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Abstract: The unique environment within the core of carbaporphyrinoid systems provides a plat-
form to explore unusual organometallic chemistry. The ability of these structures to form sta-
ble organometallic derivatives was first demonstrated for N-confused porphyrins but many other
carbaporphyrin-type systems were subsequently shown to exhibit similar or complementary proper-
ties. Metalation commonly occurs with catalytically active transition metal cations and the resulting
derivatives exhibit widely different physical, chemical and spectroscopic properties and range from
strongly aromatic to nonaromatic and antiaromatic species. Metalation may trigger unusual, highly
selective, oxidation reactions. Alkyl group migration has been observed within the cavity of metalated
carbaporphyrins, and in some cases ring contraction of the carbocyclic subunit takes place. Over
the past thirty years, studies in this area have led to multiple synthetic routes to carbaporphyrinoid
ligands and remarkable organometallic chemistry has been reported. An overview of this important
area is presented.

Keywords: porphyrinoids; carbaporphyrins; azuliporphyrins; benziporphyrins; organometallic
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1. Introduction

Porphyrins are extraordinarily effective ligands that form coordination complexes to
virtually every metal or metalloid element [1]. Although this versatility may be diminished
upon core modification, porphyrin analogues still give remarkably diverse metalated
derivatives [2]. When one or more of the nitrogen atoms within the porphyrin core are
replaced by carbon atoms, the resulting carbaporphyrins [3] commonly form organometallic
derivatives with late transition metals, including catalytically important cations such
as nickel(Il), palladium(Il), platinum(ll), silver(Ill) and gold(IIl) [4]. In these systems,
the metal cation is constrained within a highly ordered coordination sphere, and this
can lead to unusual reactivity, including selective oxidation reactions. The best known
porphyrinoids of this type are the so-called N-confused porphyrins (NCP, 1) [5-12], and
these can easily be prepared by a one-pot procedure from pyrrole and benzaldehyde [13,14].
However, many other intriguing carbaporphyrinoid systems such as carbaporphyrins 2 and
3 [15], azuliporphyrins 4 [16], benziporphyrins 5 [17,18], oxybenziporphyrins 6 [19], and
tropiporphyrins 7 [20] have been reported (Figure 1) and these exhibit diverse structural and
spectroscopic properties, unusual reactivity, and varying degrees of aromatic, nonaromatic
and antiaromatic characteristics. Carbaporphyrinoids have attracted widespread interest
and have been the subject of a number of reviews [19-30]. This article focuses on the
formation and reactivity of metalated carbaporphyrinoids that have carbon-metal bonds
within 16-atom macrocyclic cavities. Methods used to prepare these fascinating ligands
will be briefly discussed and the reactivity of different families of carbaporphyrinoids will
be presented. N-Confused porphyrins are included in these discussions but will be covered
in less depth as this area has been covered in some detail elsewhere [5-12]. Contracted and
expanded systems are also briefly discussed.
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The ‘3 + 1’ variant of the MacDonald condensation provides an effective route to
porphyrin analogues such as carbaporphyrins [36,37]. This approach was first used by
Johnson to prepare 21-oxa- (10a), 21-thia- (10b), 21,23-dioxa- (10c), 21,23-dithia- (10d) and
21-oxa-23-thiaporphyrins (10e) (Scheme 3) [38]. The strategy involved reacting tripyrrane
11a and related species 11b,c with furan or thiophene dialdehydes 12 in the presence of
HBr. Although this approach gave the first examples of core modified porphyrins, no
further applications of the ‘3 + 1’ route were made for nearly 25 years. This was due in
part to tripyrranes being relatively inaccessible at that time, although an efficient route to
these intermediates was subsequently reported by Sessler in 1987 [39]. The ‘3 + 1’ strat-
egy provided access to previously unknown heteroporphyrins, but thiaporphyrin 10b
was isolated as an isomeric mixture [38]. Johnson noted that even at 60 MHz, proton
NMR spectroscopy showed that additional peaks were present, and this was attributed
to “traces of other isomers formed by cleavage recombination reactions” [38]. Recently,
syntheses of oxa-, thia- and selenaporphyrins from tripyrranes 13 and 14 and heterocyclic
dialdehydes 12a—c were reported using trifluoroacetic acid (TFA) as the catalyst, and this
methodology afforded pure heteroporphyrins 15a—c and N-methylheteroporphyrins 16a—c
that were free from isomeric impurities (Scheme 3) [40]. In the mid-1990’s, the ‘3 + 1’
route was applied to the synthesis of porphyrins and b-annulated porphyrins [36,41-47].
Using trifluoroacetic acid as a catalyst, isomerically pure porphyrin products were gen-
erally obtained [46], although exceptions have been noted [48]. In addition, two groups
independently utilized this approach to prepare carbaporphyrinoid systems. Berlin and
Breitmaier prepared a benziporphyrin 17 by reacting isophthalaldehyde with tripyrrane
13 in the presence of HBr in acetic acid [49], while Lash reported the synthesis of oxy-
benziporphyrin 18 [19] by condensing 4-formylsalicylaldehyde with 13 in the presence
of TFA, followed by oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
(Scheme 3). Benziporphyrin 17 was mistakenly reported to have multiple tautomeric forms
that failed to interconvert on the NMR timescale [49], but the results were subsequently
shown to be due to the presence of isomeric impurities [15,50,51]. This problem persisted
in early attempts to prepare carbaporphyrins using the HBr-catalyzed conditions [52,53].
However, pure carbaporphyrins were obtained when TFA was used as a catalyst, and
these conditions have allowed the synthesis of structurally diverse carbaporphyrinoid
structures (Scheme 4) [15,19,40,50,54-75]. Tripyrrane analogues have also been used to pre-
pare porphyrin analogues, including heterotripyrranes [76,77], azulitripyrranes [61,78-80],
benzitripyrranes [81-84], and pyritripyrranes [85] (Scheme 5). Although less commonly
used, MacDonald ‘2 + 2’ syntheses of carbaporphyrinoids have been reported, including
meso-unsubstituted NCP 19 [86], azuliporphyrin 20 [87], and neo-confused porphyrins such
as 21 and 22 [88-90] (Scheme 6).

One pot syntheses of meso-tetraarylbenziporphyrins [91,92] and azuliporphyrins [93-95]
have also been reported (Scheme 7). Benzenedicarbinols 23 react with pyrrole and aro-
matic aldehydes in the presence of BF;.Et,O to give, following an oxidation step, benzi-
porphyrins 24 [91]. This approach was also used to prepare p-benziporphyrins 25 from
1,4-benzenedicarbinols, albeit in low yield [96]. Azulene 26 favors electrophilic substitution
at the 1,3-positions, which are analogous to the -positions of pyrroles, and this charac-
teristic has been utilized in the preparation of calix[4]azulenes 27 [97,98], azulitripyrranes
28 [78], and meso-tetraarylazuliporphyrins 29 [93-95] (Scheme 7). Reaction of azulene or
6-substituted azulenes, with three equivalents of pyrrole and four equivalents of an aryl
aldehyde in the presence of BF3.Et;O in chloroform, followed by oxidation with DDQ), gave
azuliporphyrins 29 in up to 20% yield [93-95]. Given that the reaction requires the selective
formation of eight covalent bonds between a 1:3:4 mixture of three different reagents, the
outcome of the chemistry is remarkable.
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Scheme 4. Synthesis of carbaporphyrinoid systems using MacDonald-type ‘3 + 1" condensations.
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porphyrins 34 |535,99], where a pyridine subunit has been incorporated with the nitrogen
orientated towards the periphery of the macrocycle (N-confused pyriporphyrins), were
prepared similarly. In an innovative application of this strategy, a ferrocene-embedded
tripyrrane analogue 35 was used to generate tetraphenylcarbaporphyrin 36 [100]. The fer-
rocene unit acts as a protected cyclopentad1enyl moiety and spontaneously demeta,}at%%
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derivAtfyslppentadiene analogue of the tripyrranes 44 similarly react th a thiophene di-
carbinol to give low yields of heterocarbachlorin 45a (Scheme 10) [107,108]. Oxidation with
DDQ afforded the related thiacarbaporphyrin 46a in 25% yield together with the quinone
addition product 47. Very recently, related oxacarbachlorins 45b and oxacarbaporphyrins
46b were prepared in a similar fashion [109].
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[61]. Tetrarylazuliporphyrins 29 similarly give the related meso-substituted benzocarbapor-
phyrins 50 [93-95]. The same strategy has been applied to the synthesis of carbachlorms 51
from azulichlorins 52 [111] and carbatriphyrin(1.2.1)s 53 from azulitriphyrins 54 [112]. I%ng

contraction reactions triggered by metalation are discussed in later sections of this review.
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cross-conjugated and exhibits greatly reduced aromatic characteristics. Reaction of 55 with
methyl iodide gave the C-methylated nickel(II) complex 56 together with a dialkylated
nickel(III) species 57 (Scheme 12) [114]. Complex 56 can be considered to be derived from
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Seheme 12 Synthesis of niekel(ih) and niekel

