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Nickel Complexes of 21-Oxaporphyrin and 21,23-Dioxaporphyrin 

Piotr J. Chmielewski, Lechoslaw Latos-Graiynski,* Marilyn M. Olmstead, 
and Alan L. Balch 

Abstract: The nickel(r) and nickel(n) 
complexes of 5,20-bis(p-tolyl)-10,15-di- 
phenyl-21-oxaporphyrin (ODTDPPH) 
and 5,10,15,20-tetraphenyI-21,23-dioxa- 
porphyrin (0,TPP) have been investigat- 
ed. These oxa analogues of 5,10,15,20-te- 
traarylporphyrin, where one or two pyr- 
role rings are replaced by a furan moiety, 
have been synthesized by condensation of 
the respective precursors, namely 2,5- 
bis(arylhydroxymethyl)furan, pyrrole, and 
arylaldehyde. Insertion of nickel(rr) into 
ODTDPPH or 0,TPP yielded high-spin 
five- and six-coordinate ([(ODT- 
DPP)Ni"CI] and [(O,TPP)Ni"Cl,]) com- 
plexes, which can be reduced with moder- 
ate reducing reagents. The EPR spectra of 

Introduction 

[ (0DTDPP)NilI and [(O,TPP)Ni'Cl] 
revealed the Nil oxa(di0xa)porphyrin 
rather than a Ni" anion radical elec- 
tronic structure. In the structures of 
[ (ODTDPP)Ni"Cl], [ (O,TPP)Ni"Cl,] , 
and [ (ODTDPP)Ni'], determined by X- 
ray diffraction, the furan ring is planar 
and coordinates in the q1 fashion through 
the trigonal oxygen atom; the nickel ion 
lies in the furan plane for the latter two 
complexes, but slightly outside it in 
[(ODTDPP)Ni"Cl]. The Ni-N and 
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Core modification of porphyrins by the introduction of various 
heteroatoms (0, S, Se, Te, CH) in place of the nitrogen atoms 
permits the preparation of a series of new heterocycles that may 
have interesting properties in terms of both their aromatic char- 
acter and their ability to bind metal ions. The series of oxygen- 
containing porphyrins constitutes a group in which the extent of 
substitution can be systematically varied (Scheme 1). 

Limited data regarding oxaporphyrins are available. Broad- 
hurst et al. described the synthesis of 8,12,17-triethyl-7,13,18- 
trrmethyl-21 -oxaporphyrin, 13,17-diethyl-l2,1 X-dimethyl- 
21,22-dioxaporphyrin, and 8,17-diethyl-7,18-dimethyl-21,23- 
dioxaporphyrin.[" They demonstrated by means of electronic 
spectroscopy that p-alkylated monooxaporphyrin acts as a te- 
tradentate macrocyclic ligand toward Zn", Ni", Cu", Co", or 
Mn" ions. The zinc(i1) and nickel(i1) complexes were isolated 
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N i -0  bond lengths decrease upon re- 
duction of high-spin five-coordinate 
[ (0DTDPP)Ni"ClI to four-coordinate 
[(ODTDPP)Nil]. The pattern of down- 
ficld pyrrole resonances in 'H NMR spec- 
tra of [(ODTDPP)Ni"CI] and [(O,TPP)- 
Ni1'C1,] has been established. The down- 
field positions of furan resonances are un- 
usual for Ni" heteroporphyrins; they have 
been accounted for by the nearly in-plane 
coordination of the furan moiety as op- 
posed to the side-on coordination found 
for thiophene- or selenophene-containing 
heteroporphyrins. An example of ion-pair 
formation, [(O,TPPH),][Ni"CI,], was 
produced from [ (O,TPP)Ni"Cl,] by acidi- 
fication with HCI. 

-1 + 

scries of oxygcn-containing porphyrins. 

and characterized by elemental analysis, mass spectra and elec- 
tronic spectroscopy. However, the /I-alkylated dioxaporphyrin 
failed to form metal complexes by the insertion procedures typ- 
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ical for regular porphyrins. The electronic and molecular struc- 
tures of metalloxaporphyrins have not been studied. 

