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Abstract In order to obtain a better molecular understand-
ing of inhibitory role of tin metal in the verdoheme ring
opening process, hydrolysis of three possibly six, five, and
four coordinate verdoheme complexes of tin(IV) and (II)
have been studied using DFT method. The results of
calculations indicate that, in excellent accord with experi-
mental reports, hydrolysis of different possibly coordinated
tin(IV) and (II) verdohemes does not lead to the opening of
the macrocycle. Contrary to iron and zinc verdohemes, in
five and four coordinate verdoheme complexes of tin(IV)
and (II), formation of open ring helical complexes of tin are
unfavorable both thermodynamically and kinetically. In
these pathways, coordination of hydroxide nucleophile to
tin metal due to the highly charged, exclusive oxophilicity
nature of the Sn center, and high affinity of Sn to increase
coordination state are proposed responsible as inhibiting
roles of tin via the ring opening. While, in saturated six
coordinate tin(IV) and (II) verdoheme complexes the ring
opening of tin verdohemes is possible thermodynamically,
but it is not predicted to occur from a kinetics point of view.
In the six coordinate pathway, tin plays no coordination role
and direct addition of hydroxide nucleophile to the positive
oxo-carbon centers and formation of closed ring hydroxy
compounds is proposed for preventing the verdoheme ring
opening. These key points and findings have been
corroborated by the results obtained from atomic charge

analysis, geometrical parameters, and molecular orbital
calculations. In addition, the results of inhibiting ring
opening reaction of tin verdoheme complexes could support
the great interest of tin porphyrin analogues as pharmaco-
logic means of chemoprevention of neonatal jaundice by
the competitive inhibitory action of tin porphyrins on heme
oxygenase.

Keywords Competitive inhibitor . DFT. Heme
degradation . Hydrolysis . Ringopening . Neonatal jaundice .

Tin porphyrin . Tin verdoheme

Introduction

Heme oxygenase (HO) catalyzes the catabolism of heme to
biliverdin, CO and free iron through three successive
oxygenation steps, in which the heme group functions as
the prosthetic group as well as the substrate (Scheme 1) [1–
5]. The third oxygenation, the verdoheme ring opening, has
been the least understood step in the HO catalysis, even
though this step is considered as the rate-determining step
to regulate HO enzyme activity in vivo [6]. The biological
action of heme oxygenase can be mimicked chemically by
the process of coupled oxidation [7–11]. It is reported that
metal complex of 5-oxa-porphyrin macrocycle “verdo-
heme” is also generated as a detectable intermediate during
inductive cleavage process of heme by HO [1–6, 10, 11].
The mechanism that converts verdoheme into biliverdin has
been the subject of controversy [1–5, 11–13]. One possible
path for conversion of verdoheme into biliverdin includes
hydrolysis of 5-oxa-porphyrin macrocycle [1, 2, 8–11, 14–
16]. Recent experimental results have shown that addition
of nucleophile to Fe(II), Co(II), and Zn(II) verdohemes
result in the ring opening in the macrocycle and leads to the
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opened metal biliverdin complexes [16–19]. These results
may support the possibility of hydrolysis path in biological
process, as well. It has been proposed that these reactions
are done by nucleophilic attack at one of the carbon atoms
adjacent to the oxygen of verdoheme ring, where a
tetrahedral carbon atom is initially formed followed by the
ring opening process [18, 19]. While, ring opening process
of metalloporphyrins has been observed to take place with
metals such as Mn, Fe, Co, and Zn, some other metals like
Sn prevent ring opening [20].

A particularly useful property of tin complexes of meso-
and proto-porphyrins and their analogues is their competitive
inhibition of heme oxygenase, making them candidates for
the treatment of hyperbilirubinemia [21–30]. It has also
been proposed that these compounds bind to heme oxy-
genase far more avidly than does heme itself, thus blocking
access of the natural substrate to the binding site of the
enzyme and inhibiting heme degradation and bilirubin
production [26]. However, there are some ambiguities
regarding interaction of Sn porphyrin analogues with heme
protein in aforementioned process [31–33]. In spite of the
considerable experimental research performed on heme
degradation and its inhibition in the past few years [23–
30, 34, 35], theoretical modeling of verdoheme degradation
process has received little attention [36–39]. Especially, the
roles of tin metal including coordination, oxidation states

and also effects of axial ligand is not elucidated during the
preventing ring opening process. Whereas, the understand-
ing of ring opening inhibition at the molecular level is of
particular importance in drug development and drug
therapy [40, 41].

Our early work on the conversion of zinc verdoheme
into biliverdin in accord with experimental report [17],
showed that presence of the zinc atom leads to the increase
of positive charge on carbon atoms adjacent to the oxygen
atom in zinc verdoheme relative to 5-oxa-porphyrin [42]. It
was determined that an intermediate is initially formed by
nucleophilic attack on one of the aforementioned carbon
atoms. This intermediate was then directly converted to a
helical open-ring complex of zinc biliverdin. Even though
the most positive center for the nucleophile to attack was
the zinc ion of zinc(II) verdoheme, it was shown that such
addition did not lead to a stable intermediate. Thus, the zinc
atom had no coordination role in transferring the nucleo-
philes to the oxo carbon, but it just had the effect of
activating the oxo carbon for nucleophile addition. Also a
more recent work in fair agreement with experimental
reports has shown that direct nucleophilic addition to the
five coordinate iron(II) verdoheme macrocycle is a possible
mechanism for conversion of verdoheme to biliverdin [43].
According to these results, the role of metal and ligand
coordination in heme degradation is important.

Scheme 1 Heme oxygenase
reaction; V=Vinyl, Me=Methyl,
Pr=Propionate
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Studies with synthetic metalloporphyrin complexes in
which the central iron atom of heme is replaced by tin
indicate that these heme analogues that cannot be enzymat-
ically degraded to bile pigment possess novel biological
properties that may have considerable clinical as well as
experimental values [25]. However, the oxidation state of
Sn is not resolved clearly in vivo, and there is possibility for
Sn(IV) reduction to Sn(II) in the reductive environment of
body. Because the role of Sn in the course of reaction is not
yet known [44], its different coordination with various
oxidation states is considered in this study. So, this work is
an attempt to further explore the biological actions and
metabolic disposition of Sn verdohemes, in order to
investigate the possible pathways for its inhibitory role in
verdoheme ring opening process. To do so, we have
examined hydrolysis pathway of a model system of tin
(IV) and (II) verdohemes complexes with three different
possible coordination states of tin, namely Sn with six, five,
and four coordination to tin(IV) and (II) biliverdin
complexes using B3LYP density functional method.
Results of the theoretical method have been used to predict
the structural and energetic properties of tin verdoheme
complexes with various oxidation states and coordinations,
where we also present analyses of various pathways. A
discussion of the obtained results is followed by possible
implications of the inhibitory effects and role of tin metal in
these reactions from different views.

Computational details

In most of previous reports, it is clearly explained that a
DFT method is useful to determine catalytic cycles in
biological organisms [45–47]. Based on conclusions drawn
from our previous works [42, 43, 48, 49], and since several
studies [50, 51] have demonstrated that reliable quantitative
results are obtained at this level of theory, we have used
B3LYP [52–54] method. No side-chains were attached to
the verdoheme models evaluated in this study in order to
keep the calculation size manageable. Imidazole, hydroxyl
and porphyrin have been considered as models of ligand in
meso- and proto-porphyrin IX. All structures were opti-
mized using B3LYP method while employing 3-21G [55]
basis set for Sn and 6-31G [56] basis set for remaining
atoms, namely O, N, C and H. Also, energies of all
optimized geometries were calculated using the 3-21G basis
set for Sn and 6-31G(d) [57] basis set for other atoms at the
B3LYP level. Full geometry optimizations and energy
calculations were performed by means of the GAUSSIAN
98 program [58] without any symmetry constraint imposed.
Zero point-energy corrections were taken into account for
calculating the energetics of the reaction pathways. Basis
set superposition errors (BSSE) were evaluated using the
counterpoise method [59]. Systematic vibrational frequency

analyses on all species studied confirm the minima
geometries and transition states on their corresponding
potential surfaces by having zero and one imaginary
frequency respectively. Furthermore, in one case, hydroly-
sis pathway of four coordinate Sn(IV) verdoheme, we
extended our calculations to B3LYP/LANL2DZ [60] for the
geometry optimization and energy calculations and no
differences in the geometrical parameters and energy level
orders were observed.

