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ABSTRACT: This minireview highlights the unusual coordinatigeometries observed in bimetallic
complexes of mercury, thallium, lead and bismuthede bimetallic complexes remain scarce and

through an analysis of their X-ray structures, Wagious structural features that favorise them bél

underlined.
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INTRODUCTION

Various metalloporphyrins and isomers are widelynid in Nature in order to achieve very precise tredies.
Together with structural variations of the macrdeysuch as reduction in chlorin or contraction @amrole, electron or
methyl group transfers are efficiently catalyzefl However, one must admit that the regular porphiigand is the
base of cofactors in most hemoproteins. Where dabigous that the ligand itself (free-base porphyis useless for
reactivity, all the metalloporphyrins known in Neguare monometallic, that is one metal cation dasedt with one
porphyrin. In some very particular biological casase additional binding site above the porphydnordination site is
supplied to maintain a redox-active metal catioclose proximity of heme [2]. These particularitiefly justify why
so much work has been devoted to the synthesisaaieaization and reactivity of biomimetic heme ralsd[3,4].
Besides its regular tetradentate N4-core bindinglenthe porphyrin ligand can also acts as a hi;,dr hexadentate
ligand as illustrated by Buchler with his classfion of metalloporphyrins in the "Green Book" edity Kevin Smith
[5]. When the macrocycle acts as a hexadentatadigawas hypothesized that a bimetallic monorarct®mplex was
formed between mesoporphyrin IX dimethyl ester gr@hium(l) or technecium(l) salts [6]. The porplyécting as a
bridging unit was also shown to exist in the cas€RP and mercury as well as TPP and thallium(ssay Smith and
coworkers [7,8]. These hypotheses have been cosdiriater by XRD. As not being related to biologicahctivity,
these works have been remaining somewhat in thiegbaend until more recently, the possibility of paging such
bimetallic complexes was investigated with funcsitired porphyrins rather than "naked" ones [9,23].this type of
complex is of interest in the design of new suprgewar coordination units, in this paper, we willview the
bimetallic complexes that have been synthesizeoh fisad, bismuth, mercury, and thallium and for vahan X-ray
structure has been reported. The "bimetallic" denation is herein considered as a general intemadiietween one

regular -non-alkylated- porphyrin unit and two netions.

A.LEAD DINUCLEAR PORPHYRIN COMPLEXES

1. Homobimetallic Complexes

Although several types of functionalized porphyriresse been designed to "encage" large cations asidbad, X-
ray structures of lead(ll) porphyrins remain scajtg 12,13,14]. The very first X-ray of a homobiekit lead(ll)
complex (Pb,) was reported only in 2007 [15]. It was obtaingdtiie room temperature metalation with lead acetate
of bis strap porphyrii which delivers an overhanging carboxylic acid @cteside of the macrocycle (Scheme 1),
followed by precipitation. As we will see later,has been shown that the same result was achigvadnietallation
using an excess of lead nitrate. In proton NMR spsecopy, this free-base porphyrinbeing chiral C-symmetry)
exhibits 2 singlets of 2 protons each for the arngn@otons of the strap labeledandb (see scheme 1, left).

Unexpectedly, the proton NMR spectrum of the résgltead complex indicates that the two sides efrttacrocycle
are identical as in the free-base porphyriwith protons Ha and Hb appearing also as two siade9 and 5.5 ppm).
Additionally, the HRMS spectrum of this complesavealed a 2:1 ratio of lead and porphyrin. Thesgults are
consistent with the formation ofG-symmetric homobimetallic lead compl&Rb, and this hypothesis was confirmed

by the resolution of its X-ray structure (Figure[1%]. This type of complex implies two metal caitsy one above and



one below the plane of the porphyrin, bound to a@ht nitrogen atoms from the porphyrin and 3 ob@nds with 3
neutral or negatively charged axial ligands. Attthiane, this peculiar distribution had only beerpoged for
monovalent metals such as Re and Tc as mentiomnt#te iintroduction and as Tl as reported by Sniih] [will be

discussed in section D) but was the first instéfoca bivalent metal.
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Scheme 1. Synthesis of the first homobimetallic lead(ll) pbyrin complex1Pb, and dynamic behavior of the related complex

1pp.PbOAC

The macrocyle appears wave-distorted as a consegusnthe tilting of two opposite and symmetricalblated
pyrrole rings (N1-pyrrole and opposite one) towatdslead cation to which it is bound. The angl¢hef pyrrole plane
to the mean porphyrin plane (PyrN1-5MP, 24MP) is031 where 5MP and 24MP stand for pyrrole and pgrtiph
mean planes composed of 5 and 24 atoms, respgctikach lead cation remains in an unsymmetricgjotral
antiprism composed of 3 nitrogen atoms from theppwrin N1, N2, N3, one mono-hapto carboxylate gr@# and
two DMSO molecules O5 and O6. N2 and N3 atoms atm¢t to both lead cations with a distance of 2.d@8d 2.648
A, respectively while the N1-Pb bond as expectedshorter (2.480 A). Each lead cation lies 1.79&why from the
24MP. The two metal ions, distant of 3.598 A toleather, are almost positioned over the centré@piorphyrin.



Fig. 1. First X-ray structure of a homobimetallic lead gex 1Pb,. (distances [A] and angles [°]: Pb-Pb’ 3.598, N1 22480, N2-
Pb 2.787, N3-Pb 2.648, O1-Pb 2.320, OS2-Pb 2.651;Rb 2.832, Pb-24-MP 1.795, (PyrN1-5MP, 24MP) 3)1.0

Interestingly, DFT calculations were in agreemeithva “stereochemically active lone pair of eleagsbon each
metal cation as some void could be identified mdfstribution of bonds and some pockets of residigactron density
were found in the vicinity of the lead cations foig away from the oxygen and nitrogen ligands (loémcted
coordination sphere) [17].