In the search for modifications of oxophlorins (keto tau- 
tomers of mesohydroxyporphyrin) , 21,22-dioxa-5-oxophlorin 
and 23,24-dioxa-5-oxophlorin were ~ynthesized.[~I The trioxa- 
porphyrin cation was apparently not prepared. The tetra- 
oxa[l8]porphyrin(l.1.1 . I )  dication was synthesized and dis- 
cussed in the context of the aromatic character of ann~lenes . [~]  
This molecule preserves the general porphyrin framework. In 
addition, an isomer of porphyrin-porphycene (porphyrin- 
(2.0.2.0)) possesses its own tetraoxa counterpart, tetraoxapor- 
phyrin(2.0.2.0) dication (tetraoxaporphycene) .14c1 The next 
higher homologues to the tetraoxaporphyrin dication, tetraoxa- 
[22]porphyrin(2.2.2.2) dication and tetraoxa[26]porphyrin- 
(3.3.3.3) dication, were also obtained.[51 

A general interest in the aroinacity of large molecules also 
prompted investigations of other polyfuran macrocycles, name- 
ly, annulenes and annulenones, which were treated as related to 
expanded porphyrins, although generally these compounds are 
not aromatic.['] On the other hand, oxa derivatives of expanded 
porphyrins exhibit aromaticity. The following expanded por- 

Abstract in Polish: Zbadano kompleksy niklu(1) i niklu(i1) 5,20- 
bis(p-toly1o)- 10,15-difirnyl0-2l-oksaporphyriny (ODTDPPH) i 
S,l0,1.5,20-tetrUfenylo-21,23-diok.saporphyriny (0 ,TPP)  . Oksa 
anulogi 5,10,iS,20-tetrafenylopo~fi'ryny, w kt6rych jeden lub dwa 
piericienie pirolowe zostaty zastqpione przez grupy,furanowe two- 
rzq sic nu drodze kondensuqji odpowiedniego prekursora, tj. 2,s- 
bis (arylohydroksymetylo), furunu, pirolu i aldehydu arylowego. 
InserCjiL niklu(//) do ODTDPPH czy 0, TPP daje wysokospi- 
nowe kompleksy: piqciokoordynacyjny [ (ODTDPP) Ni"Cl] i 
szeSciokoorllynac~jny [ (0 ,TPP)  Ni"Cl,]. Redukcja obu koin- 
pleksbw zostala dokonana przy zustosowaniu lagodnych irodkow 
redukujqcych. Widma EPR [ (ODTDPP)Ni'] oraz [ ( 0 , T P P ) -  
Ni'Cl] wykazujq w obu przypadkach strukture elektronowq kom- 
pleksu nikluj l ) ,  a nie rodniku anionowego niklu(I1). 

Struktur-y molekularne [ (ODTDPP)Ni"Cl], [ (0 ,TPP)-  
Ni"Cl,] i ,f (ODTDPP) Nil] zostuly wyznaczone rentgenostruk- 
turalnie. We wszystkich strukturach piericiefi,furanowy jest plaski 
i koordynuje '1' przez atom tlenuprzyjmujqcy geometric trygonal- 
nq. Jon niklu leiy w plaszczyinie furanu ui przypadku [ (ODT- 
DPP)Ni'] i [(O,TPP)Ni"Cl,], natomiast w [ (ODT- 
DPP) Ni"Cl] ohsernuje sic nieznaczne jego wychylmie od tej 
plaszczyzny. DlugoSci wiqzan Ni- N i Ni- 0 sq krotsze w 
czterokoordynacyjnyrn [ (ODTDPP) Ni'] nii w lcysokospi- 
nowym, pi@okoordynacyjnym [ (ODTDPP) Nil'Cl]. Zaobser- 
wowano charakterystyczny wzorzec dolonopolowych przesuni& 
dla rezonanshw protonciw pirolo 11 w widmach ' H  N M R  
f (0DTDPP)Ni"Clj i [ (O,TPP)Ni"Cl,]. Niskopolowa 
lokalizacja sygnalu protondw ,furanow>ych ,jest czymi niespo- 
tykanym dla serii heteroporjiryn niklu ( I I )  . Kierunek przesuniecia 
kontaktowego juranu zwiqzany jest z niemal plaskq koordynacjq 

, fragmentu furanowego, odmiennq od hocznej koordynacji stwierd- 
zonej w porfirynach zawierajqcych tiofen i .selenofen. 