65 upon treatment with 1.5 equlvalents of DDQ [120] However this species is somewhat
unstable and solutions in CHCl3 or CH,Clp, 65 gradually converted back into 64c.
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5. Organometallic Chemistry of True Carbaporphyrins

Carbaporphyrins retain the porphyrin framework but replace one of the nitrogens with
a carbon atom. In early studies, the term “true carbaporphyrins” was introduced [22,144]
to differentiate structures such as 102-110 (Figure 5) [15,58,67,71,72,102,104] from other
carbaporphyrinoid systems including N-confused porphyrins and azuliporphyrins. This



5. Organometallic Chemistry of True Carbaporphyrins

Carbaporphyrins retain the porphyrin framework but replace one of the nitrogens
with a carbon atom. In early studies, the term “true carbaporphyrins” was introduced
Molecules 2023, 28, 1496 [22 144] to dlfferentlate structures such as 102—110 (Flgure 5) [15 58 67,71,72, 102 104]181’(91@

This definition includes ring fused structures such as 103—110 in much the same way as

RGPV PEOSIREIRT S0 R o fm eSSy laag Bl

other.au or CcO rﬁ ] con 1 g %otl%e a tmfle car u‘l’I\%IVPﬁl t Xt e Oﬁ}ér

aihc? fr nitio r at ?s 0y % B t that ?H 1rut10n 1
or cons1 be a true car aylgg n}?at%]ﬂn 1ver1 at the ori maj

%‘%ﬂﬁ? R 5 esl%hls%caSE 1488752 Slzvé years, e, aréé‘,‘t %B%% ol 88% et %%%t}nore
%afg%orebwf SRR MRbsatksced, By rm& fjon of I8 é%t%%so AL TSSO Ss -
E}&ﬁ%%%ts% ﬁ%"ih%%%‘gffb%t%%*&tﬁﬁg%&é?& &Fllﬁ%w}‘?ﬁga%ﬁgﬁ%&t%@s %*ﬁ%?&ﬁ?ﬁgﬁ
%?Sk%ﬁrmﬁ{&}%m{ p&s@%&sﬁt&{wﬁgﬁw&&@ s T (asb s AatigH o
g; hHRENG AP Al e POERIbARR i1y (SURIRIS W TSR P ARk
O LrRBSb iR, B iR sa RN s Ny CHEEh RSl Rratie s v seessily
Uthrsdn ks e nHaumndsTRe ) resierslarive uisiation: imthecrssreneanbali
9 ixAS R dren (i chgride foalaebal salvratsibn sl eketabdstbeativssoldquRrhene
WhAHG K sfalsih A & Boicesrd engiva velenadtRbsaredions BeHdRte veq [tba off.
fiestivg pRERES I Hherizeabment Af JRIabmarHasip s 204k ﬁf&%ﬁ@&%@)@ﬁ@é&%ﬁg&%%
TRearRaRARAR YIRS sHraAmsisMReraturesyitegieatt]) acetaionssnsentest sibasGibhgems
ploss Ripsoreelieatyiel dn ] atbaibvgsdtbacadbapasinyy o sopnplexas sefaindigiabt
datarpicidharattgirticg AN HB sperph PHYIR sRgsterdo b2 HhomMIgdiihersysnanstercter-
b ey esadpTREoproton NI Rl grast i) fopri 2hhsh biVeuislsp eebiontaicketorstable g promss
@iendietty aldses ONspenalFdepURphig Bpbikieadiod theve stablkongz desehdranid dbriddtinegs
rétel aldo Paaphiaynctiictad atirgatvae forr bepRwarbbpatphy13y Hib[showed . thaidbe iny
deystalitueasréi kadbbrizapproapogstlyr it rbadhentedthea tiberindenroayidliw g atlee bby
wherothestbler{Brebdiore teplacendhn thaeeouyatic pfahogons whrplbe $ll2br(ikgzation
neptapsnidie dbiéerinagohydregdhssubstplentet Hertakesrbaponghy pitahht e addorreattod.
wittdo- ol (Pjuaneddtbetwr gizebdporphsids tilthelsoreespeddiity gold({l) acetatplés ghild
(Boharied2){ thit |cdeastiondifgIdald(il) [RinGRYXTIR rtenatedThHiditjnRBactioplfa 114
anidt iR (GG ht gaidatited irhediui(p) mprigitextd b fand thieliund @iy eatlmpdaploprin
cofhplixglpFaiflibe] i@ riford thodstudfH heedhapdHphix-condnsplep ddFaylring| hdtribedo
plrispetredlyintthdisan( &k N-Janfistlrer phyainsbddbreh witp i ORHE Hapaectoayplli 24].
Miberiddlawasheatagesithl By W) e braaedddely] réttad sridiyn{He) coniplpedibghenas
SENECPedrE hdk datg@eﬁtpgiwwmmm(lﬂ) complexes of NCPs are not currently known.

o
l
O'

QO QO og

Fighse 3. Seleted mm%% o True @afbagemhyﬂﬁ&




Molecules 2023, 28, 496R PEER REVIEW

177adf 82

114

Me

Ph

-— AgOAc
_——
ROH D
R1 R R1 R
R? R' 2
111 [I(COD)CI], R* 143 R
idi —R2 = 1=
(OAc) for 111 pyridine D a.R=R*“=Et;R"'=Me
orta p-xylene b. R = Ph; R =Me; R? = Et
for 111b [Rh(CO)Cll c.R=Et R'=Me; R2= +-Bu
Et d.R=Et; R1-nPr R? = Me
e.R=Et;R"=j-Bu; R? = Me
X2
Ph /H pyridine D
N\ N/ —_—
Me S — = Et
Et Et

115

3chems 22 Meiakation of 7ei-whtubstituted carBaparphyHAs:

Related ea WiRIGR iR MRRIRIRM rRactHs (Bheanee 28)) [H53].
Naphthoearbaperphytin 117 reacted with silver(l) acetate to give 118 [71], whille eatment
with [RW(CO)dinadfeoseeirhasdummi) covrpitnd 199 1341 A serrerioioth bansosseerr
ptpbh;iﬁﬁ@@ﬁ@&h@ﬁﬁgglliMWm@mwédth@éﬁm@ngrhﬁﬁmﬁmb
plex 120. Carbaporphyrin diester 121 reacted with AgOAc to produce silver(Ill) e@mpllex
122a [69], while metalation with Au(OAc); affiorded an excellent yield of golidi(IlII) complex
122b [69]. Thedbettoonvwillddaavinggstistompiofistieppepete stabilizd the the arexydeyarid dnid
thisbithibitd atiod atectinas tReactReaof it of 11 R (@ (BITTRR @ hgavenith dompflpcdas-
phehthR3vam k- tnisentad notovtbeteel dtetd ihediekaid rtediativ@ T 4ter refltixing2dyndierk i Ga};
Earbdihddrin?] 25 avbach lisri 26 ed Hidmiopiddéicindbfrone oxibatioationitiebyatheqyese
einge by dheprelienter ofrtgéordiedteil vl iy vowdbbiky 226 I ithmRI@A 126 9Yi (BadlgQRlo fi.
Fhachieindst2gavdridtalsn @pventpidwes PBcomapl 2905 d38eatid i) wetpEREVELD) ¥t
[RoA(C Mg bl B NNRospehtthe hoMIBdspredt sanghie westthat siaglecprofbuaiedyaid beeh
tasmedy indiffthr casesriveande azsd, btarcturzgal Bdasbrandd2Rech tveithctnsisteniablith the
Batidahie ty taxFeheanpstd). skrieyusesstahfdussutss opedéhod! hebtained nndisuibiangs
pessiblntowlrterspeeitibishripesifisd sunfohad Deein lmestbiimbpicagoeaiiosinise
Waeshawth B edet Wotng0 agub b AZOAAID givtsacHisrd H3 Tarkachleuinisteddayy:
Srelirthg 1RASHOB pstatieyl Eslaiprela slowAYIBRsKeHiHR (BYAPPRERYA It 467 le Whignot
Ksgsnexsassfed SONGWASIHS i BRive MelH QI PRYFE CASRIPREPTIZ iRy o 18plgte 432 Was
isolajgel,- Tetraarylbenzocarbaporp rins 50 also reacted with silver(I) acetate to give the sil-
ver(IMjESnipIEaREIBS (3asatka g YriRg 20 plqvieAciehrib el sent@tens g}zﬁﬂhs

