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coordination ligand for hemin and heme in aqueous solution 
and in the solid state. The behavior of polymer 2 as a ligand is 
compared to that of the related macromolecule, 1. The re-
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Abstract: The water-soluble poly(aminophosphazenes) [NP(NHCH3)2]„ (1) and [NP(NHCH3)x(NHCH2CH2CH2-
C3N2H3)^]n (2) (containing the 3-(l-imidazolyl)propylamino group) have been investigated as polymeric "carrier" ligands 
for iron(III) and iron(II) protoporphyrin IX. In the presence of aqueous polymer 1, hemin or heme exists as hematin-hemin 
hydroxide or bisaquoheme, respectively, with only weak (probably acid-base) binding between the polymer and the metallo-
porphyrin. However, polymer 2 binds strongly to both heme and hemin via the imidazole residues. In aqueous solution or as 
solid films, the presence of the polymeric ligands did not prevent the irreversible oxidation of heme on contact with oxygen. 
Polymer-heme complexes of polymers 1 and 2, including the CO and oxidized complexes, were characterized by electronic ab
sorption and Mossbauer spectroscopy. Although the Mossbauer data confirmed that Fe(II) oxidation occurred on contact with 
O2, the electronic spectra were compatible with reversible dioxygen binding. The apparent "dioxygen cycling" in the solid state 
was attributed to oxidation of Fe(II) by dioxygen, followed by reduction of the Fe(III) by the polymer or, in some cases, by re
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sponse of heme complexes of 1 or 2 to carbon monoxide and 
dioxygen has also been examined. 

Synthetic metal complexes that bind oxygen reversibly are 
of interest for a variety of reasons.5 Such complexes provide 
information about the mechanism of oxygen transport in living 
systems or offer the long-range biomedical prospect of hemo
globin substitutes.6-16 Alternatively, complexes of this type 
could, in theory, function as catalysts for the conversion of 
oxygen to water. 

The ability of hemoglobin or myoglobin to bind dioxygen 
reversibly constitutes a well-known anomaly when compared 
with the oxidative instability of simple ferrous compounds in 
the presence of oxygen and water. This phenomenon has been 
ascribed to a number of factors. These include (a) the existence 
of a hydrophobic pocket around the iron porphyrin site which 
retards oxidative electron transfer from iron to oxygen in the 
nonpolar environment, (b) the inability of the iron-porphyrin 
units to approach closely enough in the metalloprotein system 
to permit ^-oxo bridged dimer formation—an apparent pre
requisite for oxidation to the Fe(III) species, and (c) the ex
istence of an environment of low acidity, since acids facilitate 
the oxidation of hemoglobin and myoglobin.10 

Several model systems have been described in which me-
talloporphyrin structures have been designed to mimic the 
environment of the prosthetic group in hemoglobin. The 
"picket fence" structure of Collman6 and the capped porphyrin 
of Baldwin7 provide hydrophobic environments for the metal 
and also retard dimerization. Model porphyrins synthesized 
by Traylor8 have been used to examine the role played by the 
fifth and sixth ligands attached to Fe(II), and Basolo9 has 
studied the behavior of iron(II) porphyrin structures physically 
separated from each other on the surface of particles of silica 
gel. All of these systems bind oxygen in organic media, often 
at low temperature. The effect of physical separation was also 
studied earlier by Wang,10 who embedded a heme ester in a 
solid hydrophobic polystyrene matrix and observed reversible 
dioxygen binding. However, the free heme carboxylic acid was 
irreversibly oxidized under the same conditions. None of these 
small molecule model systems reversibly bound oxygen in 
aqueous media at ambient temperatures. 