In the previous example, as the intramolecular @aylate groups are part of the coordination spluéreach lead
cation, the dinuclear complex can be rationalized aesult of the symmetry of the ligand. Thusyass of interest to
investigate the metalation of porphy@nscheme 2), the single strap counterpart.dhdeed, as porphyrid has only

one overhanging carboxylic acid group, a symmdtdaauclear lead complex cannot exist.
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Scheme 2. Metalation of single strap porphyrihby various lead salts (Ar = 3,5-dimethoxyphenyl)

The metalation reaction was monitored by proton N&ffectroscopy at room temperature and the addifidnequiv.
of lead chloride led to the instantaneous and dpadine formation of a new specie€§(symmetry); the addition of an
excess of this salt did not induce any further ¢geanThis observation is thus in favour of the fatiora of a
monometallic complex. This metal insertion, achdviastantaneously at room temperature, indicateg th
comparison with the same metalation with non furalized porphyrins that requires hard conditioasreflux in
pyridine, the binding is assisted by a deconvoiupoocess of the metal carrier by the intramoleccgaboxylate group
[18]. Therefore, the metal has to be stereoselelgtibound inside the cavity as represented 28rin scheme 2.

Furthermore, the fact that the X-ray structur@df(3 being the precursor @& possesses two overhanging carbethoxy



groups) clearly exhibits lead sitting inside thevigais a supplemental and consistent observation such a

stereoselective deconvolution mechanism [19].

At the opposite of what was described here abdeesécond equivalent of Pb(OA@nstead of PbG) is added t@™,
a second coordination process is observed witlytiasi-quantitative formation of a new species. AHSY 2D NMR
experiment of the latter revealed that one acefatmteranion is part of this new complex. The hgtfshift for the
CHj; protons of this acetate (c.a. 1.6 ppm relativéhéofree acetate anions) indicates a bound adetzdged above the
porphyrin plane. X-ray diffraction analysis confieth the bimetallic nature of this complex, subsetjyemamed
2pp-PbOAC, and represented in scheme 2. The nomenclatuteeofomplex indicates one Pb cation (in subscripted
letters) located on the bottom side of the macriecyand "PbOAc" (in full letters) indicates the sedoPb cation
without any direct interaction with the N-core dietporphyrin as detailed hereafter (Figure 2). éaePb2 is 4-
coordinate to the N-core of the porphyrin on theromide opposite to the strapped side and 1.383itAobthe
porphyrin mean plane. The second lead cation (Rb&)no bond with the porphyrin N-core (average Rb4-3.243
A), but is hung 2.323 A above the porphyrin meaanpl Its coordination sphere involves two dihagidoxylate
ligands, one intramolecular from the strap andcaseé exogenous one, and is completed by one DM&Ddi. All the
ligands of this second lead cation are obviouslyaied in one part of the encompassing space; thismgly
hemidirected distribution of the ligands was asaxlilo the lone pair of lead which points towards dome-distorted
N-core of the macrocycle. Both the exogenous aeetati DMSO ligands are oriented at almost 90° iveldb the
carboxylate of the strap and are H-bound to onedariH group (dashed lines in Figure 2). There isnatal-metal
interaction (Pb-Pb distance of 3.727 A that is 92f%he sum of lead Van der Waals radii). From ¢hssuctural data,
the lead cation inside the cavity appears as 'ifigaiabove the porphyrin, in what was defined ashhaging-atop
(HAT) coordination mode relatively to tlsi#tting-atop(SAT) intermediate of Fleischer. As will be detdillater in this
minireview, this HAT new coordination mode has beetiented to other metal cations and to heterodianc
complexes. Actually, the three prerequisites toeoles this HAT coordination mode are first a stroetwith a strap
bearing an overhanging carboxylate group, secoadthsence of acetate anions in the medium and, ahdome-
distorted porphyrin. Usually, this domed distortiofithe macrocycle is achieved by the coordinatiba large cation
(as Pb(Il), Bi(lll), Cd(I), Hg(ll), TI(I)) into the macrocycle. This HAT coordination mode is asthe origin of new
dynamic processes by which two cations exchangeretheir locations or their coordination mode$oth, but this is

beyong the scope of this review.

Fig. 2. X-ray structure of homobimetallic lead complx,.PbOAc. (a) perspective ORTEP view, (b) Side view indicgtthe
bending of the strap to accomodate the HAT Pbistébices [A]: Pb1-Pb2 3.727; Pb2(/Pb1) to 24-atorarmmane 1.383(/2.323);



Pb1-O1 2.449, Pb1-0O2 2.380, Pb1-03 2.587, Pb1-@322 Pb1-O5 2.596, Pb2-N1 2.399, Pb2-N2 2.413, ®®2-.405, Pb2-N4
2.381, N5-0O4 2.963, N6-O5 3.090)

Consequently, further studies back with the biapstigandl established that the coordination behavior towézdd
acetate in solution was different [20]. The titoatiexperiment in the presence of diisopropylethytem(DIPEA)
evidenced a highly cooperative process as only coraplex was observed with &,-symmetrical pattern but
significantly broadened and with a new signal 8tfijom, reminding us the bound acetate foung:itPbOAc. As the
signal of the free acetate anions was also langicating their implication in an exchange procdésgjas verified that
the dinuclear species displays some fluxionality tie presence of acetate anions. Indeed, low texhper
measurements evidenced a single species with ynalisstric pattern, with four singlets for protons,bia’,b’ in the 5-6
ppm region together with a sharp singlet integoatior three protons at 0.24 ppm. This dissymmetgecies was
attributed to the bis-strap counterpar@gsf PbOAc and exhibited a fluxionalityle,.PbOAcC S 17°.PbOAC (Scheme 1,
bottom line). Both cations exchange both their fioces (N4-core/strap) and their coordination mo@@©P/HAT)
while staying on their respective side of the magete. Said another way, each cation is free toaostocate with the

other one but is restrained on one side of thetpoip (compartmentalized motion).

2. Heterobimetallic complexes

The bis-strap porphyrirl is obviously suitable for the coordination of &ignt cations as thallium(lll) or
bismuth(lll) as these cations are known to formphgrin complexes with a monohapto or bishapto ahgdnd
[21,22]. As a matter of fact, its metalation wittese two cations has already been reported andatésved easily at
room temperature. The X-ray structures of both btbncomplexlg; [15] and thallium complety, [23] have also been
resolved and exhibit monometallic complexes in Wwhilie intramolecular carboxylate group is boundadsishapto
ligand to the out-of-plane (OOP) metal with distsito the 24MP of 1.309 A ity and 0.914 A irly,.