V@‘iﬂ@f%@%f&%@éu@f&ﬁ?&%ﬁé& [AfbkaReasBrmmhegQlaivi asgtatcsin ﬁvzga
§% prve AU sP RRbetBearlin o5 Hhis e &é@%ﬂg}sa&% P sl vakiras b el
S Yl Bf%%ﬁé%‘&ﬁ&faﬁ%ﬂxé@&s ﬁ?lﬁézed?@ A5 5955&5%%%5&%%
feam g daive degsadationnReast R HhBRRAREI RS RRVEE S AY Wit Berikida And
Rﬁfﬁ?@%}‘fﬂ%‘&ﬂ%‘fé&?’i@é 55| RGeS BIRK 58%%‘1‘318%33‘*&&?5}88%% S bR 115%5
%g%%“ﬁ%%?&i 8%%%‘&&%%&%&%1%&?&9&@ n%r&}&%%rs‘%%é%rﬁé t&gﬁ%ﬁg@fﬁﬁ

BT SR R By BB R s SRS sh SO VAL

orma SHOME comy
catés that benzocar apcgy ins may prove to have untapped potent1a€ in the formation of
organometallic complexes.




Molndvles 2823028, J496FOR PEER REVIEW 18 ofl&2f 82

e O
N

‘ NN Et - \

q pyrldlne D N

’ Aa 4— /4 OC CO\ M 19 of 82
/ N 61% / NH N= =70 N N =

Me F~7 " Et Me QA A~~ Et Me & A )—Et Q
Et Et

118 Palladlum(H) c’éfnplexes 141 retain stfonglyedtatropic characteﬂfsotlc the proton NMR
spectrum for 141a, the meso-protons gave two downfield 2H singlets at 9.56 and 10.27

MeO,C MePPm, whlme[c)h@ mtern@,]emethyl gr%@cafforde%gn upfield 3H re@nce at =3.21 ppm
MeO,C O S rbagprphyrm 139a
i 3 fLPdEOAC):2 in re-

Me & ] A ) L 10
Me ©
B u ; aEYV VM ét—carbaporphyqlzr}t a[ﬁipyde 143 similarly
a. M= Ag": (61%) b. Kﬂeag’teq 4Xg/1th Pd(JAk): to give palladlum(II) N-methyl complex 144 [¥0]. This compound
could be 1solated and characterized, but longer reaction times gave C-methyl derivative
& & y
MeOsC §O2Me : ".Coé'?eca ¥aporphyrin glieei@f?ﬂew th metlvgbjody l°potassium car-
y ; ; ypdporphyrig I daction with
7o \hile treatng nt w,lth Ni(OAc): gave
N llﬁbr' 149 was algp N‘eac { with Pd(OAc)2
Me . ) he rearrangeH paFNAN(TT Fecomplex H0 It §vas proposed
et hat this coneersigqgsiavolves a sequenti&l megaldtion- ox1dat10n—rmfangement process
126

and yields were substantlally improved when thg,oxidant FeCls was pre%ﬁ:nt Attempts to

MeOC Mejsolate the mt'@f‘?ﬁ ' ARlp -

II) carbaporphyrins. In the
se to a broadened doublet at
e Mreso- protons appeared down WO t /o M singlets at 9.51 and 10.13
ppm. These datafemonstrate that the macrocycFe rejgns strongly aromatic properties
and also shows that 1®Rh (100% natural abundance, I = %2) is coupling to the methylene

selfbaree33Nrlatlation of safbap%%xxﬂﬁ%aa}@dcea%shmaﬁﬁs.

Carbaporphyrms generally act as tr1an10n1c ligands. In 2

attempt to Convert this Sys-

{itedAge aubaporphyrins
1 Q1. mﬁ%ﬁa‘]‘br proga s 1 ere alkylated at

z itant@hay] groUp, migfation to give C-alkyl
omplexes 141. When the reactlz)tr%gitopp g 2 minutes, com-

qre observed but attempts to purlstsy these derigaty Es'l\%y\ O%Al\lmn chroma-
unsuccessful as partlal conversion to 141 alw Wooh dlace. It was sug-
e - XS garrangement [156],
gt a stepwise meghanism involving a transient Pd -alkyl spec1es As ngw fagpred [157].
c. Ar = p-FCgHy 134 b. Ar = p-CICgH,

Scheme 24. Metalation of tetraarylcarbaporphyrins.

Directly reacting benzocarbaporphyrins 111 with palladium(Il) acetate or palla-
dium(II) chloride primarily led to decomposition. However, tetraphenylcarbaporphyrin
36 has been shown to react with PdCl2 to generate palladium complex 154 (Scheme 26)
[100,158].
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Carbaporphyrins generally act as trianionic ligands. In an attempt to convert this sys-
tem into a dianionic ligand, the introduction of N-alkyl substituents was investigated [156].
Reaction of benzocarbaporphyrin 111a with methyl or ethyl iodide in the presence of
potassium carbonate gave a mixture on N- and C-substituted benzocarbaporphyrins 137
and 138, respectively (Scheme 25) [156]. The major products 137 were alkylated at position
22; no trace of alkylation at the 23-position to give 139 was observed. N-Alkyl carbapor-
phyrins 137 were heated with palladium(II) acetate in acetonitrile with the expectation that
palladium(II) complexes 140 would be generated (Scheme 25). However, the metalation
reaction occurred with concomitant alkyl group migration to give C-alkyl palladium(II)
complexes 141. When the reaction was stopped after a few minutes, complexes 140a,b
were observed but attempts to purify these derivatives by column chromatography were
unsuccessful as partial conversion to 141 always took place. It was suggested that alkyl
group migration could involve a [1,5] sigmatropic rearrangement [156], but a stepwise
mechanism involving a transient Pd-alkyl species is now favored [157]. Palladium(II)
complexes 141 retain strongly diatropic characteristics. In the proton NMR spectrum for
141a, the meso-protons gave two downfield 2H singlets at 9.56 and 10.27 ppm, while the
internal methyl group afforded an upfield 3H resonance at 3.21 ppm [156]. In order to
further examine this chemistry, 23-methylbenzocarbaporphyrin 139a was prepared from
an N-methyltripyrrane [157]. Reaction of 139a with Pd(OAc), in refluxing acetonitrile gave
an N-methyl complex 142 that could be isolated and fully characterized. When the reaction
mixture was heated under reflux for 16 h, the rearranged C-methyl derivative 141a was
generated. N-Methyl-carbaporphyrin aldehyde 143 similarly reacted with Pd(OAc); to give
palladium(Il) N-methyl complex 144 [40]. This compound could be isolated and character-
ized, but longer reaction times gave C-methyl derivative 145. Alkylation of carbaporphyrin
diester 121 with methyl iodide and potassium carbonate in refluxing acetone afforded 21-
methylcarbaporphyrin 146 [69]. Reaction with Pd(OAc), generated palladium(Il) complex
147, while treatment with Ni(OAc), gave nickel(II) complex 148 [69]. N-Methyl carbachlo-
rin 149 was also reacted with Pd(OAc), and gave a low yield of the rearranged palladium(II)
complex 150 [67]. It was proposed that this conversion involves a sequential metalation-
oxidation-rearrangement process and yields were substantially improved when the oxidant
FeCl; was present. Attempts to isolate the intermediary carbachlorin complex 151 were
unsuccessful. Reactions of 22-, 21- and 23-methylcarbaporphyrins 137a, 138a and 139a
with di- -chlorotetracarbonyldirhodium(l) were also investigated [157]. Conventional
rhodium(I) complexes 152 were obtained for 137a and 138a, but the presence of a 23-methyl
group in 139a blocks the formation of this type of structure. However, when 139a was
heated with [Rh(CO),Cl], in toluene, an usual rhodium(IIl) complex 153 was isolated in
31% yield. The identity of this structure was confirmed by X-ray crystallography. In this
case, the methyl group has again migrated onto the internal carbon atom but is converted
into a bridging methylene unit. Hence, alkyl group migration is not limited to palladium(II)
carbaporphyrins. In the proton NMR spectrum for 153, the methylene bridge gave rise to a
broadened doublet at  3.22 ppm while the meso-protons appeared downfield as two 2H
singlets at 9.51 and 10.13 ppm. These data demonstrate that the macrocycle retains strongly
aromatic properties and also shows that 1®*Rh (100% natural abundance, I = %) is coupling
to the methylene unit.
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Carbaporphyrins favor tautomers such as 155 and 155B that have three hydrogens
within the macrocyclic cavity, two of which are attached to nitrogen atoms. The aromatic
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character associated with carbaporphyrins can be attributed, at least in part, to the pres-
ence of the 187 electron circuit shown in bold for these structures (Figure 6). Less favored
tautomers 155" and 155B’ can be considered that possess internal methylene units, alt-
hough these have not been observed experimentally. While these still have 187 electron
delocalization pathways, benzocarbaporphyrin tautomer 155B” can also introduce a 22m