The reasoning behind our work is as follows. A polymer 
molecule in solution generally occupies a random coiled con
formation in which parts of the molecule may be shielded from 
other parts. Moreover, a metalloporphyrin bound strongly to 
one polymer molecule may be shielded from similar units at
tached to other chains or to distal parts of the same chain. A 
finite probability exists that metalloporphyrin dimerization 
may occur under such circumstances especially at the extreme 

(NPCL)n 

NH,( CU)1N1 

- H C l 

O 
CH3NH2 

- H C l 

n « 15 000 

of high dilutions, but that probability is expected to be lower 
than in the absence of polymer. In very concentrated polymer 
solutions or in the solid state, this shielding should be highly 
effective even when the matrix is comprised of a hydrophilic 
polymer, perhaps containing water molecules trapped in the 
lattice. During the course of our investigation, two reports have 
appeared of similar approaches taken by other groups. Tsu-
chida and co-workers11 utilized solutions of iron(II) proto
porphyrin IX in aqueous poly(4-vinylpyridine) or poly(A^-
vinyl-2-methylimidazole) for oxygenation-deoxygenation 
experiments. Electronic spectral evidence was obtained for the 
formation of a dioxygen complex, but oxygen could only be 
removed by displacement with carbon monoxide. Bayer and 
Holzbach12 reported that an imidazolyl-heme analogue, bound 
covalently to poly(ethylene oxide) or a poly(ethylene oxide)-
urethane copolymer, absorbed and released dioxygen readily 
at 25 0 C in dilute aqueous media. Our observations differ 
markedly from these reports. 

Our aim was to devise a synthetic polymer system that would 
bind metalloporphyrins and solubilize them in aqueous media. 
An additional objective was to provide a coordinative binding 
site attached to the polymer that might function as a model for 
the binding sites in naturally occurring metalloproteins. For 
the reasons discussed above, the selection of a basic polymer 
was seen to be a distinct advantage over an acidic one. An ideal 
carrier polymer should also be capable of subtle structural 
modification to optimize the coordinate solvation and con
formational characteristics. In a long-range practical sense, 
the carrier polymer chosen should be biologically compatible 
and capable of retarding the excretion of small molecules 
bound to it. Polymer 2 fulfills many of these requirements. 

Results and Discussion 

Synthesis and Characteristics of the Carrier Polymers. 
Polymer 2 was synthesized by the route shown in Scheme I. 
The synthesis of poly[bis(methylamino)phosphazene] (poly
mer 1) was described earlier.17 Polymer 1 is a hydrolytically 
stable macromolecule that is soluble in water, alcohols, and 
chloroform. Aqueous solutions are basic (pH 8-9 for a 1% w/v 
solution) and hydrogen chloride is bound strongly as a salt. 
This polymer has recently been shown to possess donor coor
dination sites for transition metals such as platinum, and X-ray 
cyrstallographic work with the model compound, 
[NP(NHCH3)2]4-PtCl2, showed that the skeletal nitrogen 
atoms coordinate to the metal.1 This is compatible with other 
studies which suggest that the skeletal nitrogen atoms in am-
inophosphazenes are more basic than those in the* side 
groups.18 

Polymer 2 was synthesized to provide a water-soluble 
macromolecule with a stronger, more accessible coordination 
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binding site for iron than that provided by polymer 1. This 
polymer was expected to form complexes that could be com
pared spectroscopically with hemoglobin and myoglobin. In 
the synthesis of polymer 2, the 3-(l-imidazolyl)propylamino 
groups were introduced first in order to favor the maximum 
separation of these units along each chain. The remaining 
phosphorus-chlorine bonds were then removed by reaction 
with methylamine. The resultant polymer was both water 
soluble and hydrolytically stable. Approximately one repeating 
group in 11 bore a pendant imidazole group. 

Overall Approach. The overall approach used in this work 
was as follows. Hemin chloride (iron(III) protoporphyrin IX 
chloride) was dissolved in aqueous solutions or aqueous etha-
nolic solutions of polymer 1 or 2. Initial experiments were 
carried out to establish whether or not the iron porphyrin was 
bound to the polymer in solution and to determine the nature 
of the binding. The polymer-iron(III) porphyrin systems were 
then reduced to the polymer-iron(II) porphyrin state with the 
use of dithionite ion. The resultant solutions, or films made 
from them, were subsequently exposed to atmospheric oxygen, 
and the nature of the products was determined by electronic 
and Mossbauer spectroscopy. Removal of bound oxygen was 
attempted at reduced pressures. The binding of carbon mon
oxide was also examined. Each of these aspects will be dis
cussed in turn. 