Results

Hydrolysis of the six coordinate Sn(IV) and (II)
verdohemes

Proposed mechanism of hydrolysis pathway for six coordi-
nate Sn(IV) and (II) verdohemes with imidazole and
hydroxyl as fifth and sixth axial ligands, [SnIV(OP)(IM)
(OH)]2+ and [SnII(OP)(IM)(OH)], (OP and IM are mono
anion of 5-oxa-porphyrin and neutral imidazole ligands
respectively) has been shown in Scheme 2. The numbering
system of this scheme has been used for charge analysis of
verdoheme and comparison of structural variations in the
course of reaction. It is established that the heme in heme-
HO complex is coordinated by a proximal histidine residue
and by distal OH¯ or water [10, 61, 62]. So, one of the axial
ligands in the model system could be neutral imidazole and it
would be very interesting to investigate the orientation of
axially coordinated imidazole. To assess the influence of
orientation of neutral axially ligated imidazole we scanned the
N1–Sn–N5–C5 dihedral angle in [SnIV(OP)(IM)(OH)]2+

model system. Such analysis shows that those conformations
of six coordinate Sn(IV) verdoheme are the most stable ones,
in which their imidazole ring is parallel to N1–Sn–N3 or
N2–Sn–N4 diametrical lines while the non-ligated N6 of
imidazole is far from the verdoheme O1 oxygen. In the least
stable conformer the N5–C5 is located above the Sn–N3 or
Sn–N4 while there is a close interaction between N6 and O1.
Required energy for free rotation over bond between Sn and
N5 of imidazole was calculated and it turned out to have a
small amount of 0.8 kcal.mol-1. Thus, the rotation barrier is
less than 1 kcal.mol-1 and is not high enough to justify
preference of a conformer versus another. However, such
orientation of planar imidazole ring in verdoheme could play
a critical role in nucleophilic reaction, when OH¯ attacks
oxo-carbons in six and five coordinate verdohemes with a cis
position relative to imidazole ligand.

Calculated Mulliken atomic charges for optimized
structures of tin(IV) and (II) verdohemes, are summarized
in Table 1. For comparison, the Mulliken atomic charges of
optimized 5-oxa-porphyrin (OP) have been offered in the
same table. Data of this table reveal that the most positive
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centers of [SnIV(OP)(IM)(OH)]2+ are located at Sn and two
carbon atoms adjacent to oxygen with positive charges
equal to 2.14 and 0.54 respectively. The corresponding
positive charges on Sn and oxo carbons in [SnII(OP)(IM)
(OH)] are 2.00 and 0.51 respectively. The calculated

positive charge for these carbons on 5-oxa-porphyrin
macrocycle is 0.50. Thus, based on results of Table 1 and
similar to our previous studies [42,43], Sn and C1 or C2
atoms are the best electrophilic positions for nucleophilic
addition. Although the reaction of ion pairs occurs when

Table 1 Mulliken atomic charges for 5-oxa-porphyrin (OP) and optimized geometries of six, five, and four coordinate Sn(IV) and (II)
verdohemes

Sn(IV) verdoheme Sn(II) verdoheme

Atom OP six coordinate five coordinate four coordinate six coordinate five coordinate four coordinate

Sn - 2.14 2.01 1.91 2.00 1.95 1.73

O1 -0.57 -0.43 -0.41 -0.40 -0.53 -0.52 -0.50

C1 0.50 0.54 0.55 0.57 0.51 0.51 0.54

C2 0.50 0.54 0.56 0.57 0.52 0.51 0.54

N1 -0.46 -0.78 -0.79 -0.80 -0.77 -0.80 -0.79

N2 -0.46 -0.78 -0.78 -0.80 -0.77 -0.79 -0.79

N3 -0.48 -0.83 -0.83 -0.84 -0.83 -0.85 -0.84

N4 -0.48 -0.83 -0.82 -0.84 -0.82 -0.84 -0.84

Imidazole - 0.28 0.48 - 0.14 0.28 -

N5(IM) - -0.63 -0.65 - -0.50 -0.60 -

O2 - -0.84 - - -0.83 - -
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Scheme 2 A perspective view
and numbering system of the
product of OH¯ addition to six
coordinate [SnIV(OP)(IM)
(OH)]2+ or [SnII(OP)(IM)(OH)]
(1) as either macrocycle (3) or as
open-chain tetrapyrrol (4); Im-
idazole (IM) and OH¯ are fifth
and sixth axial ligands
respectively
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they are charged, it has not been common practice to
explicitly describe the counter ions in the electronic structure
calculations. Because the complexes are six coordinate and
Sn is saturated, OH¯ can only directly attack one of the 5-oxo
carbons in this pathway. So these reactions pathway are
initiated by the direct attack of the OH¯ nucleophile on the
oxo carbons as shown in Scheme 2. In accord with
proceeding experimental reports, a compound that might
arise from nucleophilic addition to each carbon adjacent to
oxygen atom of 1s is called intermediate-2 (Int2 or
compound 3). Also, based on available experimental data
for Zn and Fe [16–18] and our previous results [42, 43]
final products of the reactions should be six coordinate
open-ring helical hydroxy tetrapyrrol species (4), which are
generated from the C2–O1 bond cleavages in intermediate-2s
as shown in Scheme 2. Geometries of all species during the
ring opening process including reactants (1s), intermediate-
2s (3s) and products (4s) have been determined and
optimized. Also, transition states (TS2s) between inter-
mediates and products have been located and optimized.

OH¯ can attack the six coordinate tin verdoheme model
ending up with two positions of cis and trans moieties
relative to imidazole ring. Results obtained show that the
trans addition of OH¯ to [SnIV(OP)(IM)(OH)]2+ produces a
compound which is about 5.9 kcal.mol-1 more stable than
an intermediate that might arise from that of cis. So, trans
attack on oxo carbons while the steric effect of imidazole is
minimized can be energetically preferred. Note that in order
to correct reactants energies, basis set superposition errors
were calculated and turned out to have amounts of 14.0 and
11.1 kcal.mol-1, respectively. Subsequently, energies of all
above optimized geometries have been calculated and
summarized in Table 2. In this table, energy of compounds
3 has been chosen as zero energy for six coordinate paths.

By taking a look at this table, it is clear that 3s are
generated in exothermic processes by the energy release of
247.8 and 78.7 kcal.mol-1, and products (4s) are 10.1 and
21.2 kcal.mol-1 more stable than the closed ring hydroxy
intermediates (3s) in Sn(IV) and Sn(II) paths, respectively.
Also barrier energies for passing over transition structures

(TS2s) between 3s and 4s show significant amounts of 38.6
and 45.0 kcal.mol-1, respectively.

