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Two types of dendritically functionalized iron(II) porphyrins were prepared (Scheme) and investigated in
the presence of 1,2-dimethylimidazole (1,2-DiMeIm) as the axial ligand as model systems for T(tense)-state
hemoglobin (Hb) and myoglobin (Mb). Equilibrium O2- and CO-binding studies were performed in toluene
and aqueous phosphate buffer (pH 7). UV/VIS Titrations (Fig. 4) revealed that the two dendritic receptors 1 ¥
FeII-1,2-DiMeIm and 2 ¥FeII-1,2-DiMeIm (Fig. 2) with secondary amide moieties in the dendritic branching
undergo reversible complexation (Fig. 5) with O2 and CO in dry toluene. Whereas the CO affinity is similar to
that measured for the natural receptors, the O2 affinity is greatly enhanced and exceeds that of T-state Hb by a
factor of ca. 1500 (Table). The oxygenated complexes possess half-lives of several h (Fig. 6). This remarkable
stability originates from both dendritic encapsulation of the iron(II) porphyrin and formation of a H-bond
between bound O2 and a dendritic amide NH moiety (Fig. 11). Whereas reversible CO binding was also
observed in aqueous solution (Fig. 10), the oxygenated iron(II) complexes are destabilized by the presence of
H2O with respect to oxidative decay (Fig. 9), possibly as a result of the weakening of the O2 ¥¥ ¥ H�NH-bond by
the competitive solvent. The comparison between the two dendrimers with amide branchings and ester
derivative 3 ¥FeII-1,2-DiMeIm (Fig. 2), which lacks H-bond donor centers in the periphery of the porphyrin,
further supports the role of H-bonding in stabilizing the O2 complex against irreversible oxidation. All three
derivatives bind CO reversibly and with similar affinity (Fig. 8) in dry toluene, but the oxygenated complex of
3 ¥FeII-1,2-DiMeIm undergoes much more rapid oxidative decomposition (Fig. 7).

1. Introduction. ± Tetrameric hemoglobin (Hb) is an efficient transport protein for
O2 in aerobic organisms; its monomeric counterpart myoglobin (Mb) is responsible for
O2 storage in muscle tissues. The protein superstructure shields the iron(II) heme co-
factor against irreversible oxidation and �-oxo dimer formation [1]. Furthermore, the
peptidic shell plays an important role in tuning the affinity of the heme iron(II) [2] [3]
for diatomic gases (O2, CO, NO). In the deoxy forms of the two proteins, a −proximal×
imidazole from a His residue coordinates axially, leading to a five-coordinate high-spin
FeII center. Reversible O2 binding occurs at the opposite porphyrin face, and a −distal×
imidazole from a second His residue is thought to interact with the terminal O-atom of
the bound gas viaH-bonding. This hypothesis was first proposed by Pauling in 1964 [4]
and was later supported by neutron-diffraction data for oxymyoglobin [5] and
oxyhemoglobin [6] (Fig. 1). The existence of such an H-bond was also demonstrated by
electron paramagnetic resonance and resonance-Raman studies [7] [8]. Although the
strength of the H-bond between −distal× imidazole and bound O2 remains a matter of
discussion [9], this interaction seems to play an important role in the discrimination of
the heme proteins between O2 and CO binding [10].
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In Hb, the preference for CO over O2 binding is around 200-fold and in Mb only 30-
fold [11]; these values are critical for aerobic life [12]. In contrast, early synthetic
iron(II) heme model systems [13] [14], such as the −picket fence× porphyrin [15 ± 17],
showed much higher affinities for CO over O2. The reduced CO affinity of Hb and Mb
is assumed to result from steric [18 ± 20] and/or a combination of polar and apolar
interactions of the ligand with the surrounding protein [3] [14e] [21]. The −picket fence×
porphyrin was the first model system with an O2 affinity about the same as that of
T(tense)-state Hb. The polar binding pocket shaped by the four pivaloyl-amide
residues kinetically stabilizes the intrinsically bent O2 adduct, and a H-bond between
one of the pivaloyl amide NH moieties and the coordinated O2 was postulated [17].
More recent model systems with hindered binding cavities have been shown to complex
O2 with a slight preference over CO [22]. However, the detailed relationship between
structural distortion from a linear CO-ligation geometry and equilibrium binding
affinities remains controversial [3] [13c] [14c] [23].

To investigate the influence of H-bonding on the O2 affinity of Hb and Mb model
systems, iron(II) porphyrin derivatives with and without H-bond donor functionality
were prepared [14e] [24]. Replacement of one of the four pivaloyl residues in the
−picket fence× iron(II) porphyrin by H-bond donor substituents was shown to reduce
P1/2(O2) (the partial pressure of O2 required to obtain half-saturation of the iron(II)
heme coordination site) by a factor of 10 compared to the original receptor, i.e., O2

binding is strengthened. Protein engineering of Hb also underlines the critical role of
the −distal× imidazole residue for the fine-tuning of ligand affinity [25]. Further
evidence for H-bonding stabilization of coordinated O2 comes from the exceptionally
high O2 affinity of Hb of the bloodworm Ascaris lumbricoides. The X-ray crystal
structure shows a network of H-bonds between coordinated O2 and −distal× tyrosine and
glutamine residues (Fig. 1) [26]. Environmental polarity was also shown in model
studies to slightly affect O2 affinity [27].