electron circuit that incorporates the fused benzo-unit. Density functional theory (DFT) 21 of 82

calculations indicate that this delocalization pathway is favored [159,160]. Palladium(II)
complexes of type 156 and 156B effectively freeze in place the conjugation pathways
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Figure 6. Carbaporphyrin tautomers and extended aromatic conjugation pathways in palladium(II)
complexes.
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dium(II) complexes.
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Heterocarbaporphyrins have also been synthesized with furan, thiophene, selenophene
and tellurophene rings replacing of pyrrole units [76,77,106,161]. Monoheterocarbapor-
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177b in yield. In the presence of air, low yields of thiacarbaporphyrin oxidation prod-
uct 178b were formed. Ketones 178 are tautomers of 21-hydroxyheterocarbaporphyrins 179
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Seheme 29. Metalation and exidation of heterocarbaporphyFins:
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plexes 186 [166] and rhodium(Ill) complexes 187 [167] (Scheme 30). Reactlon of 184 with
[IrCICOD]; in refluxing o- or p-xylene gave benzoyliridium(IIl) complexes 186, albeit in
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relatively low yields, although no reaction was observed in refluxing toluene. A tert-butyl
substituted complex gave crystals that were suitable for X-ray diffraction analysis, and
this confirmed the presence of an axial aroyl unit. The macrocycle proved to be near
planar and the iridium coordination environment had a 5-coordinate square pyramidal
geometry. It was suggested that an iridium(III) chloride macrocyclic complex was initially
formed and that this reacted with the solvent to form a benzyl iridium(III) species [166].
The proton NMR spectra showed that the benzene protons were strongly shielded by the
porphyrinoid system. Further oxidation with molecular oxygen presumably converts the
axial ligand into the observed benzoyl units. Reaction of 184 with [Rh(CO),Cl]; in refluxing
o0-, m- or p-xylene gave rhodium(III) complexes 187 with axial benzyl ligands. Again, no
reaction was observed in toluene, possibly due to the lower boiling point of this solvent.
Oxidation of the coordinated methylene units was not observed for the rhodium series.
X-ray crystal structures were obtained for the products from all three xylene isomers and
these demonstrated that the porphyrinoid macrocycles were planar with the methylbenzyl
ligands occupying an orthogonal binding site [167]. The proton NMR spectra showed the
coordinated methylene resonances as upfield doublets near 1.9 ppm (}Jrny = 2.6-3.8 Hz).
A related rhodium(III) complex 188 with an axial CH,C(O)CHj3 unit was obtained when
the crude rhodium(IIl) intermediate 189 was reacted with acetone and basic alumina in
toluene. Reaction of azuliporphyrins 184 with copper(Il) salts led to an oxidative met-
alation to form copper(ll) complexes 190 [168], possibly via a copper(Il) organometallic
intermediate 185 (M = Cu). The structure of 190 is nonplanar and the oxyazulenyl unit
is pivoted 31.76 relative to the plane described by the core nitrogen atoms. Attempts to
form cobalt complexes of 184 by reacting it with CoCl,.6H,O or Co,(CO)g were unsuc-
cessful and instead 21-oxyazuliporphyrin 191 was generated [168]. Although reactions
of 184 with Cu(Il) or cobalt reagents were carried out under nitrogen, trace amounts of
molecule oxygen appeared to be responsible for the formation of these oxygenated products.
Oxyazuliporphyrin 191 is the keto-tautomer of 21-hydroxyazuliporphyrin. X-ray crystal-
lography conclusively demonstrated the identity of 191 and while a 24 electron pathway
is present, proton NMR spectroscopy indicates that the system is essentially nonaromatic.
Protonation of this system afforded an aromatic cation. Oxyazuliporphyrin 191 acts as a
dianionic ligand and reacted with nickel(Il) acetate or palladium(II) acetate to afford metal
complexes 192a and 192b [168]. These derivatives are structurally equivalent to copper(Il)
complexes 190 and the X-ray crystal structures for palladium(II) complex 192b (R = t-Bu)
was virtually superimposable with the structure obtained for copper(II) complex 190 (R = ¢-
Bu). Reaction of 184 with silver(I) acetate led to the formation of silver(Ill) complexes of
benzocarbaporphyrins (Scheme 30) [168]. Oxidative ring contraction of azuliporphyrins to
benzocarbaporphyrins is well known and results in the formation of structures with unsub-
stituted benzo-units and related aldehydes [110]. The introduction of a formyl substituent
at position 2! generally only occurs to a minor extent due to steric effects. Metalation
of azuliporphyrin 184 to form a silver(Ill) complex triggers the ring contraction but the
resulting regioselectivity is greatly altered. For 184 (R = H), 2!-formyl derivative 193b
is the major product, albeit in 20% yield, while two other products, 193a and 193¢, were
each isolated in <4% yield. tert-Butylazuliporphyrin 184 (R = t-Bu) gave 194a as the ma-
jor product in 31% yield, but a greater than expected yield (12%) of sterically crowded
benzocarbaporphyrin aldehyde 194b was also isolated. A mechanism was proposed to
explain the observed results (Scheme 31). Formation of a silver(I) complex, followed by
complexation of molecular oxygen, would give 195 and a subsequent internal redox reac-
tion would produce silver(IIl) complex 196 with an axial peroxide ligand. Alternatively,
silver(Il) azuliporphyrin cation 197 might be formed initially, followed by formation of
the peroxide derivative. The location of the axial peroxide unit facilitates nucleophilic
attack at the nearby 2!-position and subsequent Cope rearrangement and elimination of
water gives the observed aldehyde product [168]. Examples of heteroazuliporphyrins
with furan, thiophene or selenophene subunits have also been synthesized. Metalation of
thiaazuliporphyrin 198 with palladium(II) acetate led to a similar ring contraction to form
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It is worth noting that azulene-based pincer ligands have been reported that can bind
divalent transition metal cations [169]. Azulene bis-thioamide 200 reacted with palladium
chloride and lithium chloride in refluxing methanol to afford organometallic palladium(II)
complex 201a (Scheme 32). Reaction of 200 with PtCl,(PhCN), in acetonitrile generated
the related platinum complex 201b. These structures have similar features to metalated
azuliporphyrins such as 185.
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hydr0x1de ions. Demetalation of 204 with 10% TFA-CHCls gave 21-oxyazuliporphyrins
[170,171]. As was the case for the meso-unsubstituted series, keto-tautomers 206 were fa-
vored over hydroxyazuliporphyrins 207. Metalation of 206 with Ni(OAc)2, Pd(OAc): or
PtCl2 gave nickel(Il), palladium(IIl) and platinum(II) complexes 208 [171]. X-ray crystal-
lography showed that the conformations of the Pd(II) and Pt(II) complexes were virtually
identical to the structure obtained for copper(Il) oxyazuliporphyrin 204 [171].
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<U6 Dy reacting 1t with kus(LU)12 In refiuxing cnlorobenzene. UXyazuliporpnyrin complex <11
readily added a further ligand to form hexacoordinate ruthenium complexes 212, and a struc-
ture of this type that incorporated 1-butanol was characterized by X-ray crystallography. In
the absence of a suitable ligand, a dimeric complex 213 could be isolated instead. Cyclic volt-
ammetry showed that 209 underwent two reversible one-electron oxidations, and the first x>
idation gave rise to an easily accessible radical cation 214. This type of oxidation was alss aes