Mode of Binding of Polymers 1 and 2 to Hemin Chloride. 
Hemin chloride dissolved in aqueous solutions of 2 to form red 
polymer-bisimidazole hemin complexes. This mode of binding 
was indicated by the typical hemichrome electronic spectra and 
by Mossbauer spectra of frozen solutions or films at the same 
temperature (see Table I). However, the Mossbauer spectra 
also indicated the presence of some unbound hematin and 
hemin hydroxide (3), especially in the frozen aqueous medi
um. 

By contrast, aqueous solutions of hemin chloride with 
polymer 1 contained hematin or hemin hydroxide only, with 
no evidence for a direct coordination binding (4) between 
polymer 1 and Fe(III). In fact, the binding between polymer 
1 and hemin appeared to be mainly through acid-base inter
actions between the carboxylic acid residues of hemin and the 
basic nitrogen atoms of the polymer (5). These conclusions are 
based on the following observations. 

Fe t 
OH 

Table I. Electronic and Mossbauer Spectral Data 

i 

H 

O=C 

I 
I 
I 

H 

I 
O I 
C=O 

O 
First, hemin chloride dissolves in aqueous solutions of 

polymer 1 (either unbuffered or buffered to pH 7) to yield 
green solutions. Hemin chloride is insoluble in water at pH 7, 

system 

hemin + 1 + H2O 
heme + 1 + H2O 

heme + 1 + H2O + CO 
heme + 1 as film 

heme + 1 film + O2 

hematin-hemin hydroxide in 
H2O 

bisaquoheme19 

hemin + 2 + H2O 

heme + 2 + H2O and as a 
film 

heme + 2 + H2O + CO 
heme + 2 as a film + CO/ 

heme + 2 as film + O2 

electronic spectral 
peaks, nm 

395,* ~585 (broad) 
415,* 526,557 
(broad) 
411,* 535, 565 
430,* 520-600 
(broad) 
400,*'e 520-600 
(broad)e 

395,* -585 (broad) 

407,* 532, 562 

420,* 530/ 560rf 

412,* 540, 572 
412,* 520-570 
(broad) 
412,*'e 520-570 
(broad)e 

Mossbauer 
spectra 

<5, 
mm/sa 

0.40 
0.62 

0.26 
0.58c 

1.00 
0.40 

0.33 

0.57c 

0.98 
0.25 
0.40 
0.45 

0.26 
0.26 

0.20 

A, 
mm/s 

0.59 
1.47 

0.31 
1.47c 

4.60 
0.60 

0.62 

1.30c 

4.41 
2.10d 

0.60 
1.0 

0.33 
0.33 

2.0 

a Relative to metallic iron. * Soret band. c Main peaks. d Sharp 
peaks. e These peaks appeared with oxygenation and disappeared 
when the system was evacuated: the process could be recycled. 
f Prepared by treatment of heme + 2 + O2 or heme + 2 as film with 
CO. 

but dissolves at pH >9.6 to form hematin (hemin hydroxide). 
The visible and Mossbauer spectra of the hemin-polyrher 1 
system were identical with those of hematin. Second, low 
molecular weight metal complexes can penetrate semiper
meable membranes, whereas high polymers cannot. This dif
ference may be used as a tentative criterion of binding between 
a small molecule and a high polymer. For example, polymer 
2 inhibited the dialysis of hemin in ethanol solution. In 100% 
ethanol or 60% ethanolic water, polymer 1 retarded but did not 
prevent the dia _sis of hemin through a cellulose dialysis tube. 
When added imidazole or pyridine was also present, the rate 
of dialysis was completely independent of the presence or ab
sence of polymer 1. This indicates only a weak form of binding 
between hemin and polymer 1, and one that can readily be 
broken by an L_ded small molecule organic base. A carboxylic 
acid-polymer base interaction would be compatible with this 
observation. In aqueous solutions of polymer 1, as well as in 
the films obtained by evaporation of the aqueous solvent, the 
iron(III) protoporphyrin IX is present as hematin. 