DIPEA.H*

1VH

doo

Scheme 3. Metalation of bis strap metalloporphyrg; by lead acetate

Thus, the binding properties b towards Pb(Il) were investigated by NMR spectroscopy in DMS@; solution,
without DIPEA [20]. This complex was fully consumagon addition of one equiv. of Pb(OAcYhe corresponding

NMR spectrum was characterized by 4 broad sindgtatda,b,a',b' protons (see Scheme 3), in agreemvéhtthe



formation of a dissymmetric species. A broad sigrfaB protons was also observed at 0.36 ppm, cemisvith a
single acetate molecule included in this complehis Themical shift of 0.36 ppm for the bound aeetaimpares well
with that of a PbOAc moietyc. 0.30 ppm for2p,.PbOAC), and therefore from these NMR data, the formatibthe
heterobimetallic complegg;.PbOAc (Scheme 3), with Bi(lll) and Ph(ll) respectively OOP and HAT coordination
modes is expected. This hypothesis was verifiedrX-ray structure obtained from single crystalevwgr upon slow
evaporation of the NMR tube (Figure 3). The struetoonfirmed the heterodinuclear bismuth(lll) ld8d¢omplex
15.PbOAc, with bismuth and lead cations located on oppasides (Bi-Pb 3.802 A), and in which only the bisimu
cation is bound to the porphyrin N-core. The comatibn modes of both bismuth and lead acetatelaresathe same
than those observed ig; and2q,.PbOAc and are found compatible if not complemental. Bisenuth cation is seven-
coordinate, 1.559 A out of the 24MP in an antipasim polyhedron. It is bound to the four nitrogeoras of the
macrocycle and to the hanging carboxylate groughef strap in a bishapto fashion. The coordinatiphese is
completed with two molecules of DMSO maintained Hyglrogen bonds with the amide groups of the straipss
distance to the 24MP of 1.559 A is significantlyger than that irlg; (1.309 A), presumably to accomodate the lead
coordination on the other side. The latter adoptgaard orientation, with a strongly hemidirectzbrdination sphere
due to the stereochemically active lone pair ofllaa in2p,.POOAc. The lead coordination sphere is composed of an
intramolecular carboxylate counterion from the gtran exogenous acetate counteranion and a DM3@digThe
acetate and DMSO molecules are stabilized by H-bavith the amide groups of the strap. Lead is HATx 2.231

A over the 24MP, and does not interact with thedxeowith its lone pair pointing towards the ceraéthe N-core of

the macrocycle.

Fig. 3. X-ray structure of heterobimetallic lead comptix.PbOAc. (a) perspective ORTEP view, (b) Side view indiggtthe
bending of the strap to accomodate the HAT Pb.téhises [A]: Bi-24MP 1.559, Pb-24MP 2.231, Bi-Pb 28R1-Bi 2.638, N2-Bi
2.342, N3-Bi 2.393, N4-Bi 2.678, O1-Bi 2.294)

As detailed in the precedent examples of compldresrporating a HAT coordinated PbOAc moiety, this
coordination mode requires at least an overhangargoxylic acid on one side, tethered over the avacside of a
dome-distorted porphyrin. So far this distortionswabtained by the OOP coordination of another leadismuth

cation with a significant out-of-plane displacemeptto 1.559 A.



Scheme 4. Successive metalations by first zinc or cadmiugtate and then lead acetate of unsymmetrical tzip gorphyrind

However, transition metals that exhibit square atgryramidal coordination are expected to bindNHecore of the
porphyrin out of the plane as well but with a smalilisplacement due to their smaller ionic radlngestigations
probing such a possibility have been carried odhwis strap porphyrid (scheme 4). In the latter one of the two
carboxylic acid group has been transformed in glaotide group. Thus, it can be anticipated that,ionly one side is
suitable for a HAT-bound lead cation.

Initially, porphyrin 4 was designed to demonstrate a possible steretigijen the incorporation of transition
metals such as zinc or cadmium [24]. For instaaddition of 1 equiv. of Zn(OAg)or Cd(OAc) led instantaneously to
the quantitative formation of the corresponding oruclear complexes (scheme 4, first step). Intienglst it was
found that théH NMR spectra of the metallated species were aftebly the presence of a base (DIPEA) particularly
the signals belonging to the amide alkyl chainh@sNMR shifts experienced by these amide protoasiseful to probe
the side of the macrocycle on which the metal ®fotated. Without entering into details, withouayase, zinc or
cadmium is incorporated intbon the side of the amide chain with the carboriyhe amide group bound to the cation
as a fifth ligand. This was confirmed by the X-stgucture o#,,. In this notation, arbitrarily, the amide stragligwn
as the bottom one and the carboxylic acid is reytesl as the top strap. Thus the metal writterubsaripted letters
indicates that it is bound to the overhanging angidmip whereas, written in superscripted lettdiews its binding to
the carboxylic acid group.

Additionally, when DIPEA is added to the solutioide, (or 4¢g4), the intramolecular carboxylic acid is deprotauht
in a carboxylate group, a better electron-donagiragp than the amide group, inducing the migratibthe N4-bound
metal from the other side (that of the amide grawpits own side (scheme 4, vertical equilibriurihis change of
stereoselectivity from;,, to 47" s fully reversible and controlled by the acid-ba®nditions. The fact thd, and4”"
exist in a fast exchange regime on the NMR timédesadile the metallated species and the free beseleserved in a

slow exchange regime rules out a switching proaing through demetalation (and hence via the frase



porphyrin). Thus, this inversion of stereoseletyivs achieved by a through-the-ring motion of eas such as zinc or
cadmium.

The next step (scheme 4, second step) consisteddition of 1 equiv. of Pb(OAg)o the related complexd$" (or
4°% in the presence of base and led to the quanttdtirmation of new species. On the proton NMR &pec, the
most noticeable change is represented by a highéieift of the protons of the amide alkyl chain.isSTindicates an
alkyl chain closer to the porphyrin macrocycleagreement with the migration of the Zn(ll) and Cdigns fromup to
down positions induced by the binding of PbOAc to ttending carboxylate (HAT coordination). Concomitgnth
significant highfield shift of the average sign&lAxO" is also observed. Obviously, the same metalatibtim Rb(OAc)
can be also achieved starting frofp, (or 4cq), without any base and leads to the same complexikout
intramolecular migration of the OOP-bound metal.