complished with DDQ or bromine to give the m-radical species 214a,b (Scheme 34).
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Metalation of internally alkylated azuliporphyrins was investigated (Scheme 37)
[176]. These alkyl derivatives proved to be unstable and were isolated as the correspond-
ing hydrochloride salts. 21-Alkylazuliporphyrins 227a.2HCI and 227b.2HCI were reacted
with palladium acetate in refluxing chloroform-acetonitrile. A poor yield of palladium(II)
complex 185b (<10%) was isolated where the internal alkyl substituents had been lost. This
may be due to nucleophilic displacement of the metalloporphyrinoid from the alkyl sub-
stituents in intermediate 228. A second aromatic product was noted but could not be iden-
tified. The main product from the reaction of 23-methylazuliporphyrin 229.2HCI with
Pd(OACc)2 was also a dealkvlated palladium(Il) azuliporphvrin complex 185b’ (45% vield)
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the formation of 230a,b involves nucleophilic attack from a hydroperoxide ion onto inter-
mediate 231 to give 232 (Scheme 37) [176]. Cope rearrangement would generate a six-
membered ring while closing off a cyclopropane unit affording 233. Further elimination
of water and CO would generate palladium(II) 23-methy]l fert-butylbenzocarbaporphyrin
234a. This would be expected to undergo a methyl group migration to afford the obseryed,,

produce 234b and this would further rearrange to give aldehyde 230b.
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Tol = p-tolyl
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tiggents in intermediate 228. A second aromatic product was noted but could not
be identified. The main product from the reaction of 23-methylazuliporphyrin 229.2HCI
with Pd(OAc), was also a dealkylated palladium(II) azuliporphyrin complex 185b” (45%
yield) [176]. However, two minor products corresponding to palladium(Il) benzocarba-
porphyrins 230a,b were isolated in 5% and 2.4% yields, respectively. These products were
profoundly modified by a combination of oxidative ring contractions and methyl group
migration. It has been reported that palladium can induce the formation of peroxides from
molecular oxygen [177] and it was proposed that the first step leading to the formation
of 230a,b involves nucleophilic attack from a hydroperoxide ion onto intermediate 231
to give 232 (Scheme 37) [176]. Cope rearrangement would generate a six-membered ring
while closing off a cyclopropane unit affording 233. Further elimination of water and CO
would generate palladium(II) 23-methyl tert-butylbenzocarbaporphyrin 234a. This would
be expected to undergo a methyl group migration to afford the observed product 230a.
Alternatively, intermediate 233 could eliminate isobutylene and water to produce 234b and
this would further rearrange to give aldehyde 230b.

In an attempt to prepare 6-methoxyazuliporphyrin 235, pyrrole dialdehyde 236 was
condensed with azulitripyrrane 237 in the presence of TFA, followed by oxidation with
FeCl; (Scheme 38) [178]. Unexpectedly, tropone-fused carbaporphyrin 238 was generated
instead. Although the UV-vis spectrum for 238 appeared to be a hybrid of the electronic
spectra for azuliporphyrins and carbaporphyrins, 238 was fully aromatic and behaved
as a trianionic ligand. Specifically, 238 reacted with silver(l) acetate to give silver(III)
complex 239.
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Scheme 42. Cu, Zn, Cd, Hg and Fe complexes of benziporphyrins.

Organometallic complexes for structurally related benzene-containing macrocycles
have been reported. Triazamacrocycles 266 reacted with copper(Il) salts to give copper(III)
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266

Organometallic complexes for structurally related benzene-containing macrocycles
have been reported. Triazamacrocycles 266 reacted with copper(II) salts to give copper(Ill)
organometallic compliexes 267 (Scheme 43)) [188-190]. The ieaction imvelves a disprepr-
tionation to form Cu'l and Cu'. The: copiprxn(lil) cam be displaced by various nucleophiles
and methanol reacts to give methoxy derivative 268, while 2-pyridone produces adduct
269. Tetraazacalix[1]arene[3]pyridines 270 exhibit similar reactivity [191-194]. Treatment
of 270 with copper(Il) perchlorate gave copper(Ill) complex 271, and further reaction with
a variety of nucleophiles afforded substitution products 272.
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Seheme 43: Organometallic derivatives of benzene-containing macrocyeles:

Reaction of tetraphenylbenziporphyrin 249 with [Rh(CO)Cl]: gave a six-coordinate
rhodium(Ill) complex 273 (Seheme 44) [195]. When a solution of 273 in dichloromethane
was abserbed ente a silica eolumn and left for 12 h, aromatie rhodium eomplex 274 was
generated. The fsm vk in2 By avasmshasie Restedver, épmchichirtgmeshrnh anel his
transiarETOReR HRYOINes Hhes intermeshad iy dHlorenivsdwsyivatie 279 e Dy paiphid
A RPYES RS SeshadasrdanspaBpe Ipat A ndi PAAYCHr R & tr theramnstablgtabyhawRed
9728 2787% Fespbsb M RpBiGs RIHMiRM A Abhikie b st earbaperphyrins
3763=¢ was formed in a combined yield of 25%. The profon NMR ﬁf&ﬁfm 2763
showed e rlrnsaipdisasPprinB s esniigl élaeﬁ5§r49pp f«%ﬁ@
BrotopranReapssbapbeldiiiid &S PPPprAoRSAHA yliALiepis c‘}?atHfFe%ff th1§
§§5§¥8H1 These remarhellsscaulindamonsizatsdhatdh B@?&%ﬁ@&ﬂgﬁ%&%ﬁh}(mﬁa@

UnAEiEea s ﬁﬁ%:&ﬁm&?oﬁfem&semﬁef agissdtpite UnfortRisimthelowhyields

9ltdsase Q%anae {E0R 349 e this BRPIACh JBHB LR Fl ot St Amube ity
ﬁ%?&ﬂ?& cﬁ%’g r h rms
Regtar bty ;3% e SRAHR R A ﬁfﬁ nﬁav@ﬁq e same
enz h

atom core s tr

a ()8 COI'e as C T 1¥\hm1§m llélollslloer?l%rl%s esrtl%malr?a enZl &)Of{) X’{Lﬁb% %[
ol i @%%ore@ Ji 8.t presence of o %gn ma ne ok [Ogd e s Sysiem
1 s1 é% aron%atlc C Cte{ ]‘i f

eC I'Ol’l e ocajizafion

ﬁ een %tré

1 aroma aC er T1 [S r 10N
own. 1 or resonance co u or e e er-

s o n1 OrL.1€S0 S eme

&sl t ene unit 1s str n X 1V te a r mt e ean macr c C 1c
e eumt 1S on 1 C y
oes a teeter-to r mo on egi
enzj

Ea?gh E)lg‘/\ﬁ ergﬁe 5 S ESHor tOtt&I‘ll’l&l‘lﬁl OP the S r%lc? u c or hlgrgls r acte
Jior, ‘exterior R struc enzi ]1’511‘1 S ‘T%
Armitm(T), Zird ), and nicKel(II) chlori glve omplexes 5ee [
Although these are only coordinated to the three core mtrogen atoms, structural evidence
for 2-interactions with the phenylene unit was provided. A related anthriporphyrin 279
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generates 154. The proton NMR spectrum of formyl derivative 283 gave an upfield reso-
nance for the aldehyde proton at 2.43 ppm, confirming the strongly aromatic properties
of this complex. Reduction of 282 with sodium borohydride afforded the cyclohexadiene-
palladium complex 286a, while sodium borodeuteride stereoselectively yielded the related