Mode of Binding of Polymers 1 or 2 to Iron(II) Protopor
phyrin IX. Solutions of hemin in aqueous polymer 1 and 2 were 
reduced by treatment with aqueous sodium dithionite. The 
hemin-polymer 1 system underwent a color change from green 
to brown during this step, and the hemin-polymer 2 system 
changed from red to cherry red. Dithionite addition to the 
deoxygenated solutions was usually continued until no further 
change was observed in the Soret region of the spectrum. As 
discussed in the Experimental Section, an excess of dithionite 
was invariably required in order to effect complete reduction. 
Excess dithionite could, in principle, reduce oxidized iron, 
formed by the irreversible reaction with dioxygen, and this 
could give the appearance of reversible oxygen binding.21 For 
this reason, Mossbauer evidence for an iron-dioxygen complex 
as well as multiple reversible oxygen binding cycles is needed 
to ensure that the effect is not spurious. 

The hemin to heme reduction process was monitored by the 
change in electronic absorption spectra, by Mossbauer spec-
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troscopy, and by formation of the carbon monoxide complexes 
(Table I). The Mossbauer and electronic spectra of the 
heme-polymer 2 system were compatible with that of a six-
coordinate bisimidazole-heme complex, and this structure 
persisted when water was removed to form a solid film. The 
presence of the Fe(II) form in solution and in the solid polymer 
was also confirmed by the formation of a complex with carbon 
monoxide. Thus, the evidence indicates that the metallopor-
phyrin remains coordinatively bound to polymer 2 after re
duction. No evidence was found for the five-coordinate 
structure that is characteristic of the deoxy hemoglobin or 
deoxy myoglobin systems. 

Reduction of hemin in the presence of polymer 1 yielded 
bisaquoheme, which was detected by both Mossbauer spec
troscopy and electronic spectroscopy. This species also formed 
a red carbon monoxide complex. The addition of imidazole or 
pyridine to the heme-polymer 1 solution converted the brown 
color to red as bisimidazole heme and bispyridine heme were 
formed. This behavior is also compatible with the presence of 
bisaquoheme. Removal of water from the heme-polymer 1 
system yielded films and freeze-dried solids that contained 
monomeric bisaquoheme, although slight shifts in the Moss
bauer spectrum (Table I) raised the possibility that four-
coordinate (deaquo) heme might be present. Specifically, a 
heme-polymer 1 film showed a very similar Mossbauer spec
trum (8 0.58, A 1.47, and S 1.0, A 4.60 in mm/s) to that of an 
authentic sample of monomeric heme19 formed in aqueous 
detergent (8 0.57, A 1.30, and 8 0.98, A 4.41 mm/s). The slight 
spectral shifts could be compatible with the loss of two water 
molecules, a process that appears reasonable in view of the 
facile loss of pyridine from bispyridine heme under vacuum.20 

The Mossbauer spectrum of heme-polymer 1 did not resemble 
those of bishydroxyheme (8 0.62 mm/s, A 1.70 mm/s) or di-
mericheme (5 0.63 mm/s, A 1.51 mm/s). Thus, the evidence 
indicates that the metalloporphyrin remains essentially un
bound to polymer 1 after reduction. Presumably, in solid films 
of polymer 1, the heme is isolated in interstices or vacuoles 
within the polymer matrix. 

Interaction of Heme-Polymer Systems with O2 and CO. 
After reduction of hemin to heme in the presence of polymer 
1 or 2, dioxygen or carbon monoxide was admitted to the sys
tem, and the reaction products were examined. The presence 
of polymer 1 or 2 did not prevent the rapid, irreversible oxi
dation of heme to hemin in dilute aqueous solution at 25 0C. 
However, the solid films obtained by removal of water from 
both of these systems underwent apparent reversible changes 
when exposed to oxygen or carbon monoxide. Specifically, 
when thin films of heme-polymer 2 were exposed for 24 h, the 
Soret absorbance underwent a shift from 420 to 412 nm. 
Subsequent storage of the film under vacuum for 1 week re
versed this change, and the process could be recycled for at 
least three or four times, although the amount of Fe(II) which 
participated in this reversible reaction decreased with each 
cycle. Similarly, exposure of the film to carbon monoxide in
duced a reversible Soret absorbance shift to 412 nm. 