The formation of these heterobimetallic complexéth winc(ll) or cadmium(ll) OOP-bound to the N4-eoof the
porphyrin and lead(ll) HAT-bound (overhung) to steap has been confirmed by the resolution of thaystructures
of both 4;,.PbOAc and4.4.PbOAc (Figure 4). Both Zn and Cd atoms are located duhe porphyrin mean plane
towards the amide strap at respectively 0.498 a8400A, with average N-Zn and N-Cd distances o72.and 2.213
A. The O atom of the amide group represents thie ligand in apical position, hence the inwardsiims of the alkyl
chain. The coordination sphere of Zn is not mudactéd by the presence of a HAT Pb(ll) as onlyighslincrease of
the out-of-plane displacement is noticéx®4MP 0.428 A for4,,), which might arise from a repulsive electrostatic
interaction between the two metal ions. In the @dg@d, the rather short O1-Cd distance of 2.21liidicates a strong
interaction, responsible for the important out-tdfe displacement of the Cd atom. On the other, sidePb atoms are
overhung respectively 2.774 and 2.648 A above thghyrin mean plane for the Zn and Cd complexeshomt
interaction with the N-core (av. N-Pb 3.698 and13.&\, respectively). The rather large Pb-Zn (/Ph-@istance of
3.514 (/3.660) A indicates no metalophilic intefaat As observed with all other structurally chaesized HAT Pb(ll)
ions, the hemidirected coordination sphere of ieat),.PbOAc and4c4.PbOAcC locates the metal ion at the apex of a
distorted pyramid with the 8done pair directed towards the lightly dome-digtdr porphyrin. In both cases, the
coordination sphere incorporates five oxygen atofoar from the carboxylate of the strap and frone ticetate
counteranion (both bound in a bis-hapto geome#ny), one from a molecule of methanol. The acetdtev@ved in H-
bonding interaction with the amide group of theystfO4-N5 2.883 and 2.855 A). This second spheoeofdination is
crucial for the successful binding of a HAT Pb(is compared to other HAT Pb(Il) formed with a krg@® OP-bound
metal ion as Pb(ll), the HAT-bound Pb aton¥in.PbOACc(/4c4.PbOAC) is located respectively 0.45(/0.32) A higher
relative to the porphyrin mean plane. This can d@mnalized by a smaller out-of-plane displacen@ngn(ll) and
Cd(l)) (A24MP 0.50/0.84 Ass.1.383 A for Pb(ll)).



Fig. 4. X-ray structures of heterobimetallic lead compkeka)4,,.PbOAc and (b)4c4.PbOAC (top line: perspective ORTEP view,
bottom line: side view indicating the bending of ttrap to accomodate the HAT Pb. (Distances 44]PbOAc: Zn-24MP 0.498,
N1-Zn 2.090, N2-Zn 2.079, N3-Zn 2.055, N4-Zn 2.008;:Zn 2.1227n-Pb 3.514, Pb-24MP 2.774, Pb-O2 2.316, Pb-O352 RB-
04 2.442, Pb-0O5 2.477, Pb-Os1 2.548;.PbOAc: Cd-24MP 0.840, N1-Cd 2.217, N2-Cd 2.223, N3-Cd 2,204-Cd 2.211, O1-
Cd 2.217, Cd-Pb 3.660, Pb-24MP 2.648, Pb-O2 2.330%2.490, Pb-O4 2.432, Pb-0O5 2.517, Pb-Os1 2.525)

B.BISMUTH DINUCLEAR PORPHYRIN COMPLEXES

1. Homobimetallic Complexes

Having isolated and fully characterizégl.PbOAc, it was very tempting to tredk; with an excess of Bi(OAg)to
probe if the HAT coordination mode was only obtainéth a lead(ll) cation or if it could be extendidanother metal.
Indeed, Bi(lll) being isoelectronic of Pb(ll) andhébiting a stereochemically active lone pair adlweas the perfect
candidate [20].

When using Bi(OAg), well resolved proton NMR spectra were observaduffe 5) and a mixture of two complexes
was obtained with the ratio of these species dépgrah the presence of a base. In the presencéREA addition of
an excess of bismuth acetateltp led to a 95:5 ratio of these new complexes (Fidibbeblack and white triangles).

The major species (black triangles) displays aydissetric NMR pattern, with highfield shifted sintdeatd= 0.39 and



0.16 ppm, accounting for 3 protons each, attributedwo acetate anions located in the anisotropicent of the
macrocycle, and hence HAT bound. Besides, NOE queaks were observed between thesg §ighals at 0.39 and
0.16 ppm and thp-pyrrolic protons at 8.95 and 9.02 ppm, respectivEhese data are in agreement with the binding of
a HAT Bi(lll) cation to1g; and the formation of the bimetallic compl&x.Bi(OAc), (Scheme 5). Logically, two of the
four NHCO protons resonate at 10.32 and 10.12 ppnsharp singlets and are unshielded of ~ 1.5 ppon up
complexation of the HAT Bi(lll) cation, for whichath acetate counteranions are H-bound to the agrinigps of the

strap.
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Fig. 5. 'H NMR spectra (500 MHz, 298 K, DMS@Y) of (a) 1g (b) complexlg;.Bi(OAC), obtained by addition of excess of
Bi(OAc); to 1g; in the presence of DIPEA (15 equiv.) @BiOAc), obtained by addition of excess of Bi(OAt) 1g; without any

base. “A” stands for “acetate”

Interestingly, if the same titration is performedhout DIPEA, the "previous" minor compound becorttes major
one (85 %) and the "previous" major one, nanighyBi(OAc),, becomes the minor one (15 %). This "new" major
species exhibits @,-symmetric NMR signature as evidenced by two sisgié¢ 5.90 and 5.23 ppm attributed to Ha and
Hb aromatic protons of the strap (Figure 5c, whii@ngles). The only possibility to obtain a complgith both sides
identical is to incorporate a second bismuth catind that both cations adopt the same coordinaitvere. Further
analysis of the proton NMR spectrum indicates ehtiédd shifted singlet close to O ppm integratiray 6 protons,
attributed to two magnetically identical acetateas bound in the HAT mode. The downfield shiftcod. 1 ppm for 2
amide NH protons, due to H-bonding interactionthefHAT acetate counteranions with one of the amgideps of the
strap, confirms the proposed structure. Thereforethis C,-symmetric complex nameti(BiOAc), (see chemical
structure in Figure 5c¢), the NMR data indicate liiveling of a BIOAc moiety on both sides of the goypn.