In order to investigate main geometrical variations
during hydrolysis of tin(IV) and (II) verdohemes, some
geometrical parameters were chosen and their values for all
species have been summarized in Table 3. As shown in
Table 3, Sn–Ni (i=1-4) bond distances and Ni–Sn–Nj
(i,j=1-4) bond angles as well as N1–N2–N3–N4 dihedral
angle have been employed for showing the tin atom’s
position in the verdoheme ring. Also, the sum of four bond
angles over two Sn–N bonds can be a criterion for planarity
of porphyrin ring [63]. Besides, planarity of the porphyrin
ring could be indicated by C1–O1, C2–O1, C1–O1–C2,
N2–C2–O1, and C3–C2–O1 angles as well as N1–Sn–N2–
C2 and N2–Sn–N1–C1 dihedral angles. Moreover, some
parameters such as Sn–N5, Sn–O2 bond distances and N1–
Sn–N5, N2–Sn–N5, N1–Sn–O2, and N2–Sn–O2 bond
angles have been included which show the positions of
imidazole (IM) and OH¯ ligands relative to verdoheme ring
and each other. C2–O3, O1–O3, C3–C2–O3, O3–C2–O1,
C2–O3–H1, and N2–C2–O3–H1 show position of OH¯
nucleophile relative to verdoheme ring in 3s, TS2s, and 4s,
respectively. Regarding value of C3–C2–O3–H1, it may be
used to inquire whether OH¯ nucleophile is coplanar with
its adjacent pyrrole ring. These structural parameters have
been chosen and will be compared to those of hydrolysis
reactions of five (Table 4) and four (Table 5) coordinate tin
(IV) and (II) verdohemes in the next sections.

Hydrolysis of the five coordinate Sn(IV) and (II)
verdohemes

A mechanism belonging to adding hydroxide ion to five
coordinate Sn(IV) and (II) verdohemes with an imidazole
ligand has been displayed in Scheme 3, because there is a
tendency to present a five coordinate structure of central
metal in heme oxygenase [10, 61, 62]. In this scheme, a
numbering system of some atoms for 1s is maintained for
these atoms in intermediates, transition states and products
that arise from nucleophilic attack to 1s.

Energy stabilization (kcal.mol–1)

Compounds 1+ OH¯ * 2 TS1 3 TS2 4

[SnIV(OP)(IM)(OH)]2+ 247.8 - - 0.0 38.6 -10.1

[SnII(OP)(IM)(OH)] 78.7 - - 0.0 45.0 -21.2

[SnIV(OP)(IM)]3+ 333.6 0.0 32.0 10.4 18.0 -3.8

[SnII(OP)(IM)]+ 162.8 0.0 39.7 12.7 28.7 -9.2

[SnIV(OP)]3+ 393.9 0.0 51.9 42.6 51.0 29.3

[SnII(OP)]+ 222.4 0.0 73.2 22.2 69.9 34.1

* Basis set superposition errors have been included.

Table 2 Calculated relative en-
ergies for species in the hydro-
lysis of variously coordinated tin
(IV) and (II) verdohemes and
conversion to tin biliverdins; IM
and OH¯ are fifth and six axial
ligands, respectively
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By taking a look at results of Mulliken atomic charge
analysis as summarized in Table 1, it is clear that the least
charge density of [SnIV(OP)(IM)]3+ and [SnII(OP)(IM)]+

are centered on each of the carbons adjacent to O2 of
verdoheme ring and Sn with positive average values equal
to 0.55, 0.51 and 2.01, 1.95, respectively. Thus, in accord to
previous section and experimental reports, latter atoms can
be considered as centers for OH¯ addition. Compounds that
are produced from OH¯ nucleophilic attack to Sn and each
oxo-carbons of 1s are called intermediate-1 (2) and
intermediate-2 (3), and 4, respectively. Note that Sn is six
coordinate in intermediate-1s in this pathway and OH¯ can
be shifted to oxo carbons (intermediate-2s) by a rebound
mechanism. Geometry of intermediates as well as helical
opened ring compounds as final products arise from

hydrolysis of 1s have been determined and optimized.
Also, transition states between intermediates and for
passing from intermediate-2s to products have been located
and their geometries optimized. In accord with previous
results [42, 43], latter transition states have been called TS1
and TS2, respectively.

It is noteworthy that in a similar way to six coordinate
verdoheme in production of intermediate-2s, OH¯ can be
added to oxo-carbons in two positions relative to imidazole
ring, namely cis and trans positions. Results obtained
indicate that an intermediate that is produced from OH¯
attack with a trans position relative to imidazole ring in
[SnIV(OP)(IM)]3+ is about 6 kcal.mol-1 more stable than
that of cis position. So, similar to six coordinate pathways,
trans addition to oxo carbons while the steric effect of

Sn(IV) Sn(II)

1 3 TS2 4 1 3 TS2 4

Bond distance(Å)

Sn–N1 2.11 2.10 2.10 2.16 2.11 2.12 2.13 2.21

Sn–N2 2.10 2.06 2.07 2.19 2.11 2.06 2.09 2.21

Sn–N3 2.09 2.08 2.09 2.18 2.10 2.11 2.10 2.17

Sn–N4 2.09 2.08 2.07 2.16 2.10 2.08 2.10 2.17

Sn–N5 2.28 2.31 2.21 2.26 2.37 2.34 2.40 2.29

Sn–O2 1.99 2.05 2.22 2.00 2.01 2.07 2.03 2.02

C1–O1 1.36 1.35 1.31 1.25 1.39 1.29 1.29 1.31

C2–O1 1.36 1.53 1.90 2.94 1.39 1.56 1.57 3.00

C2–O3 - 1.38 1.39 1.35 - 1.41 1.44 1.37

Bond angle(°)

N1–Sn–N2 86.7 88.1 91.8 101.5 86.6 89.1 87.3 102.0

N2–Sn–N3 90.2 90.0 87.7 85.9 164.5 89.3 90.5 86.6

N1–Sn–N3 169.4 167.3 176.1 160.1 164.5 162.9 160.4 157.5

N2–Sn–N4 170.2 176.8 168.2 171.6 166.0 174.7 168.1 171.3

N4–Sn–N1 89.9 91.3 91.3 86.9 90.2 89.9 88.7 86.7

N1–Sn–N5 84.8 83.5 88.0 82.8 83.0 81.3 80.4 80.7

N2–Sn–N5 85.3 89.0 93.8 86.6 82.0 86.2 84.2 84.9

C1–O1–C2 128.8 120.8 120.1 110.1 126.2 115.4 115.2 113.1

N1–Sn–O2 93.3 89.7 87.3 98.2 96.3 91.3 100.6 95.8

N2–Sn–O2 87.4 83.9 81.1 92.9 92.9 85.2 97.5 89.7

N2–C2–O1 124.8 109.8 109.3 88.7 125.6 108.9 109.2 88.5

C3–C2–O1 123.4 109.5 106.1 118.1 123.0 108.7 110.7 126.5

C3–C2–O3 - 113.0 123.3 129.0 - 114.5 110.1 126.6

O3–C2–O1 - 108.5 94.1 67.5 - 106.7 105.1 88.7

C2–O3–H1 - 111.3 114.0 114.1 - 109.0 109.1 106.1

Dihedral angle(°)

N1–N2–N3–N4 -0.6 -6.7 -10.8 -13.6 -1.1 -8.6 -5.7 -14.9

N2–Sn–N1–C1 11.3 -1.1 14.6 12.9 -11.2 -2.4 2.3 11.2

N1–Sn–N2–C2 -12.1 32.1 20.7 35.8 10.7 28.1 20.8 39.1

N2–C2–O3–H1 - -21.5 -177.1 -163.1 - -13.6 -66.1 -72.1

C3–C2–O3–H1 - -137.8 48.5 20.9 - -132.9 -174.4 107.3

Table 3 Selected bond lengths,
bond angles, and dihedral angles
for reactants, intermediates,
transition states and products
which might arise from addition
of OH¯ to six coordinate tin(IV)
and (II) verdohemes
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imidazole is minimum is energetically preferred. Such fact
has been mentioned in previous studies [43, 49]. Ulti-
mately, relative energies of all optimized geometries have
been calculated and summarized in Table 2. Included basis
set superposition errors have amounts of 14.7 and 13.9 kcal.
mol-1, respectively. The energy of 2s has been chosen as zero
energies. By taking a look at Table 2, it is obvious that 2s are
produced in exothermic processes by the energy release of
333.6 and 162.8 kcal.mol-1, respectively. These intermediates
are more stable than 3s by 10.4 and 12.7 kcal.mol-1 while
products are 3.8 and 9.2 kcal.mol-1 more stable than 2s
respectively. By taking a closer look at Table 2, it is
revealed that barrier energies for conversion of 2s to 3s
(TS1s) have significant values of 32.0 and 39.7 kcal.mol-1,
respectively. On the other hand, the expected products are

generated from 3s by passing over transition states (TS2s)
with calculated barriers of 7.6 and 16.0 kcal.mol-1,
respectively.