The reaction of heme-polymer films with carbon monoxide 
resulted in the formation of a reversible carbon monoxide 
complex as indicated by both Mossbauer and electronic spectra 
(Table I). However, because the iron can be oxidized by 
contact with dioxygen and then reduced by excess dithionite21 

or the polymer itself, it was necessary to specifically identify 
a heme-02 complex to confirm that the observed cycling was 
in fact the result of reversible dioxygen binding. Thus, similar 
experiments were carried out with freeze-dried solid samples 
of heme-polymer 1 and heme-polymer 2 samples, and the 
products were monitored by Mossbauer spectroscopy. Al
though the reaction with dioxygen was slow, probably because 
of a low permeability of oxygen through the polymer films, the 
change in the Mossbauer spectrum of the solid heme-polymer 

was consistent with the fo ation of oxidized complexes 
(Table I). The reaction of tl oxygen with heme embedded 
in the polymer films occui J faster when the films were 
plasticized with water or et inol. The Mossbauer spectra of 
the heme-polymer solid ne1 r indicated complete oxidation. 
Instead, mixtures of the oxiaized and reduced complexes were 
present even after 1 month exposure to O2 (1 atm). It appears, 
therefore, that the visible spectra of the heme-polymer com
plexes generated after reaction with dioxygen were mixtures 
of Fe(II) and Fe(III) and not Fe(II)-Ch complexes. The ap
parent cycling that was observed was due to "reversible" oxi
dation-reduction caused by the presence of excess reducing 
agent. 

The hemin-polymer 2 complex yields a Mossbauer spectrum 
which is similar to that of oxymyoglobin or oxyhemoglobin 
(oxyhemoglobin b 0.26, A 2.19,23 hemin-polymer 2 8 0.25, A 
2.10 at 77 K). Although the similarities may be somewhat 
misleading, the product formed from heme-polymer 2 in the 
presence of dioxygen was definitely shown by Mossbauer 
spectroscopy to be the oxidized complex because the spectrum 
was highly sensitive to temperature changes. Thus, the peaks 
were broadened considerably at 4.2 K compared to the spec
trum at 77 K. This temperature dependence is consistent with 
a low-spin Fe(III) complex. The Mossbauer spectrum of ox
yhemoglobin does not exhibit this extreme temperature sen
sitivity.23 

A sample of the freeze-dried heme-polymer 2 solid, which 
had been partially oxidized by exposure to oxygen, was treated 
with carbon monoxide. The Mossbauer spectrum revealed a 
decrease of both the reduced and oxidized absorbance bands 
as the characteristic peaks of the CO complex became evident. 
Thus rereduction of any oxidized material by excess reducing 
agent appears to be a more facile process in a CO atmosphere. 
The generation of a CO complex from the reaction product of 
heme with dioxygen constitutes proof of the oxygen complex 
only in the absence of excess reducing agent, because only an 
Fen-02 complex, but not an Fe(III) complex, would react with 
CO. 