As in complexlq,.PbOAC, it was found that each bismuth(lll) cationlig.Bi(OAc), exchanges its coordination mode,
that is adopts alternatively the HAT and OOP camtion modes as proven by exchange correlationseleet the

signals of the C, symmetrically related" protons of the two straphis exchange is achieved via an intramolecular



mechanism involving equilibria witl(BiOAc), as an intermediate. Indeed, this exchange thranotgimmolecular
processes, that is through equilibria with the nmetallic complexls; and the free basg would require a high
energetic cost for the decomplexation of both cetid his hypothesis is not reasonable as figgBi(OAC), is formed

starting from the isolated compléy; and second, no exchange correlation between @ atotine two straps was found

in the ROESY of the mononuclear complhy formedin situ by addition of 1 equiv. of Bi(OAg)to 1.

=
\'
Bi(OAC);
T>
g g
9 S
1Bi 1g;.Bi(OAc),

Scheme 5. Metalation of bis strap porphyrily; by bismuth acetate

An elemental analysis of an analytical sample f tomplex as well as the X-ray structure obtaifneth crystals of
15;.Bi(OAC), grownfrom a chloroform/cyclohexane mixture confirmed ttmodinuclear nature of this species. In the
latter coexist two bismuth atoms with only one leérn directly bound to the N-core of the porphyiig(re 6). The
latter, bismuth cation Bil, is similar to its coergart observed ifig;.. Bil is seven-coordinate 1.310 A out of the 24-
atom porphyrin mean plane (24MP) with an averaggi Nend length of 2.375 A. It is worth to note tlist distance to
the 24MP is the same than thatlig (1.309 A) but different than that iy;.PbOAc (1.559 A). Whether it is due to a
difference in the size of these two cations ordierence in the activity of their lone pair idlisto be investigated
[25,26]. Bil is also bound to a hanging carboxylreup of the strap in a mono-hapto fashion (012B491 A), and to
two water molecules (1 and Q2). One of them (¢L) is stabilized by a hydrogen bond with the O2natf the
overhanging carboxylate group {002, 2.808 A). A second bismuth cation Bi2 is ctioated on the opposite side of
the porphyrin but without any direct interactiortwihe N-core (Bi2-24MP, 2.576 A; average N-Bi diste, 3.409 A).
Indeed, it is bound in a bis-hapto mode to the loaneging carboxylate group (03/04) and to two aeetatinteranions
(O5/06 and O7/08). The latter are maintained byrdiyein bonds with the amide groups of the strap @852.912 A
and N8-07, 2.837 A). The plane of each acetatemi®almost perpendicular to that of the intramolac carboxylate
group, thereby defining a strongly hemidirectedrdamtion sphere of Bi2 with aimward orientation. In light of this
dinuclear bismuth structure and together with thevipusly reported structure of the dinuclear leammplex
2mp-PbOAC, the HAT coordination mode appears quite versatith a coordination site composed of a carboxylate
group dangling over the concave face a dome-shatdlloporphyrin, with a crucial role of the secarabrdination

sphere brought by the strap itself.



Fig. 6. X-ray structure of homobimetallic bismuth complex.Bi(OAc),. (a) Perspective ORTEP view, (b) side view indiogtihe
bending of the strap to accomodate the HAT Bi. @ises [A]: Bi1-24MP 1.310, Bi2-24MP 2.576, Bi1-Bi2 329 N1-Bil 2.429,
N2-Bil 2.306, N3-Bil 2.331, N4-Bil 2.442, O1-Bil 2.4903-Bi2 2.493, O4-Bi2 2.212, 0O5-Bi2 2.487, 06-Bi2 22®D7-Bi2
2.551, 08-Bi2 2.260)

2. Heterobimetallic complexes

The only heterobimetallic bismuth porphyrin complehxaracterized in the solid state by an X-ray s$tmecwas
obtained with lead aks;.PbOAc and has been discussed in section A2.

C. MERCURY DINUCLEAR PORPHYRIN COMPLEXES

1. Homobimetallic Complexes

When octaalkyl porphyrins such as aetioporphyricagroporphyrin are metalated by mercury acetatgyridine, a
regular one-to-one complex is obtained. At the ajipo if the same reaction is performed in methglehloride or
THF, the proton NMR spectrum of the resulting coampéxhibits an upfielded singlet around 0 ppm antiog for 3
protons per porphyrin. This signal is consistenthvén acetate group residing in the anisotropig-darrent of the
porphyrin. The elemental analysis suggested a csitipo of two porphyrins, three mercury atoms, &vd acetate
functions, consistent with a double-sandwich tratlit structure AcO-Hg-Por-Hg-Por-Hg-OAc [27]. Aitdl type of
complex is obtained under the same experimentalitons with tetraphenylporphyrin (TPP). Indeedcdse of steric
reasons, the "double-sandwich" structure was ratilestenough and, on the evidence of elemental sisalg true
symmetric homobimetallic mercury complex was pregbi28,29]. In this complex, formally, a HJOAc isardinated
on each side of the macrocycle via arbond and onerbond (Figure 7) [30], leading among others to argtsinglet
of 6 protons at 0.56 ppm on the proton NMR spectriimthe absence of X-ray structure, this type whdiallic

complex has been very useful to investigate medakfer processes that occur during demetalation.



Fig. 7. Chemical structure of the first bimetallic mercegmplexT PP(HgOAC), proposed by Smith

Since this pionering work of Smith, no other exaenpt dinuclear complexes have been reported wikiech@r non
functionalized porphyrins. However, more recentlye coordination chemistry of bis strap porphyfintowards
mercury was investigated [31]. First, whkemwas metalated with a 3 equivalent excess of mgracetate, the resulting
mercury complex was isolated by precipitation wjkntane and its elemental analysis revealed a 11:R)
stoichiometry, consistent with a dinuclear complesnediHg,. An X-ray structure of the latter complex was dfal

and is represented in Figure 8.