Molecules 2023, 28, 1496

ketone 285. Ring contraction involving a 1,2-hydride shift produces 283, while extrusion
of CO generates 154. The proton NMR spectrum of formyl derivative 283 gave an upfield
resonance for the aldehyde proton at 2.43 ppm, confirming the strongly aromatic pr6pe$2

277

Nas

288

ties of this complex. Reduction of 282 with sodium borohydride afforded the cyclohexa-
diene-palladium complex 286a, while sodium borodeuteride stereoselectively yielded the
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Seheme 46: Palladium-mediated ring esntractions of p-benziperphytin and 1,4-naphthipsrphyFin:

Reaction of 277 or 288 with sodium tetrachloroaurate also induced ring contractions
(Scheme 47) [199]. When p-benziporphyrins 277 wrere tinertied witth N2 (L]-2H20 and
potassium carbonate, gold(Il) complexes 291 were generated in 10-14% yield. Addition
of acid letltéca aaeveibilel pototertidivorohdlinténterinadrbarbtinglio egivei @asi29s 29 Hphea
pbareoantda thathdsalsechesrpraped ok five dSrdestabpd pepliysi{e 62,419]| HeRetbotiar
of 277 with Na[AuCly]-2H,0O in methanol afforded nonaromatic dimethoxy derivatives
292 rather than the ring contraction products. 1.4-Naphthiporphyrin 288 also reacted
with sodium tetrachloroaurate to give gold(Ill) benzocarbaporphyrin 134c in 32% yield
(Scheme 47) [199]. Similar gold(Ill) complexes had previously been prepared directly from
tetraarylbenzocarbaporphyrins (Scheme 24) [151].
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277 with Na[AuCls]-2H20 in methanol afforded nonaromatic dimethoxy derivative
rather than the ring contraction products. 1.4-Naphthiporphyrin 288 also reacted wit
dium tetrachloroaurate to give gold(Ill) benzocarbaporphyrin 134c in_32% é’leld (Sdl
47) [199]. Similar gold(Ill) complexes had previously been Drepareé directly

tetraarylbenzocarbaporphyrins (Scheme 24) [151].
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Scheme 47. Syntfebrme 481 Smihesib b SPAGHI sFrbAPprobvzina AP MRk st dryrgRhthiporphyrins.
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301. A quantitative yield of 300 and 301 was obtained when 297 was refluxed in benzene
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Seheme 49. Synithesis of gold(iil) earbaperphytins from a 22-methylbenziperphyFin:
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palladium(II) derivative 309 but subsequent displacement of a methyl group afforded the
aromatic palladium(II) oxybenziporphyrin derivative 310 [84]. The complex was reversibly
protonated by TFA on the carbonyl oxygen to give cation 310H™.
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Lee and eoworkers have investigated the synthesis and reaetivity of benziporphyrins
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Scheme 51. Metal complexes of benziporphyrins with exocyclic double bonds.
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tion of pyrldlmumyl substltuted porphyr1n01d 255 from the reaction of benz1porphyr1n
with silver(I) acetate and pyridine (Scheme 40) [182]. Attempts to recrystallize 330 with
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Phthalocyanine analogues of oxybenziporphyrins have also been prepared [223,224].
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dium compKSeETBASott MY, %é@&&é@ﬁ%mxvﬁffd%w%@ﬂ%‘i@ @greRalladium com-
ideneaceto sA3ehaIS) ?QV R?él‘lfé% 3ofmanch3e8biwith bisidibrpaylideneacetone)
yields, res i@éﬂ;}l@@a SR Pelag lemﬁhfe fR b ATHe IO Yhie ARAnEPge yields, re-
bisquinoidaPREFEMERe) ch%?d t?@e\gl?glf&éﬁﬁii’iﬂff}l’é% §%%%Wt{?ﬁé’{}é%}&%ﬂ%ﬁlblsqummdal

a

characteristittucture, and the palladium(Il) complexes appeared to have zwitterionic characteristics.
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Oxyquinoliziniporphyrins 382 are dianionic ligands and reacted with nickel(Il) and
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sponsible for the reduced aromatic character of indenoporphyrins [235,236]. When reacted
with palladium(II) chloride, thia- and selenabenziporphyrins 400b and 400c gave cationic
organopalladium derivatives 401 [234].
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This review focuses on the metalation of carbaporphyrinoids that share the same 16-
atom core arrangement as porphyrins and true carbaporphyrins. However, other closely
related systems have some bearing as these may give insightful complementary results.
Vacataporphyrins 402 are a case in point [237]. Although this system no longer has the 16-
atom core it essentially shares the porphyrin framework minus one of the core atoms.
Vacataporphyrins, or deazaporphyrins, were prepared by heating telluraporphyrins 403
with hydrochloric acid at 180 °C (Scheme 65). Vacataporphyrins have similar 187 electron
delocalization pathways to regular porphyrins and are strongly aromatic. They react with
cadmium(Il), nickel(Il) and zinc chloride to afford coordination complexes 404a—c [238]
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led to the formation of a carbon-palladium bond and generated aromatic complex 405a [239].
Reaction with methyl iodide in the presence of AgBFs produced the C-methylated cationic
palladium(II) complex 405b, and upon heating with methanol deprotonation resulted in the
formation of 405c. The proton NMR spectrum for 405b was consistent with a paratropic sys:
tem due to the conformation facilitating Mobius-type antiaromaticity. Complex 405¢ 74 882
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This review focuses on the metalation of carbaporphyrinoids that share the same
16-atom core arrangement as porphyrins and true carbaporphyrins. However, other closely
related systems have some bearing as these may give insightful complementary results.
Vacataporphyrins 402 are a case in point [237]. Although this system no longer has the
16-atom core it essentially shares the porphyrin framework minus one of the core atoms.
Vacataporphyrins, or deazaporphyrins, were prepared by heating telluraporphyrins 403
with hydrochloric acid at 180 C (Scheme 65). Vacataporphyrins have similar 18 electron
delocalization pathways to regular porphyrins and are strongly aromatic. They react with
cadmium(Il), nickel(II) and zinc chloride to afford coordination complexes 404a—c [238] and
treatment with Pd(PhCN),Cl, gave a similar palladium complex 404d. Exposure to light led
to the formation of a carbon-palladium bond and generated aromatic complex 405a [239].
Reaction with methyl iodide in the presence of AgBF, produced the C-methylated cationic
palladium(II) complex 405b, and upon heating with methanol deprotonation resulted in
the formation of 405¢c. The proton NMR spectrum for 405b was consistent with a paratropic
system due to the conformation facilitating Mobius-type antiaromaticity. Complex 405¢ is
aromatic but this species can be converted back into 405b by treatment with fluoroboric
acid.
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TBTA = (tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine 2. ScCl3(THF)3
LIHMDSA = LiN(Si(NMe3),)» Cp = cyclopentadienide

t-Bu
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it Ti- and Tetracarbaporphyrins
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planning the synthe51s of tetraheteroporphyrin dications and porphyrin isomers [26 —267].



Molecules 2023, 28, x FOR PEER REVIEW 56 of 82

Vlolecules 2023, Z6, 1496 o6 of 62

when planning the synthesis of tetraheteroporphyrin dications and porphyrin isomers
[Qesdotrjatéhfontienapdbytcastantipesize quatiesizenguedhatiad atcictlatsd st ot 446 sudvdy
deerarsd 447 beere yoduedesefulihoitkestfiulajadsietTaianbapratphative b Pk izaygsbesn
hasespedriatngsbbuanes WS sadc NEt®rslenth e seadtsieheosutiha blqowat yiiin iuptenar
anslsteanglyl areonatie h2omaHofrevpiHbiveverthmeting thalodisarbencirhybisorphyvish
deesrhtatadbppranhnocmhapasehiporphe sabidiy kebek e s gheyfplibere workn
WoslargatHidthesstOgteresrwithre P wiph yr potpRe fivmee Frknd bk hitenal raeons
caibbRcensiereshsiad ihrEnban breRAPPRe s ussntssiceyathesizinBanamgardee) s
61791%15}#%3@%@%?%@? piysiangohaehbesierprlied ppIdcanfuseshpese piRsts)s-
1seckerliv ket YRIBlesIpAYedIBShERROBERG, RapSittem Biata iPEaRIES GHBFIpRIY