The Mossbauer data and the electronic spectral data are 
consistent with each other if it is assumed that the cycling 
detected from the electronic spectrum is due to oxidation fol
lowed by reduction either by residual Na2S204 or by the 
polymer itself. The following experiment was carried out to test 
this supposition. Hemin chloride was added to a solution of 1 
in chloroform or ethanol. A solid film was then prepared.of the 
products, and the Soret absorbance of the hemin was moni
tored at 403 nm. This absorbance was at a higher wavelength 
than for the oxidized complex in solution (see Table I). The 
Soret band shifted to 420 nm when the film was allowed to 
stand under vacuum for 72 h. The film now contained Fe(II), 
as indicated both by the electronic absorption spectrum and 
by the fact that the system reacted with molecular oxygen. The 
reduction process was more apparent when films were cast 
from an organic solvent than when they were prepared from 
aqueous solution. Hydration or protonation of 
[NP(NHCHa)2Jn therefore inhibits this reductive process. 
Films of 1 that contained tetraphenylporphyrin iron(III) 
chloride also produced the Fe(II) state when stored under 
vacuum. A similar (but transient) process occurred when the 
high polymer, [NP(OCH2CFj)2] n, was used as a matrix, and 
this suggests that the reduction process may involve the skeletal 
lone-pair electrons. Polymer 1-heme films prepared by the 
reduction of hemin chloride with Na2S204 in water exhibited 
a cycling phenomenon when alternately exposed to O2 and then 
placed under vacuum. However, this observed cycling is 
probably due to the presence of dithionite. We have also ob
served this reversible cycling in aqueous solution when the 
amount of Na2S204 used was far in excess of that needed for 
complete reduction. 
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Structural and Mechanistic Conclusions. Polymers 1 and 2 
differ in their capacity to function as carrier molecules for 
hemin and heme in aqueous solution and in the solid state. 
Polymer 1 participates mainly by providing an alkaline me
dium for the generation of hematin-hemin hydroxide or 
bisaquoheme species and by restricting the free diffusion of 
the metalloporphyrin molecules by the formation of salt links 
between basic sites on the polymer and the carboxylic acid 
groups of the iron porphyrins. On the other hand, polymer 2 
binds strongly to the Fe(III) or Fe(II) site via the pendant 
imidazole side groups and, presumably, also anchors the me
talloporphyrin via carboxylic acid-skeletal nitrogen salt 
linkages. However, this improved anchoring does not signifi
cantly retard the oxidation of Fe(II) to Fe(III) in dilute 
aqueous solution. An oxidative pathway involving charge de-
localization, as suggested by Wang,10 appears to be opera
tive. 

This, in itself, is surprising in view of the published report 
by Bayer and Holzbach12 that bisimidazole-heme-type 
complexes that are linked covalently to poly(ethylene glycol) 
or poly(ethylene glycol urethanes) (polymer 6) rapidly and 
reversibly bind dioxygen at 25 0C in aqueous buffer at pH 8.1. 
The main differences between that system and our own follow: 
(1) Polymer 2 possesses on the average one imidazolyl group 
per 11 repeating units, whereas polymer 6 contains one im-
diazolyl group per chain. (2) The complexes formed between 
polymer 2 and heme possess free carboxylic acid groups. 
Polymer 6 contains only one, and a derivative of this polymer 
contains no free carboxylic acid groups. (3) The basicity of 
polymer 2 is higher than that of polymer 6. However, the visible 
spectra reported for the complexes of polymer 6 are almost 
identical with those observed by us for the polymer 2 com
plexes. In particular, our reduced heme-polymer 2 complex 
is a six-coordinate bisimidazolyl complex, but polymer 6 was 
reported to yield a five-coordinate complex. The Soret ab
sorption occurred at 421 nm for the reduced complex of poly
mer 6, and the Soret band was at 420 nm for the reduced 
complex of polymer 2. Polymer 2-heme and polymer 6-heme 
had identical spectra for the O2 and CO complex. As discussed, 
the O2 complex of polymer 2-heme really consists of mixtures 
of the reduced and oxidized complexes. 

Another polymer-heme system, prepared by Tsuchida et 
al.,ud was also reported to yield an oxygen complex. The 
polymer used was poly(4-vinylpyridine). Although the system 
would not cycle between the oxy and the deoxy forms, it was 
reported that bound oxygen could be displaced by CO. How
ever, bound oxygen could not be displaced by evacuation or by 
flushing with an inert gas. Large amounts of reducing agent 
were present (100-fold molar excess per Fe), and there exists 
the possibility that here, also, oxidation of Fe(II) occurred on 
contact with oxygen, followed by reduction by excess reducing 
agent. 

Comparisons with Hemoglobin and Myoglobin. Although 
heme-polymer 1 and heme-polymer 2 complexes are oxidized 
in contact with oxygen, both systems bind carbon monoxide. 
The visible spectra of the polymer-heme-CO complexes are 
different from those of carbon monoxymyoglobin or carbon 
monoxyhemoglobin, but the Mossbauer spectra are virtually 
identical (Table I). 