��������� 	
����� ���� ± Vol. 85 (2002)334

N

O
H

Fe

N

O
O

N
O

H
H

N

Fe

N

O
O

N

N

H

H H

H

Heme

proximal

distal

Fig. 1. H-Bonding in the O2 complexes of vertebrate Hb and Mb [5] [6] (left) and Hb of the bloodworm Ascaris
lumbricoides (right) [26]



Basic requirements for synthetic heme models are a five-coordinate iron(II)
porphyrin in a high-spin state with a proximal N-base and a vacant coordination site for
O2. To prevent formation of hemochromes by axial coordination of two N-bases to the
iron(II) porphyrin (the equilibrium constant for the addition of the second ligand is
higher than for the first one), different approaches have been adopted. Thus, addition
of a sterically hindered axial base, such as 1,2-dimethylimidazole (1,2-DiMeIm) [28],
favors formation of a five-coordinate high-spin complex with the FeII center displaced
out of the heme plane (a model for T-state Hb). Covalent attachment of the axial ligand
to the heme [29] or steric hindrance of one of the two faces of the heme [30] [31] are
other approaches to prevent hemochrome formation. Rapid decomposition of the O2

adducts via �-oxo-dimer formation is usually prevented by attachment of bulky
substituents onto the iron(II) porphyrin as in the −picket fence× systems [15] or by
bridging the macrocycle [31] [32]. Such protection can also be readily achieved by
dendritic encapsulation as shown in this paper.

Over the past five years, the combination of metalloporphyrin with dendrimer
chemistry [33] led to a fascinating new class of Hb and Mb model systems [34 ± 36],
with the dendritic superstructure mimicking the encapsulation of the heme in a natural
protein environment [37]. Modification of the dendritic shell around the iron(II)-
porphyrin core modulates the shape, density, and polarity of these model systems,
thereby affecting profoundly thermodynamics and kinetics of complexes formed with
O2 and CO. Here, we report the gas-binding properties of two classes of water-soluble,
dendritic iron(II) porphyrins, the first- and second-generation derivatives, 1 ¥FeII and
2 ¥FeII, respectively, with amide dendrons capable of H-bond donation, and first-
generation compound 3 ¥FeII with ester dendrons lacking H-bond donor centers in the
dendritic shell (Fig. 2 ; for a preliminary communication of parts of this work, see [35]).
UV/VIS Gas-binding titrations with O2 and CO in different solvents in the presence of
1,2-DiMeIm reveal interesting effects of the chemical composition of the dendritic shell
and environmental polarity on the stability of the formed complexes.

2. Results. ± 2.1. Synthesis of Dendritic Iron(II) Porphyrins. The two target
molecules 1 ¥FeII and 2 ¥FeII were obtained by a divergent strategy [38] as described in
[39], whereas the convergent approach [40] was applied to the preparation of the novel
first-generation dendrimer 3 ¥FeII (Scheme).

The synthesis of the porphyrin core 4 ¥ 2H started from tetracarboxylic acid 5 ¥Zn
[39c], which was reduced with BH3 ¥ THF to tetrol 4 ¥Zn. Crystals suitable for X-ray-
analysis (Fig. 3) were obtained by vapor diffusion of cyclohexane into a solution
of 4 ¥Zn in THF. The compound crystallized in the space group C2/c with two
THF molecules axially coordinated to the ZnII center. The dihedral angle
C(19)�C(20)�C(10)�C(9) between meso-phenyl ring and porphyrin nucleus
amounts to 81.4�, orienting the four side chains into unhindered positions for
attachment of the dendritic wedges. Demetallation of 4 ¥Zn with 0.4� HCl afforded 4 ¥
2H, to which dendron 6 [41] was attached underMitsunobu conditions [42] to give the
dendritic porphyrin 3 ¥ 2H, which was purified by preparative gel permeation
chromatography (GPC). The matrix-assisted laser-desorption-ionization time-of-flight
(MALDI-TOF) mass spectrum (2-(4-hydroxyphenylazo)benzoic acid (HABA)) dis-
played the molecular ion as the parent ion at m/z 3547.1 (13C2

12C182H318N4O60 requires
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3546.2); no additional peaks resulting from fragmentation or impurities appeared in the
spectrum. In the 13C-NMR spectrum (100 MHz, CDCl3) all twenty-eight resonances
expected for 3 ¥ 2H were observed.

2.2. Gas-Titration and -Binding Studies. For the gas-binding studies, the FeII

derivatives 1 ¥FeII, 2 ¥FeII, and 3 ¥FeII were freshly prepared by metallation of the
dendritic free-base porphyrins with FeBr2 in THF under inert atmosphere. UV/VIS
Titrations were performed in a dry-box under N2 ([O2]� 1 ppm) according to a
standard literature procedure and evaluated according to Eqn. 1 [22a] [43]

P(L)� {[CI]b��}P(L)/�A�P1/2(L) (1)
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Fig. 2. Dendritic model compounds for T-state Hb



where P(L) [Torr] represents the partial pressure of the added gas L inside a
tonometer, P1/2(L) [Torr] the partial pressure of L at half-saturation binding to the FeII

porphyrin, and �A the difference in optical absorbance of the solution of the FeII

porphyrin at P(L) and in the absence of L. The term {[CI]b��} is a constant under the
conditions of the measurements.

The total concentration of the FeII porphyrin was kept constant during one titration.
Its solution was prepared under N2 and added to the tonometer, followed by ca. 20
equiv. of 1,2-DiMeIm to selectively form the five-coordinate high-spin complex [28].
Known amounts of O2 or CO (L) were added via gas syringe into the septum-capped
tonometer. After each addition, UV/VIS spectra were recorded. Plots of P(L) as a
function of P(L)/�A according toEqn. 1 provided a straight line, and from the intersect
with the ordinate, the value of P1/2(L) (equal to 1/KL, the reciprocal of the equilibrium
formation constant of the 1 :1 complex) was obtained. To maintain a constant pressure
inside the tonometer during the entire titration, before each addition of L, the same
amount of gas mixture was first removed. The partial pressure of L inside the tonometer
at titration point n, Pn [Torr] was subsequently calculated according to Eqn. 2

Pn� [Pn�1(V� v)� 760v]/V (2)

where Pn�1 is the partial pressure of L at titration point n� 1, V the total volume in the
tonometer not filled by the solution of the FeII porphyrin, and v the volume of added L
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Scheme. Synthesis of the Dendritic FeII Porphyrin 3 ¥FeII
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(identical to the volume of gas mixture removed from the tonometer before addition of
L). UV/VIS Spectra at each titration point were recorded after equilibration, which
was indicated by constant absorbance of the solution in the tonometer.