For the purpose of investigating major geometrical
changes during the course of nucleophilic addition of
OH¯ to 1s, some selected geometrical parameters with
their values for all species including reactants, intermedi-
ates, transition states and products have been summarized
in Table 4. These structural parameters have been chosen
similar to six coordinate tin verdohemes and will be
compared to those of hydrolysis reaction of six and four
coordinate tin(IV) and (II) verdohemes in the next sections
(Tables 3 and 5). Among these parameters, Sn–O2, and
O2–Sn–N1 parameters have been included to show the
position of OH¯ nucleophile relative to Sn center in 2s.

Table 4 Selected bond lengths, bond angles, and dihedral angles for reactants, intermediates, transition states and products which might arise
from OH¯ nucleophilic addition to five coordinate tin(IV) and (II) verdohemes

Sn(IV) Sn(II)

1 2 TS1 3 TS2 4 1 2 TS1 3 TS2 4

Bond distance(Å)

Sn–N1 2.11 2.11 2.10 2.10 2.09 2.08 2.09 2.10 2.08 2.05 2.09 2.09

Sn–N2 2.11 2.11 2.10 2.05 2.06 2.12 2.09 2.09 2.05 2.09 2.06 2.09

Sn–N3 2.09 2.09 2.08 2.08 2.09 2.12 2.08 2.08 2.09 2.08 2.09 2.10

Sn–N4 2.09 2.09 2.08 2.07 2.07 2.11 2.08 2.08 2.05 2.07 2.07 2.09

Sn–N5 2.13 2.28 2.18 2.16 2.15 2.15 2.16 2.39 2.20 2.15 2.15 2.19

Sn–O2 - 1.98 2.29 3.51 3.52 3.44 - 1.95 3.56 3.51 3.52 3.49

C1–O1 1.35 1.36 1.37 1.36 1.3 1.25 1.39 1.43 1.39 1.36 1.30 1.28

C2–O1 1.35 1.36 1.4 1.48 1.89 3.2 1.39 1.43 1.53 1.48 1.89 3.16

C2–O2 - - 1.80 1.42 1.36 1.34 - - 1.80 1.44 1.36 1.37

Bond angle(°)

N1–Sn–N2 84.3 86.6 90.8 87.0 90.0 97.7 86.4 46.3 90.8 89.6 90.0 97.3

N3–Sn–N4 88.9 91.2 90.7 89.9 89.7 86.7 88.9 88.9 90.7 90.3 89.7 87.4

N1–Sn–N3 154.9 169.7 173.5 166.0 171.6 173.3 161.4 165.2 176.1 166.0 171.6 175.2

N2–Sn–N4 152.5 170.0 174.8 151.3 147.7 137.1 157.9 163.3 154.4 151.3 147.7 140.2

N1–Sn–N5 102.5 85.0 91.6 96.6 94.6 96.6 97.1 81.9 93.7 96.6 94.6 93.3

N2–Sn–N5 102.9 85.1 91.9 104.8 106.0 107.2 99.2 81.4 101.5 104.8 106.0 106.2

C1–O1–C2 127.9 128.5 123.0 117.9 116.2 - 120.7 113.2 123.0 113.9 116.2 88.3

N2–C2–O1 124.4 124.8 121.7 34.2 107.4 80.4 122.3 122.3 121.7 111.5 107.4 76.7

C3–C2–O1 126.3 - 116.8 110.6 104.4 118.4 125.6 126.1 116.8 109.6 104.4 116.8

C3–C2–O2 - 123.5 113.5 115.1 123.7 129.1 - - 113.5 115.3 123.7 127.4

O2–Sn–N1 - 90.7 75.3 - - - - 100.0 75.3 - - -

O2–C2–O1 - - 103.8 117.9 96.1 72.6 - - 103.8 106.2 96.2 78.3

C2–O2–H1 - - 122.1 112.9 114.2 114.4 - - 122.1 109.8 114.2 114.1

Dihedral angle(°)

N1–N2–N3–N4 1.7 0.2 -1.0 10.1 16.7 28.0 2.5 1.4 -15.1 10.1 -16.7 29.1

N2–Sn–N1–C1 13.6 -12.6 -12.3 19.2 26.1 48.1 14.2 -8.0 17.8 19.2 21.2 44.6

N1–Sn–N2–C2 -15.0 11.5 41.3 10.2 11.5 16.1 -15.9 10.6 4.4 10.2 11.5 16.9

N2–C2–O2–H1 - - - 162.5 173.7 179.2 - - - -171.7 173.7 -84.6

C3–C2–O2–H1 - - - 47.6 37.9 0.1 - - - 70.5 38.0 103.5
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Hydrolysis of the four coordinate Sn(IV) and (II)
verdohemes

As can be seen in Scheme 3 the proposed mechanism for
hydroxide addition to four coordinate Sn(IV) and Sn(II)
verdohemes is the same as five coordinate paths. In this
scheme, a numbering system of some atoms for
[SnIV(OP)]3+ and [SnII(OP)]+ is maintained for these atoms
in intermediates, transition states and products that arise
from OH¯ nucleophilic attack to 1s. Mulliken atomic
charges belonging to optimized geometry of 1s are
summarized in Table 1. By taking a look at this table, it is
revealed that similar to previous sections the positions of
the least atomic charges in the latter compounds are
centered on Sn and two carbon atoms adjacent to oxygen.
So, atomic charge of Sn and each oxo-carbon have positive
values equal to 1.91, 0.57, and 1.73, 0.54, for Sn(IV) and
Sn(II), respectively. Thus, based on results of Table 1 and

similar to our previous sections, Sn and C1 or C2 atoms are
the best positions for nucleophile addition. Compounds
numbering that might arise from nucleophilic attack on Sn
and C1 or C2 are the same as five coordinate pathway.
Molecular geometries of intermediates, transition states and
products in these reactions have been determined and
optimized. Thereafter, energies of all species have been
calculated and summarized along the reaction coordinate in
Table 2. Basis set superposition errors are calculated and
turn out to have amounts of 16.6 and 13.5 kcal.mol-1 for Sn
(IV) and Sn(II), respectively. The reported energies are
relative to the zero energy of compounds 2 while basis set
superposition errors have been included. By taking a look
at Table 2, it is obvious that productions of 2s are
exothermic by about 393.9 and 222.4 kcal.mol-1, respec-
tively. Compound 2s are more stable than 3s and 4s by
about 42.6, 22.2 and 29.3 and 34.1 kcal.mol-1 for Sn(IV)
and Sn(II), respectively. By a closer look at Table 2, it is

Table 5 Selected bond lengths, bond angles, and dihedral angles for reactants, intermediates, transition states and products which might arise
from OH¯ attack to four coordinate tin(IV) and (II) verdohemes

Sn(IV) Sn(II)

1 2 TS1 3 TS2 4 1 2 TS1 3 TS2 4

Bond distance(Å)