Fig. 8. X-ray structure of homobimetallic mercury complitg,. (distances [A] and angles [°]: Hgl-Hg2 3.258; HHh2) to 24-
atom mean plane 1.733(/1.408); N2-Hg1-O1 166.2H¢2-02 161.3; (PyrN4-5MP, 24MP 7.8) ; (PyrN2-5MBMP 8.3))

The structure reveals a dinuclear complex with acorg ion coordinated out of the plane on each sifi¢he
macrocyclelHg, is not symmetric at all as the two metal ionslacated in two different environments. The two side
of the porphyrin mainly differ not only by the camfmation of the two straps, the strap with Hg1 beaimore twisted
than the strap with Hg2, but also by that-of-planeposition of Hgl and Hg2 that are located 1.733n8 4.408 A
from the 24-atom mean plane, respectively. At fgkince, the metal ions appear to be in a trig@miiprismatic

coordination polyhedron, Hgl being six-coordinatet big2 being five-coordinateFor Hgl, the polyhedron is



composed of three nitrogen atoms from the porphiiib, N2, N3), one monohapto carboxylate group (@g two
DMSO molecules from the solvent of crystallizati@s1 and Os3). In the case of Hg2, this polyhedinocorporates
only one DMSO molecule but is also described byedhnitrogen atoms from the macrocycle (N1, N3, Nofje
monohapto carboxylate group (O2) and one DMSO nuide@Os2) (Figure 8). Each mercury atom exhibite short
bond distances, one with a nitrogen atom of theplpmin and the other with an oxygen atom of the diao
carboxylate function (Hg1-N2 = 2.133 A, Hg1-0O1 €20 A, Hg2-N4 = 2.165 A and Hg2-02 = 2.100 A). ik other
contacts are much longer and should be considea@ayras electrostatic interactions with both tlieogen atoms of
the porphyrin and the oxygen atom of the DMSO makex Moreover, the angles O1-Hg1-N2 and O2-Hg2ak
close to 180° (166.2° and 161.3°, respectively)eréfore, a linear coordination (14-electron Mipe complex) is a
better description for both mercury atoms in thenptex 1Hg,. Actually, the X-ray structure dfHg, can be seen as a
faithfull picture of the structure afPP(HgOAC), proposed some fourty years before by Smith (Figlif&0].

In solution the coordination behavior bfis interesting as well. In proton NMR spectroscdBPCls, 298 K) both
the free base and the isolatédg, complex display &, symmetrical pattern. Thg-pyrrolic protons appear as two
doublets and two singlets, and the four protonsle&bH, and H, (scheme 1) resonate as two singlets showing that i
both cases the two straps are equivalent. Insigitsthe formation of the bimetallic complex canrter titration
experiments both in the presence of base and witoy base. As porphyrih bears an overhanging carboxylic acid
group on each side, it was reasonned that theqmess a base could influence the metalation psacEi$ration ofl
by Hg(OAcy was performed in a low-coordinating medium (CBCD,OD 9:1) in the presence of
diisopropylethylamine (DIPEA). A two-step processading finally tolHg, was observed, with the formation of an
intermediate species of appar€htsymmetry consistent with the mononuclear comgldg. TheC, symmetry of the
NMR pattern oflHg is rather surprising as one would have expectdifferentiation of the two straps due to the out-
of-plane coordination of Hgas reporetd elsewhere [32]. As a result, this olasien implies a fast exchange process
on the NMR time scale of the Figon between the two sides of the ligahdwever, when the titration was performed
without any base, a single step process leadiigltp was observed and the intermediate mononuclear lexmyas
not detected. This denotes a highly cooperativerfits of the two metal ions with an overall straoigding. This
positive cooperativity can be rationalized by a Istability of the mononuclear complex in the abgsen€ a base.
Indeed, as inlHg the mercury ion must be four-coordinate to thgcbre of the macrocycle, the overhanging
carboxylic groups of the straps can protonate thraptex which hence becomes relatively unstable.vE@ely, in
1Hg, both carboxylate groups being involved in the meraoordination, the intramolecular protonatiomis longer

possible.

2. Heterobimetallic Complex

In the course of the previous titration experiméntthe presence of DIPEA, a mononuclear mercurgdimplex
was formed. This implies that formally, if a secoeduivalent of another, properly chosen, metal isathidded, a
heterobimetallic complex including one mercury @atcould be isolated. In fact, the metalation rieacimonitored by
proton NMR spectroscopy was thus performed in tresgnce of 15 equiv. of DIPEA by addition of 1 equif
Pb(OAc)to 1 followed by 1 equiv. of Hg(OAg)[33]. It led to the selective formation of a nepesies with no trace at
all of monometallic complexes and only a tracdgfPbOAc (see section Al). The four aromatic protons ofdtnaps
Ha, Hb, Ha’ and Hb’ (Scheme 6) resonate as fouradgbetween 5.8 and 5.2 ppm. This clearly shoeddimation of
a dissymmetric species bearing a different metaldo each side of the macrocycle. The observatfam liroad and

slightly highfield shifted signal for the acetateians indicates that they take part in the compiexa fast exchange



regime at room temperature. However low temperativR measurements (223 K) revealed a single bowethte
observed as a singlet at +0.18 ppm. This chemiuftl is in perfect agreement with the presence ¢iaaging-atop
metal ion. More particularly, it is consistent wahPbOAc moiety hung over the N-core, as deduaat fromparison
with the chemical shifts of the bound acetate i@ kmown complexlp,.PbOAcC formed in the same experimental
conditions. Therefore the formation of the hetemwdtiallic complexl,,;.PbOAc was proposed (Scheme 6, first step).
The incorporation of ‘HgPbOAc’ i was confirmed by HRMS analysis.

T |DIPEAH*

Crystallisation upon
evaporation from a

Hg(OAc), (1 equiv.),
O Pb(0Ac), (1 equiv.),
e .