A representative evaluation of experimental titration data (298 K), which were
obtained in triplicate runs in each case, is given in Fig. 4 for the determination of
P1/2(O2) (�0.016 Torr) for the second-generation dendrimer 2 ¥FeII-1,2-DiMeIm in dry
toluene. The Table shows the O2 and CO affinities of the two dendritic FeII porphyrins
compared with those of human T-state Hb and Mb, T-state −picket fence× FeII

porphyrin, and Hb from the bloodworm Ascaris lumbricoides. Such comparison of
data from different solvents should consider that environmental polarity may slightly
affect the gas-binding affinity [27]. It is readily apparent that the two dendritic
receptors display exceptionally high O2 affinities.

2.2.1. Binding of O2 and CO to the Dendritic FeII Porphyrins 1 ¥FeII-1,2-DiMeIm and
2 ¥FeII-1,2-DiMeIm in Dry Toluene. Binding of O2 to the dendritic FeII receptors in dry
toluene is reversible. Upon exposure of a solution of 1 ¥FeII-1,2-DiMeIm (c� 3 ¥ 10�6 �)
to O2, the Soret band (�max 427 nm) of the five-coordinate species vanished while a new,
hypsochromically shifted maximum (�max 421 nm), indicative of the six-coordinate O2

complex, appeared (Fig. 5). After deoxygenation and introduction of N2 by three
−freeze-pump× cycles, the spectrum of the original five-coordinate complex 1 ¥FeII-1,2-
DiMeIm with the Soret band at 427 nm was fully recovered. This process was repeated
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Fig. 3. ORTEP Plot of 4 ¥Zn. Arbitrary numbering. Atomic displacement parameters obtained at 293 K are
shown at the 30% probability level. For clarity, the cyclohexane solvate inclusions are omitted.



several times, indicating substantial stability of the O2 complex. After the reversibility
was established, the binding affinity was quantitatively assessed in UV/VIS titrations as
described above.
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Fig. 4. UV/VIS Titration to determine the O2 affinity of 2 ¥FeII-1,2-DiMeIm in dry toluene at 298 K. [2 ¥FeII] ca.
3 ¥ 10�6 � ; [1,2-DiMeIm] ca. 3 ± 4 ¥ 10�5 �. P(O2)� partial pressure of O2 in the tonometer, �A� change in

optical absorbance measured at 421 nm.

Table. O2 and COAffinities of Dendritic FeII Porphyrins Determined by UV/VIS Titrations (298 K). Also shown
are the gas-binding affinities of human T-state Hb and Mb [15] [16b] [44], T-state FeII −picket fence× porphyrin
[15] [16], and Hb from the bloodwormAscaris lumbricoides [45]. TheM value is the ratio of the two equilibrium
binding constants KCO/KO2

, where KCO� 1/P1/2(CO) and KO2
�P1/2(O2), and denotes the selectivity of the heme

FeII for O2 relative to CO a).

Porphyrin P1/2(O2) P1/2(CO) M
[Torr] [Torr]

T-State Hb b) 40 0.3 135
Mb b) 0.37 ± 1 0.014 ± 0.025 20 ± 40

T-State iron(II) −picket fence× porphyrin c) 38 0.0089 4280
Ascaris lumbricoidesb) 0.002 0.1 0.02
1 ¥FeII-1,2-DiMeImd) 0.035 0.35 0.1
2 ¥FeII-1,2-DiMeImd) 0.016 0.19 0.08
3 ¥FeII-1,2-DiMeImd) ± e) 0.075
1 ¥FeII-1,2-DiMeIm ± e) f) 0.052 b)
2 ¥FeII-1,2-DiMeIm ± e) f) 0.066 b)
3 ¥FeII-1,2-DiMeIm ± e) f) ± e) b)

a) Gas solubilities [mol�1 atm�1] in H2O: 1.157 ¥ 10�3 (O2), 8.49 ¥ 10�4 (CO); in toluene: 5.3 ¥ 10�3 (O2), 7.39 ¥ 10�3

(CO) [46]. b) In aqueous phosphate buffer (NaH2PO4/Na2HPO4, pH 7), 293 K. c) In toluene in the presence of
1,2-DiMeIm, 298 K. d) In dry toluene. e) Rapid irreversible oxidation prevented the determination of the
stability of the oxygenated FeII complex by UV/VIS titrations. f) In H2O-saturated toluene.



The stability of O2-bound 1 ¥FeII-1,2-DiMeIm in dry toluene with respect to
irreversible oxidative decomposition was investigated. For this purpose, a solution of
the dendrimer in dry toluene was exposed to dry O2 in a septum-sealed UV cuvette, and
the changes in the UV/VIS spectrum were recorded in 30-min intervals over a period of
3 d at 298 K (Fig. 6). The oxygenated FeII porphyrin underwent slow irreversible
oxidation to an FeIII complex, as indicated by the appearance of a new, hypsochromi-
cally shifted, broad Soret band at ca. 406 nm. The nature of this species was not
investigated; a literature survey revealed that the mechanism for degradation of
oxygenated FeII porphyrins in aprotic environments is not well-understood
[1a] [14b] [24a]. Fitting of the experimental data to a first-order exponential decay
provided k� 3.8 ¥ 10�5 s�1 and a half-life t1/2 of ca. 5 h.