Experimental Section 
Equipment and Materials. Electronic absorption spectra were re

corded on a Cary 17 spectrophotometer with the use of 1-cm glass cells 
equipped with Teflon stopcocks. All procedures that involved the use 
of Fe(II) species were carried out under nitrogen or on a glass high-
vacuum line. Mossbauer spectra were recorded at 77 and 4.2 K of the 
frozen solutions or the dehydrated solids freeze-dried from H2O, with 
the samples placed in 3- or 7-mm thick polyethylene containers. 

57Fe-enriched porphyrins were synthesized to obtain the maximum 
spectral sensitivity. 

Sodium dithionite, ^282O 4 (J. T. Baker), iY-(3-bromopropy])-
phthalimide (Aldrich), AgNC>3 (Fisher), hydrazine hydrate (MaI-
linckrodt), and hexadecyltrimethylammonium bromide (Eastman) 
were used as received. Triethylamine (Eastman) was dried and dis
tilled from BaO. Methylamine (Matheson) was dried and distilled 
from metallic sodium before use, imidazole (Eastman) was recrys
tallized from benzene and sublimed before use, and pyridine (East
man) was distilled from KOH. Carbon monoxide and oxygen (Air 
Products) were used as received. Hexachlorocyclotriphosphazene 
(NPC^b (El Monte Chemical Corp.) was separated from the mixture 
of higher cyclic species by sublimation. It was recrystallized from hot 
«-heptaneand resublimed before use (mp 111-113 0C). 3-(l-Imid-
azolyl)propylamine dihydrochloride was prepared by the method 
reported by Schwan.24 

Benzene and «-heptane (Fisher) were dried and distilled from 
CaH2. Tetrahydrofuran (THF) (Fisher) was dried and distilled from 
LiAlH4. Water was distilled once before use. The monobasic potas
sium phosphate-sodium hydroxide buffer (pH 7) was obtained from 
Fisher. 

The various hemin and heme modifications were obtained as fol
lows. Hemin chloride (Nutritional Biochemical Corp.) was used as 
received. Monomeric heme was prepared by the published method19 

as was dimeric heme19 and bishydroxyheme.25 Tetraphenylporphyrin 
iron(III) chloride (TPPFeCl) was obtained fromStrem Chemicals 
Inc. Cellulose dialysis tubing was obtained from Fisher. 

Polymer 1. Poly(dichlorophosphazene), (NPCb)n, was prepared 
by the thermal polymerization of (NPCl2)3 (200 g) in an evacuated, 
sealed glass tube at 250 0C for 8-24 h.26 The unpolymerized trimer 
(~120 g) was removed by vacuum sublimation at 50 0 C The polymer 
was dissolved in benzene to yield a ~ 3 % solution, and this was added 
slowly with stirring to a fivefold excess of methylamine in THF at 0 
0C. After 24-h reaction at 0 —»• 25 0C, the precipitate was collected, 
dissolved in water, and purified by dialysis in water for 3 days. Con
centration of the dialyzed solution and precipitation into THF yielded 
polymer I.17 

Polymer 2. 3-(l-Imidazolyl)propylamine dihydrochloride24 was 
placed in benzene (250 mL). Triethylamine (10 mL) was added to 
the amine hydrochloride, and the mixture was boiled at reflux for 3 
h under nitrogen. The reaction mixture was added to a solution of 
(NPCh)n (10 g) in benzene (800 mL), prepared as described above, 
at 0 0C under nitrogen. Methylamine (100 mL) was added quickly 
to the polymer solution and the reaction mixture was stirred for 24 
h. The precipitate was collected, dissolved in water, and dialyzed 
against water for 72 h. The aqueous solution was concentrated and 
the polymer, Mn ~ 2.6 X 106, was isolated by precipitation into 
THF. 