- —_—
DIPEA (15 equiv.), CDCl,/CD;0D/H,0/
DMSO mixture

CDCl,/CD;0D 9:1

14g-PbOAC

Scheme 6. Synthesis of mercury(ll) / lead(ll) heterobimetatomplexes. First step: Selective formatiorigf.PbOAc obtained by
'H NMR titration. Second step: Preparation of thetrewomplexiHgPb by crystallisation for XRD analysis

Upon solvent evaporation, the solution coming fithie previous NMR analysis to which were added water DMSO
gave rise to crystals suitable for XRD. As 1gr.PbOAcC that crystallized a$Pb,, 1,5.PbOAcC crystallized by releasing
its acetate moiety as the crystallographic strectiavealed the formation dfiHgPb, the neutral heterobimetallic
complex in which the porphyrin bridges the two rhetions (Figure 9). Each metal ion is OOP-boumthe N-core
and to the carboxylate group of a strap. The ledibe is six-coordinate and located 1.856 A awayrnfithe 24-atom
mean plane. It is bound to the three nitrogen athihisN2 and N3 of the macrocycle with quite simitemd lengths:
N1-Pb = 2.833 A, N2-Pb = 2.610 A and N3-Pb = 2.401t is also bound to the intramolecular carboxglgroup of
the strap and to two DMSO molecules stabilized bpddds with the amide groups of the straps. Thedioation
sphere of the lead cation in this heterobimetakimplex can be compared to that of the homobine@}symmetric
complex1Pb, (Figure 1). The major difference is representedhigylonger length of the N2-Pb-bondlHgPb (2.610
A) vs.2.480 A in1Pb,, suggesting that the lead cation is more looselynd in the heterobimetallic complex than in
the homobimetallic one. Concerning the other sidién® complex, the Hg atom undergoes a similaraten from the
mean plane (1.55 A). The Hg atom is 6-coordinateHgPb, with three bonds to the N-core of the macrocybdlg-Hg
=2.440 A, N3-Hg = 2.661 A, N4-Hg = 2.439 A), oneni to the intramolecular carboxylate group (O1#H2.282 A)
and two bonds with DMSO and methanol molecules {BgE 2.697 A, Os2-Hg = 2.894 A). The DMSO and raetbi
molecules bound to Hg are also stabilized by H-lsowith the amide groups of the straps. The preseutture of
1HgPb can also compare with the structure of the comedimg other homobimetallic compléx g, (Figures 8 and
9c). In1Hg,, a dissymmetric complex in the solid state, thecuwe cation labeled Hg2 is the most similar to idg
1HgPb (both are 6 coordinate). However, the OOP displeae of the mercury cation itHgPb (1.549 A) is roughly
midway as compared to thoselidg, (1.41 and 1.73 A). A main difference consistshie twoo-bonds of the mercury
cations that are much longer itHgPb (2.440/2.282 A) than inlHg, (2.165/2.100), with a different spatial
arrangement. They are in a trans geometryibig, (N2-Hgl-O1 = 166 °; N4-Hg2-O3 = 161 °), whereagis.

arrangement is observedlirigPb (N4-Hg-O1 = 85 °), a more unusual coordinationrgetry for mercury.



(b)

Fig. 9. X-ray structure of heterobimetallic mercury leaamplex 1HgPb. (a) Perspective ORTEP view. (b) zoomed view of the
coordination sphere dHgPb for comparison with (c) the coordination spherdlidfy,. (distances [A] and angles [*]: Hg-Pb 3.411;
Hg(/Pb) to 24-atom mean plane 1.856 (/1.549); N4&g82.8; N2-Pb-O3 80.7; (PyrN2-5MP, 24MP) 7.8 yri4-5MP, 24MP)
8.3))

D. THALLIUM DINUCLEAR PORPHYRIN COMPLEXES

1. Homobimetallic Complexes

On the one hand, the first X-ray structures of nmbear thallium(lll) porphyrins were reported 877 by Smith
[34] as well as Henrick [35] for OEP and TPP, respely. On the other hand, since the initial warfkRothemund
relative to the incorporation of thallium(l) intopmrphyrin, thallium(l) porphyrins were forsakencmsidered unstable
[36]. However, in 1980, Smith, again, reported siathesis of thallium(l) complexes of both OEP aRP [37]. The
complexes were obtained by treatment of the frese oy thallium(l) ethoxide in THF as stable andepprecipitated
compounds, based on elemental analysis which itetidais-thallium complexes ! Upon further analysfisheir proton
NMR spectra which showed no evidence of non-eqeiva of the two sides of the porphyrin, the autipoeposed a
symmetrical structure bearing a thallium(l) catgingly bound to the N-core on each side of the lpgiip (Figure 10,
inset). They came back to this research topic @l2@pplied the same method of insertion, and lfirfathomed the
mystery with the X-ray structure of the homobimiatathallium(l) complex of OEP, namel(THF)TI(1)].(OEP)
(Figure 10) [16]. Formally, the complex isugporphyrinato]bis[tetrahydrofuranthallium(l)] ake porphyrin acts as a
bridging ligand between the two thallium(l) catioifiere are two TI(l) cations, one on each sidéhefporphyrin with
three bonds to nitrogen atoms from the pyrrolesafalrth bond to the oxygen atom of an apical Tig&nd. The two
N2 and N2' to thallium bonds are much longer tham N1-Tl one. Partly based on the TI-Tl distance8 @A, the
authors proposed no interaction between the twiorcat The porphyrin ring is distorted in a wavenfiowith the two
opposite pyrrole ringe-bound to the thalliun ions tilted by 12° relatiye¢b the 24-atom mean plane of the porphyrin.
The coordination geometry of each thallium ionhistcomplex appears as a distorted trigonal bipidais the apical
positions are occupied by N1 and O, and two ofefpgatorial sites by N2 and N2', it was concludexd the lone pair
of TI(l), obviously stereochemically active in thiase, occupies the third equatorial site. To & bf our knowledge,

this X-ray structure remains the unique instanca leémobimetallic TI(I) porphyrin complex.