Zidentyfi'kowano i scharakteryzowano renigenostrukturalnie 
pare jonowq [ (0,TPPH)2][Ni11C14] tworzqcq siq podczas zak- 
waszania [ (0, TPP)  Ni"Cl,] kwusem solnym. 

phyrin derivatives with one or two pyrrolic fragments replac- 
ed by furan were investigated: dioxasapphyrin,['] dioxa- 
smaragdyrin,[" ozaphyrin (isomeric analogue of oxasap- 
phyrin) ,I7]  oxobronzaphyrin (isomeric analogue of rubyrin) , 
and hexaphyri~i.[~I To complete the list of oxapolypyrrolic 
macrocycles one has to include 21,24-dioxacorrole, where two 
adjacent pyrrole rings were substituted by furans and monoxa- 
porphyrin with an inverted pyrrole ring.["] 

A complementary area of porphyrin modifications that can 
be formally described as a replacement of a single atom in the 
porphyrin skeleton by oxygen concerns 5-oxaporphyrin. Such 
a molecule is formed during the coupled oxidation of iron 
porphyrins, which produces verdoheme (iron(n1) S-oxapor- 
phyrin) .[I '1 

Recently our laboratories reported a reasonable synthesis and 
the structural characterization of a new macrocyclic ligand, 
5,20-bis(p-tolyl)-10,1S-diphenyl-21 -oxaporphyrin (ODTDP- 
PH), in which one of the pyrrole groups of S,lO,IS,20-tetraaryl- 
porphyrin is replaced by furan.["I In the light of the interesting 
chemistry of nickel 2I - th iaporphyr in~~ '~  and nickel 21-sele- 
naporphyrins," we decided to investigate nickel complexes of 
a S,10,15,20-tetraaryl-21-oxaporphyrin and 5,10,15,20-te- 
traaryl-21,23-dioxaporphyrin. We attempted to elucidate the in- 
fluence of one or two oxygen incorporations in comparison with 
regular porphyrins and heteroporphyrins. The furan ring, which 
is regarded as a weak ligand, is a significant component of the 
oxaporphyrin. There are only a limited number of crystallo- 
graphically characterized models for furan -metal bind- 
ing.[17-211 For Sr", Ba", Bi"', and TiLV complexes['6-'91 with a 
furan built into macrocyclic or chelating ligands, coordination 
occurs through oxygen. Coordination by a carbon atom of 
furan was observed in lithium tris(a-furyl),stannate [Sn"- 
(a-furyl),Li(rl-fiiryl),Sn"]~ and in series of low-valeut tungsten, 
rhodium, and iridium complexes.[2 'I 

Here we report on the structure and spectroscopic properties 
of nickel 21 -0xaporphyrin and 21,23-dioxaporphyrin complexes 
and comment on the relation between coordination geometry 
and isotropic shifts of the modified ring in a series of nickel(11) 
heteroporphyrins [(2l-X-TPP)Ni"Cl] (X = 0, S, Se). 

Results 

Synthesis: A key step in the synthesis of 5,10,15,20-tetraaryl-21- 
oxaporphyrin and S,10,1S,20-tetraary1-21,23-dioxaporphyrin is 
the construction of the condensation precursor, 2,S-bis(arylhy- 
droxymethy1)furan. Dialcohol substrates for synthesis of thia-, 
selena-, or telluraporphyrin (STPPH, SeTPPH, TeTPPH), 
namely 2,5-bis(phenylhydroxymethyl)thiophene, 2,5-bis- 
(phenylhydroxymethyI)selenophene, or 2,5-bis(phenylhydroxy- 
methyl)tellurophene, were obtained from 1,6-diphenylhexa- 
2,4-diyne-1,6-diol by a ring closure with H,S, NaHSe, or 
NaHTe.[221 Alternatively the preparation of the thiaporphyrin 
precursor could be achieved by the reaction of the respective 
2,5-dilithium derivative with ben~aldehyde . [~~]  To functionalize 
furan we considered a different approach, which is presented in 
Scheme2. This approach uses the reaction of a Grignard 
reagent with furan-2,5-dicarboxaldehyde. In the adjusted reac- 
tion conditions, the asymmetric derivative 2-(phenylhydroxy- 
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for the preparation of monooxapor- 