The reversibility of CO-binding to 1 ¥FeII-1,2-DiMeIm was also clearly demon-
strated by UV/VIS spectroscopy. Here again, the maximum of the Soret band shifted
reversibly from 427 nm in the initial five-coordinate complex to 421 nm in the six-
coordinate CO complex, and the initial spectrum was fully recoverable after several
−CO then N2× gas flow cycles.

2.2.2. Binding of O2 and CO to the Dendritic FeII Porphyrin 3 ¥FeII-1,2-DiMeIm in
Dry Toluene. The gas-binding behavior of this dendrimer differs substantially from that
measured for the corresponding first-generation dendrimer 1 ¥FeII-1,2-DiMeIm. Upon
addition of O2 in dry toluene at 298 K, the Soret band of the five-coordinate species at
ca. 430 nm was rapidly replaced by a new absorption at 414 nm, characteristic of the
oxygenated six-coordinate species [47] [48]. However, the lifetime of this complex was
too short to determine its stability by UV/VIS titrations. The intensity of the band at
414 nm rapidly decreased with concomitant appearance of a new broad Soret band at

Fig. 5. Reversibility of O2 binding by 1 ¥FeII-1,2-DiMeIm in dry toluene at 298 K studied by UV/VIS spectroscopy.
[1 ¥FeII] ca. 3 ¥ 10�6 � ; [1,2-DiMeIm] ca. 3 ± 4 ¥ 10�5 �. Each state was kept for 30 min.
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406 nm, corresponding to an irreversibly oxidized FeIII species (Fig. 7). The decrease in
absorbance during the first 3 h was fitted to a first-order exponential decay, yielding
k� 3 ¥ 10�4 s�1 and t1/2� 30 min.

In contrast, CO forms a stable complex with 3 ¥FeII-1,2-DiMeIm and the binding
affinity (P1/2(CO)� 0.075 Torr) was found ca. 3 ± 4 times higher than that measured for
the two amide dendrimers (Table). Complexation is reversible and the five-coordinate
(Soret band at 430 nm) and six-coordinate (Soret band at 414 nm) complexes could be
fully interconverted in several −CO then N2× gas flow cycles. Fig. 8 shows that the initial
spectrum of 3 ¥FeII-1,2-DiMeIm in deoxygenated, dry toluene depicts a mixture of both
five-coordinate (430 nm) and six-coordinate (414 nm) species. The latter presumably
results form coordination of minimal traces of residual O2 (residual O2 content in the
dry-box ca. 0.5 ± 1 ppm) or possibly solvent (THF) tenaciously entrapped in the
dendritic shell. Gratifyingly, however, when O2 after the first oxygenation was replaced
again by N2, the absorption at 414 nm disappeared, leaving a clean solution of the five-
coordinate species (Fig. 8).

Formation of clean solutions of five-coordinate FeII porphyrin was actually
problematic with all three dendrimers. However, by simply heating the solution to
50�, the Soret band for the six-coordinate species always disappeared, leaving only the
band at ca. 430 nm corresponding to the five-coordinate complex. Upon cooling back to
298 K, the two bands were usually recovered with initial relative intensities. This
process could be repeated many times, establishing the reversibility of this weak initial
sixth ligation.
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Fig. 6. Decomposition of oxygenated 1 ¥FeII-1,2-DiMeIm in dry toluene at 298 K monitored by UV/VIS
spectroscopy (421 nm). [1 ¥FeII] ca. 3 ¥ 10�6 � ; [1,2-DiMeIm] ca. 3 ± 4 ¥ 10�5 �. Spectra were taken at intervals of

30 min.



2.2.3. Binding of O2 and CO by the Three Dendritic FeII Porphyrins in Aqueous
Solution. In preliminary studies, we investigated O2 binding by 1 ¥FeII-1,2-DiMeIm and
2 ¥FeII-1,2-DiMeIm in water-saturated toluene. In contrast to the findings in dry
toluene, the association of O2 could no longer be evaluated by UV/VIS titrations, since
irreversible oxidation to FeIII species, characterized by a broad Soret band at 406 nm,
took place rather rapidly. With the first-generation compound, this irreversible
oxidation was so fast that it could not be followed by our techniques. With the second-
generation dendrimer, the oxidation was slow enough to be monitored by UV/VIS
spectroscopy (Fig. 9). The decrease in the absorbance at 421 nm (six-coordinate
O2 complex) was recorded at 15-min intervals and the experimental data fitted
to a pseudo-first-order exponential decay yielding k� 1.3 ¥ 10�4 s�1 and a half-life
t1/2� 2 h.

With their triethyleneglycol monomethyl ether surface groups, the dendritic FeII

porphyrins are readily soluble in aqueous phosphate buffer at pH 7 and CO binding by
1 ¥FeII-1,2-DiMeIm and 2 ¥FeII-1,2-DiMeIm was investigated in this biologically more
relevant environment. Complexation was found to be reversible, and the CO affinities
(P1/2(CO), Table) were determined by UV/VIS titrations, monitoring the disappear-
ance of the Soret band for the initial five-coordinate complex at 430 nm and the
appearance of the band at 416 nm, characteristic for the six-coordinate CO complex
(Fig. 10). Both dendrimers display similar affinity for CO (first generation: P1/2(CO)�
0.052 Torr; second generation: P1/2(CO)� 0.066 Torr), showing very little effect of
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Fig. 7. Decomposition of oxygenated 3 ¥FeII-1,2-DiMeIm in dry toluene at 298 K monitored by UV/VIS
spectroscopy (414 nm). [3 ¥FeII] ca. 4 ¥ 10�6 � ; [1,2-DiMeIm] ca. 3 ± 4 ¥ 10�5 �. Spectra were taken at intervals of

30 min.



dendritic size. In several −CO to N2× gas-flow cycles, the reversibility of CO binding was
ascertained. Quantitative O2-binding studies were not conducted in aqueous buffer due
to rapid irreversible oxidation of the oxygenated FeII porphyrins.