Sn–N1 2.06 2.12 2.09 2.08 2.05 2.03 2.07 2.12 2.09 2.33 2.05 2.03

Sn–N2 2.06 2.12 2.06 2.03 2.04 2.07 2.07 2.12 2.06 2.24 2.04 2.05

Sn–N3 2.04 2.11 2.08 2.06 2.04 2.04 2.05 2.11 2.08 2.28 2.05 2.03

Sn–N4 2.04 2.11 2.06 2.05 2.05 2.05 2.05 2.11 2.06 2.31 2.05 2.05

Sn–O2 - 1.94 2.32 3.18 3.33 3.30 - 1.98 2.32 3.31 3.33 3.26

C1–O1 1.35 1.35 1.37 1.36 1.29 1.24 1.38 1.39 2.06 1.36 1.29 1.26

C2–O1 1.35 1.35 1.41 1.47 1.86 3.41 1.38 1.39 2.08 1.48 1.86 1.38

C2–O2 - - 1.65 1.42 1.36 1.34 - - 1.65 1.43 1.36 1.38

Bond angle(°)

N1–Sn–N2 87.4 83.1 87.1 87.0 91.3 106.3 87.1 84.1 87.1 50.2 91.3 104.8

N3–Sn–N4 91.9 87.6 89.5 90.1 90.6 90.8 91.1 86.4 89.5 78.3 90.6 90.8

N1–Sn–N3 177.7 148.8 155.3 154.5 154.4 150.2 178.0 150.5 156.3 120.4 154.4 153.4

N2–Sn–N4 177.8 148.8 158.8 168.3 176.4 149.5 178.0 150.5 158.8 130.7 176.4 147.0

C1–O1–C2 129.5 127.3 121.2 120.5 120.8 97.9 126.0 121.7 121.3 122.3 103.6 92.1

N2–C2–O1 123.8 124.6 118.6 111.8 106.4 72.8 125.2 123.8 30.5 115.0 106.4 76.4

C3–C2–O1 124.3 122.6 115.1 109.9 104.0 111.2 123.4 124.1 115.1 106.2 104.0 111.3

C3–C2–O2 - - 116.7 117.5 125.6 132.0 - - 116.7 115.4 125.6 133.0

O2–Sn–N1 - 99.4 78.5 - - - - 101.7 78.5 - - -

O2–C2–O1 - - 104.9 108.5 97.0 83.4 - - 104.9 106.2 97.0 82.2

C2–O2–H1 - - 119.1 113.9 115.1 115.8 - - 119.1 109.8 115.1 112.7

Dihedral angle(°)

N1–N2–N3–N4 0.0 0.1 -2.6 -9.7 -20.2 -42.1 0.0 0.0 -2.6 -7.7 -20.2 -41.5

N2–Sn–N1–C1 0.0 21.7 22.6 3.9 -7.7 -37.5 0.0 22.4 22.5 24.8 -7.7 158.8

N1–Sn–N2–C2 0.0 -22.0 -52.7 -35.4 -32.5 -37.0 0.0 -22.4 -52.7 -51.7 -32.5 -30.2

N2–C2–O2–H1 - - - -165.1 -174.1 -179.1 - - - 175.1 -174.0 158.8

C3–C2–O2–H1 - - - -50.3 -38.2 1.2 - - - -66.5 -38.2 -23.8
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clear that barrier energies for passing over TS1s and TS2s
are 51.9, 73.2 and 8.4, 47.7 kcal.mol-1, respectively.

In accord with previous sections structural data for species
1s, 2s, TS1s, 3s, TS2s, and 4s have been summarized in
Table 5 which consists of the main geometrical changes in
the course of nucleophilic addition of OH¯ to 1s. These
selected structural data have been chosen such that compar-
ison with those of six and five coordinated tin verdohemes
becomes easier.

Discussion

Hydrolysis of Sn verdohemes: kinetic and thermodynamic
point of views

Considering energy values in Table 2 for six coordinate paths, it
reveals that open ring helical compounds are more stable than
other species. According to traditional transition state theory
(TST) [64], rate constants are obtained by following formula:

k ¼ RT

NAh
e
�ΔG6¼
RT

where, R is the universal gas constant, T is absolute temperature
(298K), NA is Avogadro’s constant, h is plank’s constant, and

ΔG≠ Gibbs free energy of transition structure. Based on above
theory, rate constants for conversion of 3s to 4s are of the order
of 10-13 and 10-19 s-1 for Sn(IV) and (II), respectively.
Considering the latter facts, although the formation of 4s is
affordable from a thermodynamics point of view, they are not
favored kinetically and the closed ring hydroxy intermediate-
2s are the reaction products in these reactions. It is notable to
compare results of six coordinate pathway with results
obtained in previous work in OH¯ nucleophilic attack to six
coordinate bis imidazole Fe(II) verdoheme [43]. The ring
opening process in hydroxy verdoheme (3) in six coordinate
Fe(II) verdoheme was in overall -2.3 kcal.mol-1 exothermic
with a kinetic barrier of 9.8 kcal.mol-1. Species 3 in six
coordinated Fe(II) verdoheme was about 120-130 kcal.mol-1

more stable than reactants while in six coordinate Sn(IV) case
it increased to 247.8 kcal.mol-1. The more stable intermediate-
2 could be related to the presence of Sn in the center of six
coordinate tin(IV) verdoheme and highly charged reactants.

Looking at energy values for five coordinate complexes
in Table 2 reveals that open ring helical products are a little
more stable than other species by amounts of 3.8 and 9.2
kcal.mol-1 for Sn(IV) and (II), respectively. Because 2s are
far more stable than 3s, former species are initially
produced in these reactions. By considering TST and data
of Table 2, it is clear that rate constants belonging to
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Scheme 3 A perspective view
and numbering system of the
products of nucleophilic addi-
tion of OH¯ to five and four
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[SnII(OP)(IM)]+ (1) as either
metal center (2), macrocycle (3)
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conversion of 2s to 3s are about 10-11 and 10-15 s-1

respectively. In addition, by referring to rate constants, it
is obvious that passing over TS1s by rebound mechanism is
slower by a factor of about 1023 and 1016 than passing over
TS2s, respectively. Regarding these values as well as high
barrier energies for passing over TS1s, latter conversions,
namely production of intermediate-2s are unaffordable
processes. Thus, open ring helical compounds are not
generated in hydrolysis reactions of five coordinate Sn(IV)
and (II) verdohemes. In fact, in the nucleophilic attack of
OH¯ to five coordinate Sn(IV) and (II) verdohemes, OH¯
remains bonded to Sn, and just coordination number of Sn
is increased. It is worthwhile to compare results of five
coordinate pathway to results obtained in previous work in
nucleophilic ring opening in five coordinate Fe(II) verdo-
heme [43]. There, hydroxide ion attacked the iron center to
produce a complex, which was only 1.6 kcal.mol-1 more
stable than when OH¯ directly attacked the macrocycle.
The activation barrier for the conversion of iron hydroxy
species to the iron biliverdin complex by a rebound
mechanism was estimated to be 32.7 kcal.mol-1. In that
case, large barrier for rebound mechanism, small barrier of
4.2 kcal.mol-1 for ring opening process of the hydroxylated
macrocycle, and relatively the same stabilities for complex
resulted by addition of nucleophile to the iron and macro-
cycle were evidenced. Thus it was concluded that five
coordinate pathway with direct attack of nucleophile to the
5-oxo positions of macrocycle might be the path for the
conversion of verdoheme to biliverdin. The intermediate-1
in five coordinate Fe(II) verdoheme was about 130-150
kcal.mol-1 more stable than reactants while in five
coordinate Sn(IV) and Sn(II) reactions, it increases to
333.6 and 162.4 kcal.mol-1, respectively. Comparing the
energy diagrams of Sn(IV), Sn(II), and Fe(II) pathways
show the considerable stability of 2 in Sn relative to Fe
which could be related to the presence of highly charged
main element of Sn with high oxophilicity and more
affinity to increase coordination. Thus, the more stable 2
in five coordinate tin verdoheme could be held responsible
for the different energy release in Sn–O bond formation
against that of Fe–O. While the more stable 3 may be
related to the presence of Sn center with more positive
charges in five coordinate tin(IV) verdoheme. Again if we
compare results of Sn(II) with Fe(II) verdoheme with the
similar oxidation state and coordination, the more stability
of 2 in the former case could be accounted as a factor for
the prevention of ring opening. Also, it is notable that Sn
plays significant coordination role in contrast to its Fe
analogue in this path.