OH OH The electronic spectra of ODTDPPH and 
0,TPP are shown in Figure 1. The spectra 
resemble the electronic spectra of 
TPPH, and its other tetraarylheteroana- 
logues.[12, 1 6 , 2 2 - 2 4 1  A distinction has been 

near ultraviolet and four Q bands in the 

aldehyde bathochromic shift of the Q I  band of 

ArMgBr 
P I  

__+ 
H - F  0 I phyrins. 

H X H 2 Q  CH20H 

ArMgBr - 
H-C H\ G c ' H  

I I 
OH 

made between the intense Soret band in the 
OH 

H X H 2 0  CHO 

Scheme 2. Furan functionalization by means of the reaction of  a Grignard reagent with furan-2,s-dicarbox- visible region. to TPPH, a strong 

methyl)-5-(hydroxymethyl)furan is formed along with 2,5- 
di(phenylhydroxymethyl)furan. 

21 -0xatetraphenyIporphyrin can be prepared in reasonable 
yield from 2,5-di(phenylhydroxymethyl)furan by a procedure 
analogous to that described previously for 21 -thiaporphyrin[' 5a1 

or 2l-selenaporphyrin.[" The synthetic route to 21-oxatetra- 
arylporphyrin is shown in Scheme 3. The synthesis involves a 

ODTDPPH is observed. In 0,TPP the in- 
troduction of the two oxygen atoms causes 

a strong bathochromic shift of the QI  and QII bands and a 
hypsochromic shift of QIII and Q IV compared with TPPH, . In 
the series oxa-, thia-, selena-, and telluraporphyrin systematic 
bathochromic shifts have been found for the Soret and all Q 
bands. However, in the series O,TPP, S,TPP, Se,TPP, the 
marked bathochromic shifts are determined only for the Soret 
and QIV and Q IIIbands. The dioxaporphyrin shows the Q I  
band with the lowest energy (L,,, = 704 nm) of all heteropor- 
phyrin systems investigated until now. 

\Ll/ 

Schcinc 3. Synthetic roule to 21-oxatetraarylporphyrin 

one-pot reaction from 2,5-bis(p-tolylhydroxymethyl)furan, 
benzaldehyde, and pyrrole in dichloromethane, as described 
briefly in our communication.[' 21 The procedure can introduce 
unsymmetrical substituents on the porphyrin periphery in a 
structurally defined relationship to the location of the furan 
ring. With 2-(phenylhydroxymethyl)-5-(hydroxymethyl)furan 
and p-tolylaldehyde present in the reaction mixture we obtained 

1, 5' Q tetraphenyl-21,23-dioxaporphyrin 

Ar' 

10,15-bis(p-tolyl)-20-phenyl-21 -oxa- 
porphyrin (OPDTPH) . 

The synthetic work on 5,10,15,20- 

(0,TPP) is sum-marized in Scheme 4. 
The dioxaporphyrin was synthesized 
by the condensation of pyrrole and 
2,5-bis(phenylhydroxymethyl)furan 
under similar conditions to those used 

'. 
Ar - 

OPDTPH 

Scheme 4. Synthesis of 0,TPP 

2.4 i r ,  t 0.4 

h [nm] - 
Figure 1. UV/Vis spectra of oxaporphyrins (dichloromethane, 293 K). Solid 
line = ODTDPPH, dashed line = 0,TPP. 

The spectroscopic properties of ODTDPPH and 0,TPP sug- 
gest that they have aromatic character; this is consistent with the 
presence of 4n + 2 .n electrons. The aromaticity of oxaporphyrin 
and dioxaporphyrin is confirmed by the 'H NMR shifts of the 
pyrrole protons (ODTDPPH: 6 = 8.82 trans, 8.62, 8.57 cis; 
0,TPP: 6 = 8.38) and furan resonances (ODTDPPH: 6 = 9.21, 
0,TPP: 6 = 9.10), and the upfield position of the NH reso- 
nance of ODTDPPH (6 = - 1.58). These values are accounted 
for by the ring-current effect, which is specific for aromatic 
macrocyclic systems. 