Qlisandpigd: FinAHS prare R R8s WdGdessful [269].
O ‘
AL ALY SPe
446 445 447
Tricarbaporphyrin Quatyrin Isoquatyrin

(21-azaquatyrin) Tetracarbaporphyrins

R R NMe2
2+ 2+ /\@
RN | NM-R NN
(N"J\FI )“'N> _( )_NM @(N”’ LN>
e MezN €2
N LN (" NN Ny NO
Rﬁ\,N N R NN N_N
. R R N NMe, i
455 456 462

Figure 11. Tri- and tetracarbaporphyrineids:

The carbom delrien{es %ﬂ%ﬁﬁ@ﬁ@%ﬂﬁ‘ slixiblaatlsnss 48 amdichan bepippre
NERAB g eiEpes Aithpe e s H??ﬁﬁ%?@%@ﬁﬂé%@ﬁ%&??é%@ﬁlea}%}
%P‘Qﬁﬁ’%&%ﬁ‘ﬁ%&% E‘IE%%H&&HR@%&% Seiens r{traltibiigaied plier

ﬁé%a%ea%e?r S SGRiEeR %&‘&8@%&%@& e t?tﬁﬁaa%lg?ﬁ%@f‘%&éf?%%%%%é%mg{%&w
%u€e%0n515ru%t19e iR R RIS R AT BV rmsaa% & tyc é%“tlseaﬁn?en%ncyflﬁ%
@fﬁ@gﬁ uf}ﬁt%exa? Sséoa}?artﬁﬂtx a%%eaea dication 430 that eorrerpanss tfs&

ecC esw s ein so tlona stron sorptio
corr glltﬁé%ws s&agct E}?a(%{il :ccxj[non‘t:)lL 1é‘crS ry ca Jtr %Ezg eﬁcl?use41 S%lakhﬁﬁ al

o) 1a
sea SRCigethipio s %zset i S a% i fé%ée fag%tel S‘f o z
t ese tet acat1 ﬁ ons 1ns cuba—
rin tet con51 ere
ons ra av evere 1stor e C n a ons Croc C s are
gl}llat r na ca cu ations. mons rate t ave ev re 1sto
simi riazu 1— r1no1 t
nof R Kl i mlﬁgﬁna éﬁ alazu lra sgr
on t ﬁu 18 cf?e reep s a ensatlon azu

é ias ?é) eric mi ture X1 a 101’1 W 5
e 1Po B2 ll%uwa en 55 o? 1 eé%r‘?re%%ee e %5%%}5}115;1 rige cthe 58564%3"% raa%% i
laSt%re SIS R B Lt A 'é“c‘orae g, gug’}élrvgo%%ﬁexes it HR

gg nﬁﬁ &ﬁgg{ggﬁ}{g detracation é%g O"I[t%t orphyr1n01ds have not been metalated
in the, ferg, Al b&%ﬂsﬁgﬁﬁoﬁmﬁgsﬁa@% e st RSt S RaxeResy &
Bgfﬁ%ﬁjlég7éladlly form organometallic derivatives. Macrocycles constructed from four imi-
dazolium subunits have been reported and these form metalated derivatives such as 455
and 456 (Figure 11) [276-279]. These systems have a similar coordination framework to car-
baporphyrins. Tetraimidazolyl tetracation 457 reacted with gold(IIl) acetate to give gold(III)
trication 458 [280], while reaction with copper(ll) acetate afforded copper(Ill) complex
459 (Scheme 71) [281]. Reaction of the latter complex with copper(]) salts and acetic acid,
followed by demetallation, gave imidazolone trication 460. Silver and gold cluster com-
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plexes of 457 were also reported. Reaction of 457 with bis[bis(trimethylsilyl)amido]iron(II)
gave iron(II) complex 461a [282-285], while treatment with cobalt(II) chloride afforded
461b [286]. Both of these complexes initially reacted with O, to give dioxygen complexes.
At room temperature, the iron system afforded a -oxo dimer, while the cobalt complex

Molecules 2023, 28, x FOR PEER REVIF¥orated a  -peroxy species. Metalation of the related tetrabenzo-ligand 462 [280,25%%
(Figure 11) and boron-bridged analogues [288-291] have also been investigated.
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12. Contracted Carbapoiphyiineids
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AGY 111213 96B prrbaporrhiybasblPnih 64 1012] asaticorralas A0 13163 4851 20acb ot yand-
ethynyl-linked azuliporphyrinoid 466a [295] (Figure 12). Some metalation studies have
been performed on contracted systems, including the formation of ruthenium(II) complex
466b, although work in this area is still in its early stages. Technically, these systems fall
outside of the primary focus for this review, but the reactivity of these structures is clearly
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Fe(HMDS), = [(Me3Si),N],Fe

Scheme 71. Metalation of a tetraimidazolyl system.
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olthidigbfwiealpimihiy Foranistetililiis Hewtarly stages dedhhiigllyf these syisternsdalb eldaidie

efithaprimary focus for this review, but the reactivity of these structures is clearly relevant.
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digan (ROF2 30010 lirliear i dotigatighted thetatetialatidMNoédNfesndusad and-teofasedusad
eoleplSehizehee) P 302])2N hoadndedei biteng 66 InwasoniddeitreBlycgytiieed witth 3.3
equiivalents of DDQ in acetonittile to give N-confused eorrole 468 in 5% yield. Isomerie
bilane 469 similaily afforded N-eonfused eorrole 470 in 18% yield but in this case a second
eorrole isomer 471 was generated in 1% yield [301). Both N-confused esrroles faversd
tautomers widh an external NH. Nes-confused covisie 471, Ramed Romole, has a direet

link between a pyrrole nitrogen and an adjacent pyrrole unit [301]. Norrole exhibits
some diatropic characteristics, and the proton NMR spectrum showed the inner CH as an
upfield resonance at 1.21 ppm. N-confused corrole 468 reacted with copper(Il) acetate to
give copper(Ill) complex 472, and 470 similarly gave a related copper(Ill) derivative 473
when the reaction was carried out at 273 K. Although both of the copper(Ill) complexes
are stable, 473 dimerizes in the presence of excess copper(ll) acetate or in the presence
of the oxidant magic blue to give 474. This complex is linked via the internal carbon
atoms. Oxidative cyclization of bilane 475 incorporating an indole unit with chloranil
and copper(Il) acetate afforded copper(IlI) benzonorrole 476 in 68% yield [302]. Reductive
demetalation with zinc-hydrochloric acid produced free-base benzonorrole 477 in 94%
yield. The X-ray structure of the copper(Ill) complex showed that the tetrapyrrolic unit
had a nearly planar conformation. Reaction of benzonorrole 477 with [Ir(COD)(OMe)],,
4-substituted pyridines, and potassium carbonate in toluene gave a series of near-infrared
phosphorescent iridium(III) complexes 478 [303]. These derivatives have two axial pyridine
ligands, but otherwise the macrocycle is near planar.
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In an attempt to synthesize silaporphyrins, silole dicarbimol 479 was reacted with
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Azulicorrole 465 was obtained in low yield by condensing azulene, pyrrole and
4-trifluoromethylbenzaldehyde in 10% TFA-CH,Cl,, followed by oxidation with DDQ
(Scheme 74) [293]. Azulicorrole reacted with copper(Il) acetate and gold(IIl) acetate to give
metalated derivatives 486a,b in 89% and 32% yield, respectively [293]. The X-ray structure
for 464 showed that the azulene ring was tilted ca. 40 relative to the remaining macrocyclic
plane, but as might be expected copper(Ill) complex 486a was relatively planar. Bilane 487
with two terminal indole units was cyclized with 10 equivalents of copper(Il) acetate to
give copper(Ill) complex 488 together with 2.2 -biindole-linked macrocycle 489 in 12% and
18% yield, respectively [305]. The proton NMR spectrum of 488 indicates that there is an
18 electron delocalization pathway in the complex. Attempts to demetalate 488 with zinc
dust in TFA-acetonitrile-CH,Cl, to form the parent porphyrinoid were unsuccessful and
resulted in the structure being converted back into bilane 487.
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phenanthrlporphyrm, but structurally the system is a dicarbacorrole. The proton NMR
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4 ppm. These results are ‘consistent wit e macrocycle having a moderate paratropic
ring current. The antiaromatic nature of 493 can be ascribed to the presence of 16 - and
20 -electron delocalization pathways shown in bold for resonance contributors such as
493a—d (Scheme 76) [309]. Phenanthriporphyrin 493 reacted with phosphorus trichloride
and triethylamine, followed by treatment with methanol in the presence of air, to give
phosphorus(V) complex 494 [309]. This species retains the antiaromatic characteristics