By referring to Table 2 for four coordinate pathways and
regarding TST, it is disclosed that rate constants for
conversion of 2s to 3s are of the order of 10-25 and 10-41 s-1

and are slower by a factor of 1032 and 1017 than formation

of products from 3s for Sn(IV) and (II), respectively. On
the other hand, data of Table 2 demonstrates that 2s are the
most stable species in these reactions. Thus, formation of
2s are more desirable than open ring helical products and
2s are generated instead of open ring helical products from
both thermodynamical and kinetics point of views, when
OH¯ is added to four coordinate Sn(IV) and (II) verdo-
hemes. In fact, in these nucleophilic additions, similar to
the five coordinate counterparts, OH¯ is bonded to Sn, and
coordination number of Sn is increased. Also, it worth to
compare results of four coordinate pathway with results
obtained in previous work in nucleophilic attack to four
coordinate Zn(II) verdoheme [42]. In nucleophilic addition
of hydroxide ion to four coordinate Zn(II) verdoheme, it
was determined that 3 is directly converted to helical open-
ring complex by passing through TS2. There, the
intermediate-2 was 0.7 kcal.mol-1 more stable than
intermediate-1 and 15 kcal.mol-1 more unstable than
product, respectively. The barrier energy for passing over
the TS2 was 5 kcal.mol-1. The intermediate-1 in four
coordinate Zn(II) verdoheme was about 139 kcal.mol-1

more stable than reactants while in four coordinate Sn(IV)
and Sn(II) complexes, it increases to about 394 and 222
kcal.mol-1, respectively. Comparing the energy diagrams of
Sn(IV), Sn(II), and Zn(II) pathways show the considerable
stability of 2s in Sn relative to Zn which could be related to
stronger Sn-O bond against Zn-O and presence of highly
charged main element of Sn with high oxophilicity and
affinity of four coordinate tin for addition of coordination.
Thus comparison of Sn(II) to Zn(II) verdoheme with
similar oxidation state and coordination number, the higher
stability of intermeditae-1 could be accounted responsible
as the main factor for ring opening inhibition. It is also
notable that similar to five coordinate pathway, Sn plays
coordination role in contrast to its Zn analogue.

Comparing the energy stabilities of species and transi-
tion states of Sn(II) with the similar Sn(IV) in all pathways
shows that Sn(IV) verdohemes have more affinity for
increasing coordination state relative to those of Sn(II).
Analysis of various pathways verifies that ring opening is
less favorable in the latter case, while reduction of
oxidation state favors the ring opening prevention. In
addition, considering the energy stabilities of species show
that four coordinate complexes more avidly increase
coordination number than five coordinate analogues.

Hydrolysis of Sn verdohemes: charge analysis

As mentioned in proceeding sections, according to Table 1
charges on Sn in six, five, and four coordinate Sn(IV) and
those on Sn(II) are 2.14, 2.01, 1.91, and 2.00, 1.95, 1.73
respectively. While, charges of Fe in six and five coordinate
Fe(II) verdohemes have been reported being 1.36 and 1.2
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respectively [43] and that for Zn(II) in four coordinate
verdoheme equaling 1.22 [42]. Accordingly, more stability
of intermediate-1 relative to reactants in nucleophilic attack
to five coordinate tin verdohemes could be attributed to
more positive charge on Sn, when compared with OH¯
addition to Fe(II) verdoheme [43]. Such fact also applies to
intermediate-1 in adding OH¯ to four coordinate Sn(IV)
verdoheme, when compared with Zn(II) verdoheme ana-
logue [42]. Besides the charge differences, some of the
aforementioned stability can be accounted for by higher
affinity of tin verdohemes for increasing coordination state
relative to Zn(II) and Fe(II) verdohemes. Comparing the
results of five and four coordinate Sn(II) verdohemes with
their Fe(II) and Zn(II) counterparts show that more positive
charge on metal center as well as coordination role are two
important factors in differentiating the species obtained in
hydrolysis pathways. On the other hand, comparison of
charges centered on oxo carbon shows no considerable
difference. Thus, different charge on Sn center and
reactants between six coordinate tin(IV) verdoheme com-
plexes with their tin(II) analogues can demonstrate the
considerable stability of intermediate-2 in Sn(IV) complex.
The same arguments apply to the higher stability of
intermediate-2 in five coordinate tin(IV) verdoheme relative
to its tin(II) analogues. Such fact is true in comparison of
OH¯ attack to four coordinate Sn(IV) with that of four
coordinate Sn(II). Moreover, more stability of intermediate-
1 in Sn(IV) complexes against their Sn(II) analogues could
be related to the more positive charges on Sn(IV) as well as
more tendency to increase coordination. Also, comparing
stability of intermediate-1 relative to reactants in OH¯
addition to five coordinate Sn(IV) with its four coordinate
Sn(IV) analogue shows decrease of about 60 kcal.mol-1.
This trend is similar in comparing the stability of
intermediate-1 relative to reactants in five coordinate tin
(II) verdoheme and four coordinate tin(II) which again
shows decrease of about 60 kcal.mol-1 in the hydrolysis
pathways. Such observation is indicative of the fact that
although Sn(IV) is less positive in four coordinate case, it
leads to more stable intermediate. This is suggestive of the
significance of liability of Sn in increasing coordination
state as key parameter for preventing ring opening. Thus
such tendency is decreased from four coordinate Sn to five
coordinate Sn as expected. In addition, high barriers for
passing over TS1 in Table 2 could be related to decrease in
coordination number of Sn. The coordination issue is
discussed further in a forthcoming section.

Hydrolysis of Sn verdohemes: geometrical view

By Taking a look at Table 3 and considering the geometrical
parameters related to porphyrin’s planarity, it is clear that
[SnIV(OP)(IM)(OH)]2+ is an octahedral complex with a

planar porphyrin ring. This is in line with the reports on six
coordinate tin(IV) as one of the most planar tension free
porphyrins [65] which shows the complete accommodation
of tin in verdoheme ring. Regarding O3–C2–O1, C2–O3–
H1 and N2–C2–O3–H1 angles in intermediate-2, it is
determined that OH¯ group is not coplanar with its adjacent
pyrrole ring. Considerable variations in the porphyrin ring
structure of 4 in comparison with that of [SnIV(OP)(IM)
(OH)]2+ is seen. Such variations can be summarized as a
great increase of C2–O1, decrease in C1–O1 and C1–O–
C2, as well as effective variations in N1–Sn–N2, N2–Sn–
N4, N2–C2–O1, C3–C2–O1, and C3–C2–O3 angles that
are confirmatory of opened helical structure of 4. By
regarding C3–C2–O3–H1 value, it becomes obvious that
OH¯ group is coplanar with its adjacent pyrrole ring in 4.
Comparison of differences between values of N1–Sn–N2,
N2–Sn–N4 bond angles, as well as N1–N2–N3–N4
dihedral angle in 1 and 4, reveals that the porphyrin ring
in 4 has a helical macrocycle structure which is in prefect
agreement with experimental result belonging to nucleo-
philic attack to zinc verdoheme [42]. Table 3 also confirms
that structure of the transition states is in accord with
expected chemical intuition for conversion of intermediate-
2 to product and generation of 3 from 2. To justify this
claim, it is found that C2–O1 bond distance has been
increased by about 0.37 Å in TS2 relative to 3. Besides,
decrease in co-planarity of pyrrole ring adjacent to OH¯
group from porphyrin’s plane as well as decrease in N2–
C2–O3–H1 angle of the transition state relative to that of 3
are indicative of generating an open chain helical structure
in 4. In fact, increase of C2–O1 and decrease in C1–O1
show that a biliverdin like species is formed and an open
ring product is generated via ring opening mechanism. It
could be worthwhile mentioning here that as was presented
in preceding sections, the aforementioned open ring helical
species is not a possible final product. Data of Table 3
reveals that similar trends for structural variations of 1, 3,
TS2, and 4, in OH¯ addition to six coordinate Sn(II) as
those for Sn(IV) verdoheme are observed.