Formation and characterization of nickel(i1) complexes: Insertion 
of nickel(i1) into 5,10,15,20-tetraphenyl-21-oxaporphyrin was 
readily achieved under moderate conditions by boiling a mix- 
ture of ODTDPPH in chloroform and an ethanolic solution of 
nickel(1r) chloride hydrate. When applied to 5,10,15,20-te- 
traphenyl-21,23-dioxaporphyrin, the procedure yielded a six- 
coordinate [(O,TPP)Ni"CI,] complex. The electronic absorp- 
tion spectra of [ (0DTDPP)Ni"ClI and [ (O,TPP)Ni"CI,] are 
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shown in Figure 2. A porphyrin-like spectrum is clearly present 
for [(ODTDPP)Ni"Cl] with a Soret band and the three Q bands. 
The electronic spectrum of [ (O,TPP)Ni"Cl,] is similar to the 
spectrum of 0,TPP (Figure 1). The coordination causes only 
minor shifts in the band positions. The spectral similarities sug- 
gest that the nickel(I1) insertion does not influence the geometry 
of the dioxaporphyrin chromophore. 

h[nm] - 
Figure 2. UV/Vis spectra of nickel oxaporphyrin compiexes. Solid line = 

[(ODTDPP)Ni"CI] (dichloromethdne), dashed line = [(O,TPP)Ni"CI,] (dichloro- 
methane), dotted line = [(ODTDPP)Ni'] (benzene). 

The acidic denietalation of [ (ODTDPP)Ni"CI] and [ (0,TPP)- 
Ni"C1J in a dichloromethane/hydrochloric acid mixture gave 
ODTDPPH and O,TPP, respectively, after chromatographic 
work-up. However, the evaporation of the dichloromethane 
layer produced in the course of [ (O,TPP)Ni"Cl,] demetallation 
yields the unusual nickel(I1)-dioxaporphyrin compound formu- 
lated as (O,TPPH),[Ni"CI,], where two monoprotonated 
dioxaporphyrins act as monocations neutralizing a [NiCl,]* - 
anion. The electronic spectrum of (O,TPPH),[Ni"Cl,] (not 
shown) is similar to 0,TPP with slightly broadened bands. The 
[ (0DTDPP)Ni"CIl and [ (O,TPP)Ni"Cl,] complexes are para- 
magnetic ( S  = l ) ,  demonstrated by the distinctive isotropic shift 
of pyrrole and phenyl resonances (Figure 3) in their 'H NMR 
spectra. However, the 'H NMR spectrum of (O,TPPH),- 
[Ni"Cl,] bears the features of a diamagnetic species. The 
(0,TPPH)+-[Ni'1C1,]2- ion pair seems to be not tightly bound 
in the chloroform solution. 

NMR studies of paramagnetic nickel(@ complexes: The 'H NMR 
spectra of the paramagnetic [ (ODTDPP)Ni"CI], [ (0PDTP)- 
Ni"Cl] and [(O,TPP)Ni"Cl,] are shown in Figures 3 and 4. The 
spectral parameters for these and other relevant compounds 
have been gathered in Table 1. The spectroscopic data for 
[ (ODTDPP)Ni"Cl], [ (OPDTP)Ni"Cl] , and [ (O,TPP)Ni"Cl,] 
have been analyzed by consideration of their effective symmetry 
in solution. [ (0DTDPP)Ni"ClI appears to have effective C, 
geometry with the mirror plane passing through the nickel 
atom, the chloride, and the furan oxygen. In this case there are 
three distinct pyrrole protons and one furan proton. Two ortho 
and two meta positions on each phenyl ring will be distinguish- 
able by 'H NMR unless the rotation around the C,,,,-C, bond 
is sufficiently fast.1251 The 'HNMR spectrum of [(OPDTP)- 
Ni"Cl] has been analyzed in the light of its C, symmetry. There 