Molecules 2023, 28, 1496 61 of 82

of the parent ligand. Reaction of 493 with 1.6 equivalents of copper(ll) acetate gave an-
tiaromatic copper(Ill) complex 495 [310]. Regioselective photolytic cleavage of 495 in the
presence of molecular oxygen gave copper(lll) phenanthribilinone 496. When 493 was
reacted with 7.8 equivalents of Cu(OAc), in chloroform-methanol, a diastereoisomeric
mixture of dimethoxy derivatives 497a,b was generated. Phenanthriquinone 498, which
can be prepared by demethylation of 493 with boron tribromide or sulfuric acid [311], also
reacted with copper(Il) acetate to give copper(Ill) complex 499. Reaction with fluoroboric
acid afforded BF, complex 500. Although 498 and 499 are nonaromatic, boron difluoride
cation 500 has aromatic character. This can be rationalized as being due to canonical forms
such as 500a—c with 14 or 187 electron circuits. Phenanthriporphyrin 493 reacted with
Molecules 2023, 28, x FOR PEER RE&(@)5 and I, to give keto-derivative 501. It was proposed that this reaction mwoélszed the

intermediacy of an iron(il) organometailic compliex
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Scheme 75. Organometallic chemistry of dibenzicorrole and phenanthriporphyrins.
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Scheme 76: Resgnance contrbuicrs of phenanthriporphytin with 16 oF 307 elsctron srayits:

Porphyrinoids with two interlinked phenanthriporphyrin units have been described

(Scheme 77) [313,314]. Diporphyrinoid 502 reacted with copper(Il) acetate to give a bis-

copper(II) complex 503. A monocopper(Ill) complex 504 could also be isolated and this

reacted with Pd(PhCN),Cl, to give the mixed Culll-pglt complex 505 as a stable radical

species. When 502 was reacted with Pd(PhCN),Cl,, an unusual bis-palladium complex

506 was formed. Bis-porphyrioid 502 and bis-copper(Ill) complex 503 are antiaromatic,

as judged by proton NMR spectroscopy, but the upfield shifts of the external protons

are drastically reduced for dipalladium complex 506. Bond length analysis indicates

Molecules 2023, 28, x FOR PEER REVIE}{t the complex has quinoidal character, indicating that the m-systems of the ind$%iefu$d

macrocycles are strongly interacting.
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idation of 510 with DDQ in the presence of fluoroboric acid gave an aromatic dication
512. Although both 510 and 512 are aromatic, the 7-conjugation pathways are quite dif-
ferent. Porphyrinoid 510 acts as a dianionic ligand and reacts with copper(Il) acetate to
give a copper(Il) complex 513a that has significant 72-interactions with the triple bond
(Scheme 78). Similar complexes 513b,c were obtained when 510 was reacted with nickel(II)

Molecules 2023, 28, x FOR PEER REVIEWpa]ladium(IT) acetate. Reduction of 513¢ with sodium borohydride gives an artn?4ti2
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to react with Rhy(CO)4Cl; in benzene to give high yields of bis-rhodium(I) complex 523
and reactions with nickel(II) or palladium(lI) acetylacetonate gave bis-nickel(II) complex
524a and bis-palladium(Il) derivative 524b, respectively (Scheme 79) [326,327]. Similarly,
Molecules 2023, 28, x FOR PEER REV rbaamethyrin 525 reacted with zinc acetate in methanol to give the bridged bjs-zing,

Molecules 2023,"28,’x FOR PEER REVIE&ﬁnplex 526 [328]. However, organometallic derivatives for these systems have n6t beéa

identified.
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complex 537 (Scheme 81) [338]. In another intriguing study, reaction of palladium(II) ace-
tate with dipyrihexaphyrin 538 gave three dipalladium complexes 538a,b and 539
(Scheme 82) [339]. Structure 539 is not an organometallic derivative but has an unusual
interlocked structure with two pyricorrole-like components. Many examples of expanded
Molecules 2023, 28,1496 porphyrins with m-phenylene or p-phenylene units have been described and these Iﬁ%%}z
also give organometallic derivatives. For example, dibenzihexaphyrin 540 reacted with
palladium(II) chloride and potassium carbonate to give Mobius aromatic palladium(II)
doghlaxBla reaahigRenslh paloyr ifkeie drapsplenitrdiationsded pills-Agihhropalax
R3im P porpieditiviak Saoatmen gt Fidary ith Do QCNeSeloaengiatad (be atovente bis-
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complex 541 (Scheme 83) [340]. Other examples include the M&bius aromatic palladium(II)
porphyrinoids 542 and 543 (Figure 14) [341]. These examples illustrate some exciting
examples of organometallic expanded porphyrinoids, but no attempt has been made to

give comprehensive coverage of this area.
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Many other closely related systems with porphyrin-like frameworks have been in-
vestigated. Metallocenoporphyrins such as 544-546 (Figure 15) incorporate ferrocene or
ruthenocene units in place of a pyrrole ring [342,343]. Surprisingly, the metallocene units
facilitate conjugation within these macrocycles and they exhibit a degree of aromatic, or
in some cases antiaromatic, character. This shows that r-electron delocalization &6

transferred through the d-orbitals of the metallocene component.

544 Ar = p-MeCgH, 545

Molecules 2023, 28, x FOR PEER REVEigure 15, Metalloecenoporphyrins. 68 of 82
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Another variation on the theme are structures with carbaporphyrin-like cavities that
are built onto porphyrin macrocycles [347,348]. A case in point are the so-called porphyrin
earrings (Scheme 85). Palladium-catalyzed Suzuki-Miyaura coupling of diboryltripyrrane
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Another variation on the theme are structures with carbaporphyrin-like cavities that
are built onto porphyrin macrocycles [347,348]. A case in point are the so-called porphyrin
earrings (Scheme 85). Palladium-catalyzed Suzuki Miyaura coupling of diboryltripyrrane
556 with nickel(Il) dibromoporphyrins 557a or 557b gave porphyrin “earrings” 558a and
558b in 32% and 20% yields, respectively [347]. It was possible to install two “ears” onto a
porphyrin by coupling tetrabromoporphyrin 559 with two equivalents of 556 and double-
earring porphyrin 560 was generated in 8% yield [347]. It was necessary to introduce
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15. Conclusions

The 16-atom core of carbaporphyrins has a CNNN binding pocket that can facilitate
the formation of metalated derivatives. Indeed, the ordered cavities found in these por-
phyrinoid structures provide an intriguing environment to probe organometallic processes.
These systems form complexes with many of the late transition metals and can stabilize
higher oxidation states. The ligands can be profoundly altered by introducing a multitude
of different subunits. Pyrrole units can be replaced by furan, thiophene, selenophene or
tellurophene. More importantly, the subunit that places a carbon atom within the cavity
can be an inverted pyrrole, furan or thiophene, or cyclopentadiene, indene, azulene, cyclo-
heptatriene, inverted pyridine, pyrazole, benzene, naphthalene, and so on. Furthermore,
macrocycles with two internal carbons are also easily accessible. These structural changes
not only affect metalation processes but also the spectroscopic and chemical reactions
for these ligands. Carbaporphyrinoids may be fully aromatic but in some cases, they are
nonaromatic or antiaromatic. Some expanded carbaporphyrinoids can even take on twisted
conformations that lead to Mobius aromatic or antiaromatic structures. The unprecedented
structural diversity of carbaporphyrinoid systems has led to the discovery of a remark-
able wealth of coordination architectures and highly usual reactivity. The organometallic
complexes also have value in the design of catalytic systems, including catalysts for cyclo-
propanation reactions [123,351] and CO, fixation [352]. In addition, medicinal applications
of metallocarbaporphyrinoids as photosensitizers for photodynamic therapy have been
noted [353,354]. This area continues to surprise and will no doubt lead to many further
advances in the future.
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