Ester dendrimer 3 ¥FeII-1,2-DiMeIm was also found to decompose rapidly in
aqueous environment, and quantitative gas-binding studies could not be performed.
The origin of this decomposition, which occurred even in the absence of O2 and led to
the appearance of the broad Soret band at 406 nm, which is characteristic of FeIII

species, was not further investigated.

3. Discussion. ± The two dendrimer-based T-state hemoglobin models 1 ¥FeII-1,2-
DiMeIm and 2 ¥FeII-1,2-DiMeIm of first and second generation, respectively, show
reversible O2 and CO binding in dry toluene (Table and Figs. 4 and 5). It is remarkable
that their O2 affinities (KO2

� 1/P1/2(O2)) are ca. 1500 times higher than those of T-state
Hb and ca. 10 ± 30 times higher than those of Mb [44]. In fact, these values approach the
high O2 affinity of Hb from the bloodwormAscaris lumbricoides [26] [45]. On the other
hand, both dendrimers show a relatively low CO affinity, within the same range as
T-state Hb and Mb. The combination of high O2 and low CO affinities yields very low
values forM, the ratio of the two equilibrium binding constants KCO/KO2

, where KCO�
1/P1/2(CO) and KO2

�P1/2(O2). Thus, the selectivity of the dendritic systems for binding
O2 over CO is similar to that seen for Hb fromAscaris lumbricoides. Interestingly, both
CO- and O2-binding affinities are not much dependent of the degree of dendritic
generation.

Why are the O2 affinities so high? These may result from the formation of a H-bond
between the bound gas and one of the NH residues of the amide moieties linking
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Fig. 8. Reversibility of CO binding by 3 ¥FeII-1,2-DiMeIm in dry toluene at 298 K studied by UV/VIS
spectroscopy. [3 ¥FeII] ca. 3 ¥ 10�6 � ; [1,2-DiMeIm] ca. 3 ± 4 ¥ 10�5 m. Each state was kept for 30 min.
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Fig. 9. Decomposition of oxygenated 2 ¥FeII-1,2-DiMeIm in aqueous toluene at 298 K monitored by UV/VIS spectroscopy. [2 ¥FeII] ca. 3 ¥ 10�6 � ; [1,2-
DiMeIm] ca. 3 ± 4 ¥ 10�5 �. Spectra were recorded at intervals of 15 min. Left: disappearance of the Soret band of the oxygenated FeII complex at 421 nm
and appearance of a broad, new Soret band at ca. 406 nm originating from irreversible oxidation to an FeIII complex of unknown structure.Right: decrease

of the absorbance at 421 nm as a function of time.



together the porphyrin core and the first-generation dendritic branches. Such H-
bonding, schematically shown in Fig. 11, is supported by computer-model examinations.
The lower CO affinities may be caused by a congested pocket over the CO-binding site.
A reduction of CO affinities in more hindered binding cavities and, as a consequence, a
lowering of M, in some cases even below 1 [22b], has been observed with other model
systems, such as −pocket×, −hybrid×, and −capped× porphyrins [18 ± 20]. However, as
mentioned in the Introduction, the relationship between structural distortion and
equilibrium binding affinities of CO remains controversial.

Whereas O2 complexes of simple FeII porphyrins decompose rapidly [1], the
dendritic shell provides substantial stabilization against irreversible oxidation to FeIII

complexes, as has been previously observed [34] [36]. Thus, the oxidative decay of the
O2 complexes formed in dry toluene occurs only over the course of several hours
(Fig. 6). Expectedly, the first-generation derivative, with a less encapsulated heme
nucleus, decomposes much more rapidly (as shown by the studies in H2O-saturated
toluene; Sect. 2.2.3, Fig. 9). It should be noted that the FeII hemes in Hb and Mb are
also continuously oxidized to FeIII species. Thus, t1/2 of oxygenated beef-heart Mb is
3.3 d at pH 9, 11 h at pH 7, and only 30 min at pH 5 [1c], and similar half-lives are
measured for oxygenated human Hb (t1/2� 7 h at pH 7) [1d].

The stability of the oxygenated dendritic FeII porphyrin depends on solvent polarity.
In dry toluene, the O2 complex of the first-generation derivative 1 ¥FeII-1,2-DiMeIm has
a half-life t1/2� 5 h (Fig. 6), whereas, in H2O-saturated toluene, the first-generation
complex decomposes rapidly, and the second-generation complex has a half-life
t1/2� 2 h (Fig. 9). This facile irreversible oxidation to FeIII species prevented the
determination of O2 affinities in H2O-saturated toluene. We considered these findings a
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Fig. 10. UV/VIS Titration to determine the CO affinity of 2 ¥FeII-1,2-DiMeIm in aqueous phosphate buffer
(pH 7) at 298 K. [2 ¥FeII] ca. 3 ¥ 10�6 � ; [1,2-DiMeIm] ca. 3 ± 4 ¥ 10�5 �.



first indication for a dual role of the proposed O2 ¥¥ ¥ H�N H-bond in the dendritic
complexes (Fig. 11). It not only enhances the O2 affinity by shifting the equilibrium
between five- and six-coordinate FeII species, but also slows down irreversible oxidation
processes under formation of FeIII species. In dry toluene, the H-bond is strong,
whereas, in aqueous solutions, it is weakened by competition from the solvent.