60 50 40 30 20 
A T 

l . l ' , , , .  i 7  

60 50 40 30 20 
- 6  

Figure 3. NMR spectra (293 K) of A) [(ODTDPP)Ni"CI] (CDCI,. 'H NMR);  
A )  ([D,]ODTDPP)Ni"CI] (C,D,, 'H NMR); B) [(OPDTP)Ni"CI]: C) [(O,- 
TPP)Ni"CI,] (CDCI,, 'HNMR); C )  [([D,]O,TPP)NI"CI,] (CHCI,. ,H NMR). 
Peak labels: p y r :  pyrrole ring protons; meso: 5-CH; f :  furan. 
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Figure 4. The 2D 'H COSY spectrum of[(ODTDPP)Ni"CI] (CDCI,, 273 K).  Up- 
per map: lowfield region showing spin-spin coupling of regular pyrroie protons; 
lower map: mesa-phcnyl region. Peak labels: trans-pyrr and ci2-pyrr denote 
7,8,17,18- and 12.13- pyrrole protons, respectively; f: furan:  o, !TI. p denote reso- 
nances of ortho. mefu, orpara protons of 10,15-phenyl rings; a'. m' are assigned to 
ortho and meta protons of 5,20-p-tolyl groups. 
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Tahlc 1 .  'H NMR data for nickcl(l1) heteroporphyrins [a] 

cls-Pyrrolc trans-Pyrrole Modified heterocycle meso-Aryls 

[(OI~TDPP)NI"CI] 57.53. 18.12 56.92 30.23 11.43, 9.80, 9.24, 9.17, 9.07, 8.47, 8.46, 8.43, 3.82 (p-CH,) 

[(OPDTP)Ni"CI] 57.40, 57.60, 17.77, 17.23 57.60, 57.08 30.72, 29.79 11.73, 11.03,9.72, 9.31, 9.22, 9.15. 8.93, 8.61, 8.27, 8.12. 7.91. 
3.55, 3.49 (p-CH,), -4.08 (mem H) 

[(02TPP)Ni"CI,] 50.86 37.72 X.97, 8.24. 8.15 

[(S1PP)Ni"Cl][b] 64.58, 32.52 30.93 -29.84 9.93. 9.81, 9.74. 8.10, 7.31, 6.53, 6.17 

[(SeDPDTP)Ni"Cl][c] 68.32, 40.21 17.09 - 38.75 10.76, 10.23, 9.75, 9.44, 8.66, 6.94, 6.30, 5.72 

[a] 411 spectra recorded in CDCl, solution at 295 K. [b] Ref. [13b]. [cl Kef. [16]. 

are six distinct pyrrole positions, two furan positions, three 
nonequivalent meso phenyl rings, and one meso proton. In the 
NMR spectrum the lowered symmetry in comparison with 
[ (C)DTDPP)Ni"CI] is reflected by the doubling of each pyrrole 
and furan resonance. A higher effective symmetry, D,,, can be 
predicted for [(O,TPP)Ni"Cl,]. Such a geometry generates only 
one pyrrole resonance and one furan resonance. The meso 
phenyl rings are symmetrically equivalent, and produce only 
three resonances. Their ovtlzo and meta positions are pairwise 
equivalent because of the mirror symmetry with respect to the 
porphyrin plane. As well as geometrical considerations, relative 
intensities, line widths, site-specific deuteration, and 2 D COSY 
experiments were used as the basis for the resonance assign- 
ments, which are given above each peak in Figure 3. The most 
characteristic feature for [ (ODTDPP)Ni"Cl], the downfield res- 
onance at S = 30.2, has been assigned to the furan b-protons. In 
order to distinguish the pyrrole and furan resonances, the 
'H NMR spectrum of [ ([D,]ODTDPP)Ni"CI] was recorded, 
and is shown as trace A in Figure 3. The three pyrrole reso- 
nances are in the S = 60-20 region. The additional resonances, 
presented in detail in Figure 4, come from the meso phenyl pro- 
tons. In the case of [(O,TPP)Ni"Cl,] the furan resonance has 
been unambiguously identified at S = 37.7, since it is absent in 
the 'H NMR spectrum of [ ([D,]O,TPP)Ni"CI] where the ligand 
is deuterated in all P-pyrrole positions. (Figure 3, Table 1). 

