite the fact that the cyanate product is still 
present. A protonated form of the cyanate may be bound to 
the hemin favoring one isomer over the other and prevent
ing isomerization. While there is no evidence in the litera
ture concerning the existence of a protonated coordinated 
cyanate in aqueous solution, the hydrophobic environment 
may well favor such a species that would reduce the charge 
density in the micelle. The dissociation of cyanate from 
sperm whale metmyoglobin30 increases as the pH decreases 
and has been interpreted to mean that the acid form of the 
coordinated ligand is more labile than the basic form. These 
observations are consistent and tend to support the presence 
of a protonated coordinated cyanate in the hydrophobic mi-
cellar environment. 

Scheme III represents a possible dissociation route con
sistent with the general behavior of the base decomposition, 
spectra, relaxation behavior, and isomerization. The fast 
unimolecular process is suggested to be a combination of 
steps 2 and 3 which are induced by the two diffusion con
trolled acid-base reactions of steps 1 and 4. The shifting of 
equilibria of 1 and 4 upon the addition of base, prior to de
composition, is therefore what gives rise to the linkage 
isomerization of steps 2 and/or 3. £0bsd = (&'[H+] + k")/ 
( [H+ ] + k'") where the various k's are composites depend
ing upon whether two or more species undergo decomposi
tion at comparable rates. As H + diminishes one predicts 
fcobsd to become base independent and equal to k"jk'" (the 
value being 6 X 10~3 sec - 1 ) . As H + gets larger £0bsd will 
increase and then level off. This leveling off is not observed 
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since at low pH protonated forms of the carboxylic acid 
substituents may be altering the hemin reactivity. 

Carbamylation reactions, which are related to the inhibi
tion of sickle cell anemia are relatively slow (5 min31 '35), in 
comparison to cyanate binding to metmyoglobin and inter
calated hemin. It is possible that carbamylation of hemoglo
bin S is preceded by rapid binding of cyanate to the metal-
loporphyrin. At present we are continuing to investigate the 
role that the micellar environment plays in modulating the 
reactivity of the metalloporphyrin by studying the reactivity 
of water soluble porphyrins in the presence and absence of 
micelles with a variety of nucleophiles. 

Experimental Section 

Materials. Sodium dodecylsulfate, Triton X-IOO, cetyltrimeth-
ylammonium bromide, tetramethylammonium bromide, and imid
azole (free base) were obtained from Sigma Chemical Company 
and were used without further purification. The ferriprotoporphyr-
in IX was isolated from cows blood by the method of Labbe and 
Nishida.20 Standardized solutions of hemin were carefully pre
pared as described previously. 

Physical Measurements. pH measurements were obtained with a 
Radiometer pH Meter 26 using a GK 2301B glass combination 
electrode previously standardized with the appropriate Beckman 
prepared buffer. Visible and uv spectral properties of the various 
solutions were obtained with a Cary 17 recording spectrophotome
ter. Rates longer than about 2 min were measured by using the 
Cary 17. Rapid reactions were followed with either a stopped-flow 
or a temperature-jump device previously described.7 Normally 
three sets of reactions were run to give the best average half-life or 
relaxation lime. Temperatures for spectral and flow work were 
controlled at 25° to ±0.1°. Stopped-flow reactions were run under 
pseudo-first-order conditions in either cyanate or imidazole. The 
reactions were driven to completion (this information was calculat
ed on the basis of equilibrium data from this work) to avoid the 
complications of reversible kinetics. All solutions used for spectral 
or kinetic measurements contained 0.1 M tetramethylammonium 
bromide. 

NMR Data. NMR spectra were taken in D2O at 34° with an 
Hitachi Perkin-Elmer 60 megacycle high resolution spectrometer. 
Concentric NMR tubes were used for all measurements with TMS 
in CDCl3 in the external tube for reference. Internal use of TMS 
in the metalloporphyrin-detergent solutions appeared to yield 
slightly different chemical shift results. All work reported here is 
for TMS as an external reference. 
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