The CO affinities of the two dendritic iron porphyrins are 3 ± 6 times higher in H2O
than in dry toluene. Differences in the hydrodynamic volume [49] [50] of the
dendrimers could contribute to these changes in affinity. In H2O, favorable interactions
between the dendritic oligoether branches and the solvent induce a larger hydro-
dynamic volume, whereas, in dry toluene, the polar branches presumably pack tightly
together in order to avoid contact with the apolar solvent. As a consequence, steric
distortion of CO binding is increased in toluene, resulting in a reduced association
strength.

To further investigate the possible role of H-bonding in O2 and CO binding by 1 ¥
FeII-1,2-DiMeIm and 2 ¥FeII-1,2-DiMeIm, we prepared the first-generation dendrimer
3 ¥FeII-1,2-DiMeIm lacking any H-bond donor functionality in the dendritic side chains.
The gas-binding behavior of this new derivative differed greatly. In dry toluene,
reversible CO complexation was observed and UV/VIS titrations (Fig. 10) revealed
that ligation strength was ca. 4.5 times higher than in the complex of 1 ¥FeII-1,2-
DiMeIm. Binding of O2 to 3 ¥FeII-1,2-DiMeIm was also indicated by a shift of the Soret
band from 430 nm (five-coordinate complex) to 414 nm (six-coordinate complex).
However, irreversible oxidation to FeIII species was too rapid to allow quantitative

��������� 	
����� ���� ± Vol. 85 (2002)346

Fig. 11. Schematic representation of the postulated H-bond stabilizing the O2 complex of 1 ¥FeII-1,2-DiMeIm



determination of O2 affinity by UV/VIS titration. With t1/2� 30 min, the half-lifetime of
the oxygenated FeII complex is much shorter than that of the corresponding complex
formed by 1 ¥FeII-1,2-DiMeIm (t1/2� 5 h).

In aqueous solutions, the stability of the O2 complex of 3 ¥FeII-1,2-DiMeIm was not
only further reduced, but the dendrimer was found to decompose rapidly even in the
absence of O2, thereby preventing any quantitative gas-binding studies. The decom-
posed dendrimer showed a broad Soret band at ca. 406 nm, indicative for formation of
FeIII species which were not further investigated.

The comparison between the gas-binding affinities of the two first-generation
compounds 1 ¥FeII-1,2-DiMeIm and 3 ¥FeII-1,2-DiMeIm in dry toluene provides
important support for the proposed role of H-bonding in O2 complexation. Both
derivatives undergo reversible CO binding with similar ligation strength; clearly H-
bonding is not much altering the CO affinity. On the other hand, the O2 complex of 3 ¥
FeII-1,2-DiMeIm, which is not stabilized by H-bonding, decomposes much more readily
than the complex of 1 ¥FeII-1,2-DiMeIm, for which the O2 ¥¥¥ H�N H-bond is
postulated. Further investigations are now underway to provide additional support
for the important hypothesis raised in this study that the host-guest H-bond in O2

complexes of the natural receptors Hb and Mb, and synthetic model systems not only
enhances the binding affinity but additionally stabilizes the oxygenated complex
against irreversible oxidative decomposition.

4. Conclusion. ± Three dendritic FeII porphyrins were prepared and investigated as
models for T-state Hb and Mb. UV/VIS Titrations revealed that the two receptors 1 ¥
FeII-1,2-DiMeIm and 2 ¥FeII-1,2-DiMeIm containing secondary-amide groups in the
dendritic branching undergo stable, reversible complexation with O2 and CO in dry
toluene, with the O2 affinity greatly surpassing that of T-state Hb (by a factor of ca.
1500) or Mb (by a factor of ca. 10 ± 30). The oxygenated complexes are stable for
several hours due to the protection against �-oxo dimer formation provided by the
dendritic shell. The enhanced stability of the O2 complexes and their reduced
propensity to undergo irreversible oxidation to FeIII species are presumably also a
result of the formation of a H-bond between bound O2 and amide NH groups in the
dendritic branches. COAffinities in dry toluene were reduced by the same magnitude
as those measured for the natural proteins, which was tentatively explained by steric
distortion resulting from the dendritic shell. Reversible CO binding was also observed
in aqueous phosphate buffer, whereas the oxygenated FeII complexes are less stable in
the presence of H2O. This reduced stability is presumably a result from the weakening
of the intermolecular O2 ¥¥ ¥ H�N H-bond by the competitive solvent. Further support
for the importance of this H-bond was obtained in the studies of dendrimer 3 ¥FeII-1,2-
DiMeIm that lacks H-bond-donor centers in its dendritic shell. Whereas this receptor
undergoes reversible stable CO binding in dry toluene, the oxygenated complexes are
unstable and undergo facile oxidative decomposition. Studies are now in progress to
further clarify the proposed dual role of the H-bond in both stabilizing the O2

complexes of FeII porphyrins in natural and synthetic receptors and preventing their
oxidative decomposition.
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Experimental Part