Hemin and Heme-Polymer Complexes. Hemin chloride (1 X 1O-6 

mol) was added to aqueous solutions of polymer 1 or 2 (1% w/v) at 
25 0C. These solutions were then examined directly by UV-visible 
spectroscopy and by Mossbauer techniques as frozen solutions or 
freeze-dried solids. Reduction of hemin to heme was accomplished 
by the addition of aqueous solutions of sodium dithionite (prepared 
from freshly opened bottles or evacuated storage vials) until no further 
change could be detected in the electronic spectrum. As reported by 
other workers1 ld an appreciable excess of dithionite was often required 
to achieve complete conversion to heme, even when oxygen was rig
orously excluded from the system. A tenfold excess of dithionite fre
quently resulted in only a 50% reduction to heme, and a ~50-fold 
excess was occasionally required to achieve 100% reduction. The re
duction was carried out in UV-visible cells that were equipped with 
vacuum-line connectors. Films were prepared directly on the walls 
of the cell by removal of the water under vacuum. Exposure of these 
films to oxygen or earbon monoxide took place by the addition of the 
reactive gases to the evacuated cell. Removal of bound carbon mon
oxide was accomplished by evacuation of the system at 10~2-10-3 

Torr via a vacuum line. The spectroscopic changes that accompanied 
these processes are typified by the spectra shown in Table I. 
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affecting structure, the relative energetics of the various 
structural types, and rearrangement mechanisms connecting 
the different geometries) may have consequences for the 
chemistry of the early transition metals. There is at least one 
explicit example of the stereochemistry of an octahedral 
isomerization reaction being controlled by the structure of a 
seven-coordinate intermediate.4 

Earlier, in preliminary form, we reported the preparation, 
structure, and dynamics of TaCl(774-CioHs)(dmpe)2 (dmpe 
= l,2-bis(dimethylphosphino)ethane), an approximate pen-

Ligand Exchange in 
TaX(774-naphthalene)(Me2PC2H4PMe2)2. The Pentagonal 
Bipyramid to Monocapped Trigonal Prism Traverse 

J. O. Albright,13 S. Datta, l a B. Dezube, la J. K. Kouba,la D. S. Marynick,1" 
S. S. Wreford,* lb and Bruce M. Foxman* l c 

Contribution from the Department of Chemistry, Harvard University, 
Cambridge, Massachusetts 02138, and the Department of Chemistry, Brandeis University, 
Waltham, Massachusetts 02154. Received June 29,1978 

Abstract: Treatment of TaCL^dmpeh (dmpe = l,2-bis(dimethylphosphino)ethane) with sodium naphthalene affords 
TaCl(»;4-CioH8)(dmpe)2, which is reduced by additional sodium naphthalene to an unisolated anion, Na[Ta(7j4-CioHg)-
(dmpe)2]. Protonation or methylation of the anion gives TaH(i;4-CioH8)(dmpe)2 or Ta(CHs)(^-CioHsXdmpe^, respective
ly. Related procedures yield the analogous 1,3-cyclohexadiene adduct, TaCl^-QHgXdmpe^. Exchange experiments suggest 
that the naphthalene unit and the bidentate phosphine are of similar lability, both being relatively inert. TaH(^-CiOHg)-
(dmpe)2 is a poor hydrogenation catalyst. Crystals of the TaCl(j74-CioH8)(dmpe)2 compound are monoclinic, space group 
F2i/c, with a = 10.343 (3) A, b = 10.281 (3) A, c = 24.642 (7) A, /S = 97.39°. Full-matrix least-squares refinement of posi
tional and thermal parameters for all nonhydrogen atoms (including fixed H atom contributions) with 4019 data for which F 
> 3.92<T(F) led to R = 0.028 and Rw = 0.040. The molecular structure of the complex may be considered to be an approximate 
pentagonal bipyramid, with Ta, 2P, Cl, and the midpoints of the ?j4-olefin bonds forming the pentagonal plane (deviations 
<~0.2 A). The dihedral angle between the coordinated and uncoordinated portions of naphthalene is 43.0°. The naphthalene 
complexes undergo 31P site exchange by a mechanism involving rotation of the diene unit. Formally, this corresponds to a pseu-
dorotation exchanging axial and equatorial sites in the pentagonal bipyramid in a pairwise fashion. Activation parameters for 
the process in Ta(CH3)(774-CioHg)(dmpe)2 are AH* = 13.0 ± 0.2 kcal/mol and AS* = 1.0 ± 0.9 eu. These values are only 
approximate as they are based on the assumption that the rate of rotation of the diene over edges of the P4 plane is the same for 
all edges. 
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