By considering N1–Sn–N3 and N2–Sn–N4 bond angles
as well as N1–N2–N3–N4 dihedral in Table 4, it is obvious
that Sn atom has moved out of the porphyrin plane in
[SnIV(OP)(IM)]3+ and [SnII(OP)(IM)]+. Also, Sn atom has
moved to the porphyrin plane after OH¯ attaching to latter
reactants in the six coordinate 2s. Variation of Sn–N5 from
3s to 4s is observed in reaction of OH¯ with 1s in
Scheme 3. Latter fact is due to electron donating ability
of imidazole ring. Such ability facilitates C2–O1 bond
cleavage. Also, by referring to Tables 4 and 5, it is clear
that N1–N2–N3–N4 dihedral is changed considerably from
four coordinate Sn verdoheme to five coordinate Sn
verdoheme in the presence of imidazole axial ligand. By
taking into account geometric parameters belonging to
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planarity of macrocycle, it is obvious that intermediate-1
belonging to OH¯ addition to five coordinate Sn(II)
verdoheme is less planar than that which arises from OH¯
attaching to Sn of five coordinate Sn(IV) verdoheme.

Structural data for hydrolysis of four coordinate Sn(IV)
and Sn(II) in Table 5 clarifies that [SnIV(OP)]3+ is planar.
As can be seen in this table, Sn atom has moved out of the
porphyrin plane in 2s. Delving into Table 5 reveals that
structures of 2, 3, and 4 of four coordinate Sn(II) are not
planar as Sn(IV) verdoheme. Based on these facts, it is
expected that intermediates due to addition of OH¯ to Sn
(II) verdoheme are less stable, when compared with those
of Sn(IV) pathway, as illustrated in Table 2. According to
Ortiz de Montellano report [66], verdoheme appears flat in
crystal structure of verdoheme which complexed with
human heme oxygenase protein. Comparison of structures
of tin verdohemes studied here show that the structure of
full optimized six and four coordinate Sn verdohemes with
axially coordinated ligands are more planar than five
coordinate. So, they can compete well with iron verdoheme
in occupying heme oxygenase protein pocket.

Hydrolysis of Sn verdohemes: oxidation state of Sn

The major difference between structures of tin(IV) and (II)
verdoheme complexes can be seen in the coordination
sphere of the tin atom. While tin(II) verdoheme complexes
are mostly distorted, tin(IV) compounds adopt regular
geometries as square planars, square pyramides or octahe-
drals, depending on the coordination state. The reason for
this phenomenon may readily be explained by the different
electronic states; while in tin(IV) verdoheme compounds all
outer electrons of the tin atom are engaged in bonding, tin
(II) verdoheme compounds have one electron pair that does
not participate in bonding and displays stereochemical
activity. We could consider this electron pair as a further
ligand in the coordination sphere of the tin atom in
verdoheme complexes. By considering Tables 3, 4, and 5
it can be seen that in general the bond distances in
comparable verdoheme compounds are longer for lower
oxidation states. The larger Sn(II) bond distances as
compared to Sn(IV) can be explained either by a repulsion
effect of the lone electron pair at the tin atom, the higher
tin’s atomic radius, or by weaker bonds compared with tin
(IV). Based on Table 1, charge analysis of Sn(IV) and (II)
verdohemes shows that except for four coordinate verdo-
hemes, the charge differences is not considerable which
may indicate that the main factor in considerable stability of
intermediate-1 in Sn(IV) verdohemes relative to Sn(II)
verdohemes is not the charge on Sn center. However, it
seems that more affinity of Sn(IV) for raising its coordina-
tion relative to Sn(II) can be held accountable for that fact.
Also, by taking a look at the energy profiles during

hydrolysis of various tin verdohemes, it could be concluded
that evidently the more oxophilic nature of Sn(IV) makes
its Sn–O compounds thermodynamically more stable than
those of Sn(II).

Hydrolysis of Sn verdohemes: coordination state of Sn

In the biological and clinical references, it has been shown
that the coordination sphere around the tin atom is of
paramount importance for the structure of tin(IV) and (II)
complexes [67]. Given the fact that the axial ligation of the
Sn macrocyclic complexes is often totally ignored in many
medically- or biologically-oriented studies in this field [21],
it is hoped that our emphasis on these angles may stimulate
more detailed appreciation of this fact. The assumption that
the ligands on tin porphyrins are chlorides (or even
hydroxyls or water in aqueous media) when they are used
in biological studies may not always be valid, and this
question may be relevant to their efficacy [21].

Sn coordination number is determined largely by Sn ion
size, and also to some extent by Sn ion charge. A
comparative assessment of the effect of the Lewis acidity
of the central tin atom and of ligand basicity on
coordination of verdohemes and a summary of Sn–O and
Sn–N distances as a function of coordination number and
oxidation state can be seen in Tables 3, 4, and 5. The effect
of size and charge of the Sn(IV) and (II) and the distances
between the tin(II) and (IV) atoms and the ligand when the
coordination number is changed as well as inert pair effect
(distorted coordination environment for Sn(II) verdoheme
compounds) is clearly seen in the mentioned Tables. As
expected, these mean distances between the central tin atom
and different coordinated atoms (N, O) increase with rising
coordination number which is illustrated in Tables 3, 4, and
5 for Sn(IV) pathways. Correlation between tin-ligand
distances and coordination numbers is seen in average
Sn–Npor, Sn–N5, and Sn–O2 bond distances in Sn(IV) and
Sn(II) verdohemes in different coordination states.

Hydrolysis of Sn verdohemes: analysis of key Kohn-Sham
(KS) molecular orbitals

The molecular orbital calculations were carried out for all
components involved in hydrolysis pathways of different tin
verdohemes. The frontier MOs as shown in Figs. 1 and 2 are
selected for the above discussion. Full discussion can be
found in the supplementary material for all species involved
in various pathways.

KS frontier MOs in six coordinate tin verdohemes

HOMO of OH¯ is a p orbital as shown in Fig. 1. Also in
this figure, LUMO, LUMO+1 and LUMO+2 of [SnIV(OP)
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(IM)(OH)]2+ show a phase combination of p orbitals over
C1, C4 as well as C2 and C3. In the LUMO and LUMO+
2, such phase combination of p orbitals has an antibond-
ing interaction with p orbital of O1. Thus, HOMO of
OH¯ can have a bonding interaction with each carbon
atoms adjacent to oxygen which can involve effective

antibonding interaction with p orbital of O1. Latter fact
indicates that p orbital of oxygen atom belonging to
[SnIV(OP)(IM)(OH)]2+ has an instability role in leading to
probable intermediate. Similar results are obtained by
considering MO’s belonging to [SnII(OP)(IM)(OH)] as
shown in Fig. 1.
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(OP)(IM)(OH)]
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Fig. 1 Selected HOMOs and LUMOs of OH¯ nucleophile and six coordinate tin(IV) and (II) verdohemes
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KS frontier MOs in five and four coordinate tin verdohemes

As can be seen in Fig. 2, LUMO of [SnIV(OP)]3+ shows a
bonding interaction between p orbital of Sn with two
orbitals of two N atoms. In latter MO, a phase combination
of p orbitals over C1, C4 and N1 as well as C2, C3 and N2
is observed which has an antibonding interaction with the
π-electronic cloud over Sn. Thus, HOMO of OH¯ can have
a bonding or an antibonding interaction with the π-
electronic cloud over Sn or each carbon atoms adjacent to
oxygen.