General. Commercial chemicals and solvents were used without further purification unless otherwise
stated. THF and toluene were freshly distilled from sodium benzophenone ketyl, CH2Cl2 from CaH2. Solvents
used in an inert-gas atmosphere (dry-box; [O2]: � 1 ppm), were deoxygenated by three −freeze-pump× cycles.
The aq. phosphate buffer (pH 7) was obtained by dissolving a mixture of NaH2PO4 and Na2HPO4 until a stable
pH was reached. Evaporation in vacuo was conducted at H2O-aspirator pressure. Products were dried at
0.05 Torr before anal. characterization. Column chromatography (CC): SiO2 60 (230 ± 400 mesh, 0.040 ±
0.063 mm) from Fluka or Merck. M.p.: B¸chi B-540 ; uncorrected. Prep. gel-permeation chromatography
(GPC): glass column (140� 4 cm) filled with Bio-Rad Bio-Beads ¾ S-X1 (200 ± 400 mesh); elution with CH2Cl2.
IR spectra [cm�1]: Perkin-Elmer 1600-FT IR. 1H- and 13C-NMR spectra: Bruker AMX-400 and Varian Gemini
200 ; spectra were recorded at 298 K with solvent peak as reference. MS (m/z (%)): FAB: VG ZAB2-SEQ
spectrometer with 3-nitrobenzyl alcohol (NOBA) as matrix; MALDI-TOF: Bruker-Reflex spectrometer with
HABA as matrix. Elemental analyses were performed by the Mikrolabor at the Laboratorium f¸r Organische
Chemie, ETH-Z¸rich.

Determination of the Gas-Binding Constants.O2 and CO affinities were determined by UV/VIS titrations at
298 K according to the procedure in [22a] [43] with a Hewlett-Packard 8452A diode-array spectrophotometer.
O2 (2.58% in N2) and CO (99.95%) were used from Matheson Gas Products. Receptor solns. were prepared
under N2 by mixing the FeII porphyrins (c� 3 ± 5 ¥ 10�6 �) with a ca. 20-fold amount of 1,2-DiMeIm in a dry-box
([O2]� 1 ppm) to selectively form the five-coordinate complexes [28] [47]. The solns were put into a tonometer
of defined volume, which was sealed with a septum. Gases were added with a special gas-titration syringe. Partial
gas pressures at each titration point were calculated according to Eqn. 2 and binding affinities (P1/2 [Torr]� 1/
KL) were determined according to Eqn. 1.

Determination of First-Order Rate Constants for Oxidative Decomposition of Oxygenated Iron(II)
Porphyrins. In a dry-box at 298 K, a soln. of FeII porphyrin (ca. 3 ¥ 10�6 �) and 1,2-DiMeIm (ca. 3 ± 4 ¥ 10�5 �) in
dry or aq. toluene was put into a UV-cuvette sealed with a septum. Via a gas syringe, 5 ml of O2 were bubbled
through the soln. to form the O2 complex, and UV/VIS spectral changes (at 421 nm for oxygenated 1 ¥FeII-1,2-
DiMeIm in dry toluene and oxygenated 2 ¥FeII-1,2-DiMeIm in aq. toluene, and at 414 nm for oxygenated 3 ¥FeII-
1,2-DiMeIm in dry toluene) were recorded at 15 ± 30 min intervals with the diode-array spectrophotometer over
a period of 15 h to 3 d. The decrease in absorbance as a function of time was fitted to a first-order exponential
decay.

General Procedure for FeII-Ion Insertion into the Free-Base Porphyrins. A soln. of the free-base porphyrin
(ca. 1 ± 2 mg; ca. 0.004 ± 0.008 mmol), FeIIBr2 (Aldrich, puriss. p.a. ; 6 mg, 0.03 mmol), and 2,6-lutidine (1 drop)
in THF (3 ml) was stirred in a dry-box at r.t. for 1 ± 4 h. The solvent was evaporated, and toluene was added. The
reddish suspension was filtered through Celite to remove any inorg. residue. The solvent was again evaporated,
and the resulting red oil was purified by CC (small SiO2 column, THF as eluent, single red band), providing the
FeII porphyrin in ca. 40 ± 50% yield.

X-Ray Crystal Structure of 4 ¥Zn. Crystal data at 293 K for C48H52N4O8Zn ¥ 2 C4H8O ¥ 2 C6 H12 (Mr 1190.89):
monoclinic, space group C2/c, Dc� 1.352 g cm�3, Z� 4, a� 26.38(3), b� 13.003(10), c� 18.86(2) ä, ��
106.51(10)�, V� 6203(11) ä3. Picker-Stoe diffractometer, CuK� radiation, �� 1.54178 ä. The structure was
solved by direct methods (SHELXTL PLUS) and refined with 377 parameters by full-matrix least-squares
analysis based on F 2 using experimental weights; all heavy atoms were refined anisotropically, H-atoms fixed
isotropically with positions calculated from stereochemical considerations. Final R(F)� 0.1011 for 3174
observed reflections with I� 2�(I) and wR(F 2)� 0.2396 for all 3174 data. Cambridge Crystallographic Data
Centre deposition No. CCDC-165189. Copies of the crystallographic data (excluding structure factors) can be
obtained, free of charge, on application to the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK (fax: � 44(1223)336033; e-mail : deposit@ccdc.cam.ac.uk).