e

Fig. 10. Very first structure and still unique X-ray strum of homobimetallic thallium(l) complegXTHF)TI(1)],(OEP). (distances
[A] and angles []: N1-Tl 2.129; N2-Tl 2.597; O-21136; TI-Tl 3.297; Tl to 24-atom mean plane 1.587:TI-O 170.93; (PyrN2-
5MP, 24MP) 7.8 ; (PyrN1-5MP, 24MP) 12.42)). Insetproduction of Smith's 1980 initial representatioh bis-thallium(l)

porphyrin complex

Thallium(lll) porphyrin coordination being relatiyecomparable to that of bismuth(lll), the formatiof possible
homobimetallic thallium(lll) complexes was recenihywestigated with bis strap porphyrdn In a CDC}CD;0D 9:1
solution, the monometallic TI(II) complek ;) was readily obtained by addition of a slight exceS TI(OAc) to 1
but conversely to what was observed with bismu#taie, no other species were detected with a higimewunt of the
metal salt (scheme 7, top line). The dissymmétidNMR distribution indicates that TI(Ill) is locateon one side of
the macrocycle, and this was confirmed by the Xstycture ofly, [23]. It was demonstrated that in solution an
intraligand exchange of TI(lll) between the twoesdof the macrocycle occurs by funneling through Khcore as a
ROESY 2D NMR experiment shows exchange correlatlogtsveen protons of opposite straps. Thus, the mp
exists as two degenerate stateg,(,, / 17"'"") in fast exchange regime while the free basand 17, are in slow
exchange regime. In a second step, addition of TI@Aa solution ofir,;y led to a clear modification of tHel NMR
spectrum consistent with the complexation of Tiifl)a fast exchange regime. In the presence of DIREBroadC,-
symmetric NMR signature with characteristigj#TI(I11) “J coupling constants of ~63 Hz was observed (schiéme
right vertical equilibrium). An X-ray structure dhis species was resolved and revealed the formatfoa mixed
valence TI(IN)/TI() complex, namelyy ). TI(I), owing to the binding of TI(l) to the free overlyamg carboxylate
group oflyy (Figure 11). TI(l) stands 2.973 A above the 24MFhwio interaction with the N-core and with a TI{II
TI(1) distance of 4.072 A. Its coordination sphéareolves five oxygen atoms which are O3 and O4hefdverhanging
carboxylate, @ueony Of a weakly bound methanol which is further stabdl by a hydrogen bond with an amide group
of the strap (dashed line, 2.968 A), O3 of a seammplex (intermolecular coordination) leading tdimeric assembly

inside the crystally ). TI(I) is the first example of mixed-valence thallium/l) reported so far [23].
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Fig. 11. X-ray structure of homobimetallic thallium(l)/thiaim(I1l) complex 7). TI(I). (distances [A]: TI1-N1 2.240, TI1-N2
2.219, TI1-N3 2.235, TI1-N4 2.204, TI1-O1 2.2671T2 2.588, TI1-24MP 0.826, TI1-TI2 4.072, TI2-24N®73, TI2-0O3 2.679,

TI2-04 2.719, TI2- Queor 2.897, TI2-O3 (inter) 2.762



In solution, a 2D NMR ROESY experiment df;,).TI() shows exchange correlations between protons ofwbe
straps as forly, indicating that the metal ions exchange their pmsitrelative to the porphyrin plane. This
equilibrium between the two degenerate forms ofdbmplex corresponds to a double translocation ithaties an
intramolecular motion for TI(I1l) through the N-amwith an intermolecular pathway for TI(I) exchamgjibetween the

two overhanging carboxylate groups.

Considering the previous work of Smith [16] abché tnetalation by thallium(l) salt, it was also oferest to metalate
porphyrin 1 with TIOAc. Thus, this metalation was achievedtlie same conditions than for thallium(lll) salt, in
CDCIy/CD3;0OD solution and in the presence of DIPEA. A mixtaféwo species was obtained with 5 equiv. of TIOAc
At 298 K, the major one displays an ill defined cipem whereas a well resolvéz}-symmetric signature is observed
for the minor one (scheme 7, left vertical equililbm). A similar titration experiment done by UV-ibte spectroscopy
indicates that the major species presents a Sargt Slightly red shifted as comparedit¢430vs. 421 nm), whereas
that of theC,-symmetric species is observed at 488 nm. Theseatatin agreement with those reported by Smith [16
and consistent with a mixture of two bimetallic qdexes, namel\.2TI(1) and 1TI(l),, for which the two TI(I) are
bound respectively in a fast exchange regime tcstta (HAT) and in a slow exchange regime to theoké (OOP).
Unfortunately, no X-ray structure of any of thea® ttomplexes have been obtained, so far. Nevedfessn intriguing
photo-redox process requiring dioxygen (ambientoafphere) leads to the transformation of the previmixture of

thallium(l) bimetallic complexes in the mixed vaéencomplexiriiy. TI(I) (scheme 7, bottom line).

2. Heterobimetallic Complexes

Although mercury(ll)-thallium(l) heterobimetallioomplexes have been very recently investigated latisa with
bis-strap porphyrirl and were shown to undergo spontaneous TI(l)-tadTI¢xidation [38], to date, the only known
X-ray structure is that ofGEP),Pr(I111)TI(I) [39]. It describes a very peculiar complex in whimaseodymium(lll) is
sandwiched between two OEP units while a thalliyroéition is bound to the N core of one of the twophyrins on
the other side, with a Pr-Tl distance of 3.514 fg(@Fe 12). This complex is heterobimetallic andudiear, but can be
regarded as a mononuclear complex from the poiniest of the thallium coordination as the lattelifgked to a single
porphyrin unit with one N2-TI bond shorter than these others. In that compound praseodymium(hty thallium(l)

ions are located on opposite sides of one of tlhepwvphyrin rings.




Fig. 12. X-ray structure of a heterobimetallic thalliumgiaseodimium(lll) complex@EP),Pr(111)TI(I). (distances [A]: TI-N1
2.754, TI-N2 2.638, TI-N3 2.754, TI-N4 2.788, TI-B614, TI-24MP 1.621

CONCLUSION

For more than half a century now, porphyrin cooatiom chemists have investigated various wayske paofit of
the particular properties of this macrocycle tovgabiblogical metals. However, the simple adjunctiéisupplemental
coordinating groups around or, as shown hereinyaloe porphyrin coordination site has opened laotiew static
coordination chemistry and unprecedented dynami@tiers. Although the static coordination chemistfypeculiar
bimetallic complexes represents the skeleton sfrfinireview, it becomes obvious that both the dyicgorocesses by
which these bimetallic complexes are formed and rsulting structures are the basis of a new aredghé
supramolecular coordination chemistry of porphyrihgan be foreseen that for instance, exchangegsses between
different modes of coordination inside bimetalligrphyrin complexes could lead to adaptable andigtickable new
materials. This is one of the reason why a detal@alysis of their structures remains of paramdupbrtance besides

the knowledge of their dynamic behaviors.
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