Sn in LUMO of [SnIV(OP)(IM)]3+ has a nonbonding part,
and in external LUMO’s of this reactant namely, LUMO+4
and LUMO+7 (not shown), a concentrated electronic cloud
over tin is observed which has an antibonding interaction
with p orbital of N1, N2, N3, and N4 and an electronic
cloud belonging to imidazole ring. Thus, HOMO of OH¯
interacts with a LUMO of [SnIV(OP)(IM)]3+ involving
effective antibonding interaction in the center of verdoheme
ring for production of intermediate-1. Therefore, such
interaction results in a less stable intermediate-1 relative
to reactants, compared with OH¯ attack to [SnIV(OP)]3+, as
expected. Whereas, in LUMO of [SnIV(OP)(IM)]3+, phase
combination between p orbitals of C1 and C4 as well as p
orbitals of C2 and C3 is observed which can interact to
HOMO of OH¯. This fact results in lowering energy of
intermediate-2 relative to intermediate-1, compared with
OH¯ attack to [SnIV(OP)]3+.

Some MOs belonging to four and five coordinate Sn(II)
verdohemes have been illustrated in Fig. 2. A p orbital and
concentrated π-electronic cloud has been observed on Sn in
LUMO+1 and LUMO+2 (not shown) of [SnII(OP)]+

respectively. These p orbital and π-electronic clouds have
antibonding interaction with π-electronic cloud over N1,
N2, N3, and N4. Thus, an intermediate-1 which is produced
from interaction of HOMO of OH¯ with each LUMOs, will
be a less stable intermediate-1 relative to reactants,
compared with OH¯ attack to [SnIV(OP)]3+. Also, in
LUMO of [SnII(OP)]+ phase combination between p
orbitals of C1 and C4 as well as p orbitals of C2 and C3
is observed which can interact to HOMO of OH¯. By
taking a look at Fig. 2, reveals that in LUMO of [SnII(OP)
(IM)]+ similar to LUMO of [SnIV(OP)(IM)]3+, phase
combination between p orbitals of C1 and C4 as well as p
orbitals of C2 and C3 is observed which can interact to
HOMO of OH¯. This fact results in lowering energy of
intermediate-2 relative to intermediate-1, compared with
OH¯ attack on [SnIV(OP)]3+. Sn in LUMO of [SnII(OP)
(IM)]+ has a nonbonding part, and in external LUMO’s of
this reactant namely, LUMO+3 and LUMO+5, concentrat-
ed π-electronic cloud and a p orbital on tin is observed
respectively, which have an antibonding interaction with p
orbital of N1, N2, N3, and N4 and electronic cloud

belonging to imidazole ring. Thus, HOMO of OH interacts
with a LUMO of [SnII(OP)(IM)]+ involving effective
antibonding interaction in center of porphyrin ring for
production of intermediate-1. Thus, as expected such
interaction results in a less stable intermediate-1 relative
to reactants, compared with OH¯ attack to [SnIV(OP)]3+

and [SnII(OP)]+. Besides, in these LUMOs, phase combi-
nation of orbitals of C1 and C4 as well as p orbitals of C2
and C3 is observed which can interact to HOMO of OH¯.

Preventing verdoheme ring opening: role of tin metal

The leading inhibitors of heme oxygenase are the tin
porphyrins and they have been successfully established as
drug for competitive inhibition of heme oxygenase [23–31].
In addition, possible implications for inhibition of ring
opening by high valent tin porphyrins therapeutics have not
been described completely. Our previous reports showed
that the Zn(II) and Fe(II) verdohemes hydrolysis lead to
ring opening and biliverdin complexes formation, while the
presented results in this paper show that tin verdohemes
ring opening is inhibited. There are several reasons, which
make tin porphyrins such interesting therapeutics, the most
important being the well known high oxophilicity of the
hard tin atom. This is in contrast to the commonly studied
metalloporphyrin complexes of the middle and late transi-
tion metals, which generally display a higher affinity for
binding to ligands with nitrogen donor atoms. It is also
known that hypercoordination of a main-group element
such as Sn strongly influences its reactivity and may be
used to promote coordination behavior. The use of the axial
positions of these metalloporphyrins provides ample op-
portunities to reach this goal. In addition, tin porphyrins are
extremely stable and do not release the metal even under
harsh conditions [68]. In many ways Sn verdoheme
complexes are the ideal candidates in this regard, because
of their different coordination state. It is generally true that
the higher the charge density, the greater is the ability of the
Lewis acid such as Sn to attract the negative charge. In this
work, we focused on the high valent oxophilic chemistry of
tin porphyrins as a means to attach additional group that
allow for further structural extension in a facile manner.
One such way is by tin coordination chemistry which in
order to be compatible with the tin verdohemes, should rely
on metal-ligand interaction. We described interactions of Sn
verdohemes that bind oxygen-based ligands and for which
the Sn–O bond is in slow exchange on the rebound
mechanism and hence preventing their ring opening. As
far as the coordination around the peripheral tin atoms is
concerned, the oxophilicity of the tin center accounts for
these unprecedented features. The exclusive oxophilicity of
the tin atom and its high affinity for increasing coordination
state promote it as a hard center preferring interactions with
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hard molecules such as oxygen or O-bonded ligands such
as OH¯ which could be the basis for the therapeutic action
of Sn porphyrins in its competitive inhibition of heme
oxygenase.

Summary and conclusions

In an effort to investigate possible implications for the
inhibition of ring opening mechanism in tin verdoheme
degradation, three possibly six, five, and four coordinate
verdoheme complexes of tin(IV) and (II) have been studied
by hydrolysis pathway using B3LYP method. The results of
calculations suggest that in excellent agreement with
experimental reports, hydrolysis of various possible coor-
dinated tin(IV) and (II) verdohemes does not conduce to the
opening of the macrocycle and the hydrolysis reaction of
the tin porphyrins is stopped at verdoheme in contrast to the
Fe(II) and Zn(II) verdohemes analogues. It is determined
that in saturated six coordinate tin(IV) and (II) verdoheme
complexes, tin has no coordination role and direct addition
of hydroxide ion to the positive oxo-carbon centers and
formation of closed ring hydroxy compounds is proposed
for blocking the verdoheme center and preventing ring
opening. In this path although the ring opening is
thermodynamically afforded, it is disfavored kinetically.
Also, four coordinate tin verdohemes attract nucleophile
more avidly than five coordinate complexes. In hydrolysis
reaction of four coordinate Sn(IV) and (II) verdohemes,
ring opening does not occurr from both thermodynamics
and kinetics point of views. Also, same reasoning applies to
the reaction of OH¯ with five coordinate Sn(IV) and (II)
verdohemes. Contrary to zinc and iron verdohemes, in five
and four coordinate verdoheme complexes of tin(IV) and
tin(II) the binding of hydroxide to tin metal due to the
highly charged oxophilic nature of the Sn center, and high
affinity to increase coordination number are the proposed
factors responsible for inhibiting the verdoheme ring
opening. Comparing results of Sn(II) pathways with those
of Sn(IV) show that the ring opening is less favorable in
former paths, and reduction of oxidation states stimulates
the ring opening inhibition.

In addition, among the metal complexes, the six and four
coordinated complexes maintain their planar structures by
utilizing imidazole and a hydroxyl as the axial ligands and
possibly could compete in occupying HO cavity. Hence,
despite the simplicity of the model, the agreement with
clinical and medical trials is highly satisfying and the
concept of the importance of metal substitution on the
observed inhibition of the verdoheme ring opening is fully
confirmed. Accordingly, theoretical evidences which have
been presented here for the inhibiting reaction cleared some
mechanistic aspects of HO inhibition by tin porphyrin drug

candidates based on the exclusive oxophilicity of tin
porphyrins during hydrolysis pathway of tin verdohemes.
The remarkable results of interaction between tin verdo-
hemes and hydroxide nucleophile could evidence a great
interest in tin porphyrin analogues as interventional agents
for neonatal hyperbilirubinemia.
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