(SP-4-1)-[[4,4�,4��,4���-[21H,23H-Porphine-5,15-diylbis[benzene-2,1,3-triyldioxy]]tetrakisbutan-1-olo]](2� )-
N21,N22,N23,N24]zinc (4 ¥Zn). To 5 ¥Zn (15 mg, 0.016 mmol) in THF (2 ml), BH3 ¥ THF (1�, 0.5 ml, 0.5 mmol) was
added, and the soln. was stirred at r.t. After 10 min, MeOH (2 ml) was added, and the mixture was dried
(Na2SO4). CC (SiO2; CH2Cl2/MeOH 1 :1) and recrystallization (THF/cyclohexane) provided 4 ¥Zn (61 mg,
65%). Fine purple crystals. M.p. 293�. IR (KBr): 3411, 2922, 2866, 1577, 1455, 1388, 1246, 1098, 1055, 991, 838,
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777, 716. UV/VIS (CHCl3): 311 (11200), 352 (6300), 395 (26900), 415 (323600), 511 (1500), 547 (11000), 582
(2000), 616 (700). 1H-NMR (200 MHz, (CD3)2SO): 0.65 ± 0.79 (m, 8 H), 0.99 ± 1.13 (m, 8 H); 2.83 ± 2.91 (m,
8 H); 3.93 (t, J� 6.4, 8 H); 7.27 (d, J� 8.3, 4 H); 7.87 (t, J� 8.3, 2 H); 8.93 (d, J� 4.3, 4 H); 9.45 (d, J� 4.3, 4 H);
10.27 (s, 2 H). 13C-NMR (50 MHz, (CD3)2SO): 29.8; 32.9; 64.6; 72.7; 109.6; 110.4; 116.4; 125.8; 134.9; 136.2
(2�); 153.4; 154.7; 164.5. FAB-MS: 876.4 (100,MH�). Anal. calc. for C48H52N4O8Zn ¥ 2.5H2O (923.35): C 62.44,
H 6.22, N 6.07; found: C 62.42, H 5.95, N 6.16. X-Ray Analysis: see Fig. 3.

4,4�,4��,4���-[21H,23H-Porphine-5,15-diylbis[benzene-2,1,3-triyldioxy]]tetrakis(butan-1-ol) (4 ¥ 2H). To
4 ¥Zn (148 mg, 0.17 mmol) in CH2Cl2 (20 ml), 0.4� HCl (5 ml, 2 mmol) was added, and the mixture was
stirred at r.t. for 2 h. The deep red soln. turned green. After addition of 1� NaOH, the phases were separated,
and the aq. phase was extracted with CHCl3. The combined org. phases were dried (Na2SO4) and evaporated.
CC (SiO2; CH2Cl2/MeOH 93 :7) and recrystallization (THF) gave 4 ¥ 2H (124 mg, 91%). Fine, deep-purple
needles. M.p. 298�. IR (KBr): 3388, 3288, 3133, 2933, 2866, 1583, 1455, 1405, 1250, 1100, 955, 838, 783, 766, 738,
711. UV (CHCl3): 391 (60200), 408 (275400), 504 (15100), 538 (4500), 574 (5200), 642 (1200). 1H-NMR
(200 MHz, (CD3)2SO): � 3.14 (s, 2 H); 0.63 ± 0.76 (m, 8 H); 0.99 ± 1.14 (m, 8 H); 2.85 (t, J� 5.9, 8 H); 4.04 (t,
J� 6.6, 8 H); 7.31 (d, J� 8.4, 4 H); 7.43 (br. s, 4 H); 7.92 (t, J� 8.4, 2 H); 9.03 (d, J� 4.8, 4 H); 9.63 (d, J� 4.8,
4 H); 10.6 (s, 2 H). 13C-NMR (50 MHz, (CD3)2SO): 29.8, 32.9, 64.5, 72.8, 109.4, 110.4, 116.4, 123.2, 135.3, 135.8,
136.7, 149.5, 151.9, 164.3. FAB-MS: 815.3 (100, M�). HR-FAB-MS: 815.4022 (M�, C48H54N4O8; calc. 814.9787).

[21H,23H-Porphine-5,15-diylbis[benzene-2,1,3-triyldioxy]]tetrakis(butane-1,4-diyl)tetrakis[7-{2-[2-(2-
methoxyethoxy)ethoxy]ethoxy}-4,4-bis(3-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}propyl)heptanoate] (3 ¥ 2H).
To a degassed soln. of 4 ¥ 2H (5 mg, 0.00614 mmol) and 6 (50 mg, 0.0713 mmol) in abs. THF (2 ml), Bu3P
(ca. 85%; 20 ml, 0.0713 mmol) was added, and the mixture was stirred at r.t. for 5 min. After addition of TMAD
(13 mg, 0.0713 mmol), the mixture was heated for 1.5 h to 80�. Evaporation and CC (SiO2; CH2Cl2/MeOH
93 :7), followed by prep. GPC (Bio-Beads S-X1; CH2Cl2) gave 3 ¥ 2H (14.2 mg, 65%). Deep-red viscous oil. IR
(CHCl3): 3011, 1516, 1422, 1211, 1138, 927, 755, 672. UV (CHCl3): 409 (338800), 503 (16200), 536 (5000), 576
(5700), 631 (1700), 645 (1600). 1H-NMR (400 MHz, CDCl3): � 3.06 (s, 2 H); 0.73 (q, J� 6.8, 8 H); 1.02 ± 1.13
(m, 32 H); 1.34 ± 1.48 (m, 32 H); 1.96 ± 2.02 (m, 8 H); 3.34 ± 3.61 (m, 212 H); 3.89 (t, J� 5.8, 8 H); 7.03 (d, J� 8.5,
4 H); 7.73 (t, J� 8.5, 2 H); 8.96 (d, J� 4.5, 4 H); 9.28 (d, J� 4.5, 4 H); 10.16 (s, 2 H). 13C-NMR (100 MHz,
CDCl3): 23.3, 24.2, 24.8, 28.4, 31.0, 32.2, 36.3, 59.0, 63.2, 67.4, 70.0, 70.1, 70.5, 70.6, 71.8, 71.9, 72.0, 104.1, 105.3,
111.3, 119.6, 130.3, 130.4, 131.0, 144.9, 147.5, 159.8, 173.8. MALDI-TOF-MS: 3547.1 (100, M� ; calc. for
[12C182

13C2H318N4O60]�: 3546.2). Anal. calc. for C184H318N4O60 (3546.53): C 62.32, H 9.04, N 1.58; found: C 62.07,
H 9.08, N 1.68.
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