The two-dimensional COSY experiment is effective in con- 
necting protons within pyrrole moieties and meso phenyl groups 
of metallotetraarylporphyrins."6. 26-281  F' igure 4 shows repre- 
sentative COSY data collected in [D]chloroform solution at 
25.3 K. Crosspeaks reveal pairwise coupling between 7-H and 
8-13 (17-H and 18-H) pyrrole resonances (6 = 57.5 and 18.1), 
denoted as cis-pyrr in Figure 4. No crosspeak is observed for the 
resonance assigned to the 12-H, 13-H protons (trans-pyrr) by 
default. Characteristic sets of crosspeaks resulting from cou- 
pling between five protons of a phenyl ring have been estab- 
lished and located in the COSY map for the two nonequivalent 
phenyl rings of [(ODTDPP)Ni"CI]. The two ortho and metu 
protons on each of the meso phenyl or meso tolyl rings are 
nonequivalent, since the porphyrin plane bears different sub- 
stituents on the opposite sides and rotation about the meso 
carbon-phenyl bond is restricted. 

Analysis of hyperfine shifts: Curie plots of the temperature de- 
pendences of the chemical shifts of the [ (ODTDPP)Ni"Cl] and 
[ (O,TPP)NiL'Cl,] pyrrole and furan resonances (not shown) arc 
linear, with extrapolated intercepts that do not correspond to 
the appropriate diamagnetic references. Thus there is a small 

contribution to the dipolar shift from the anisotropy of zero- 
field splitting (ZFS). The ZFS contribution results in T-'-de- 
pendent curvature.[299 301 However, the alternate directions of 
the phenyl shifts in [(ODTDPP)Ni"Cl] and [(O,TPP)Ni"CI,] 
are compatible with the dominant n:-contact contribution with 
a negligible dipolar contribution. This is consistent with the 
ground state of Ni", which has two unpaired electrons in the 
o-symmetry orbitals (dX2--y2)1(d12)1. The downfield shifts of 
three pyrrole and furan resonances are indicative of n-delocal- 
ization of spin density. 

The unprecedented downfield isotropic shift of the furan ring 
is important as regards the nature of the interaction in the series 
of nickel@) 21-heteroporphyrin complexes including N -  
methylated porphyrins and C-methylated inverted por- 
p h y r i n ~ . ~ ' ~ .  I 5 ' , l 6 .  311 Previously we have always observed an 
upfield isotropic shift of the modified pyrrole ring proton reso- 
nances and discussed the n delocalization of the unpaired spin 
density in nickel(1i) heteroporphyrins and nickel(1r) N-methyl- 
porphyrins in terms of ligand-to-metal and metal-to-ligand 
charge transfer. The strong tilt of the modified ring changes the 
geometry of the spin density delocalization path as compared 
with the regular pyrrole rings. The unpaired spin density was 
localized on the molecular orbital dominated by the p, compo- 
nent, which can transfer the G spin density but simultaneously 
contributes to the n: orbitals of the modified ring. The consider- 
able differences in the spin densities at the particular pyrrole 
carbons were related to the pattern of the occupied n: and unoc- 
cupied n* molecular orbitals.[l3, ''1 

In the case of [(ODTDPP)Ni"Cl] and [(O,TPP)Ni'rCI,], the 
downfield position of the furan resonances implies that the co- 
ordination geometry of the furan ring is similar to that of the 
pyrrole rings. Consequently, the downfield contact shift is deter- 
mined by a G delocalization mechanism. Such a structure- 
isotropic shift relation is consistent with our crystallographic 
studies (vide infra) . 

Chemical reduction of [ (ODTDPP)Ni"Cl] and [ (0,TPP)- 
Ni"C1,I: Moderate reducing agents are sufficient to carry out 
one-electron reduction of both [ (ODTDPP)Ni"CI] and 
[ (O,TPP)Ni"Cl,] .[321 Reduction in benzene by aqueous sodium 
dithionite or zinc amalgam produced nickel(1) derivatives. To 
avoid any complication with axial ligation, zinc amalgam has 
been used for the preparative reduction according to reac- 
tions (1) and (2): [(ODTDPP)Ni'] was isolated as a dark solid; 

[(ODTDPP)Ni"CI] +e-  [(ODTDPP)Ni'] +Cl-  (1)  

[(O,TPP)Ni"CI,] +e-  - - - )  [(O,TPP)N?CI] t C I -  (2) 
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Table 2 Selected interatomic distances and bond angles for nickel oxaporphyrins. 

[(ODTDPP)Ni"CI] [(O,TPP)Ni"CI,] [(ODTDPP)Ni'] (O,TPPH)[Ni"CI,] ODTDPP [a] furan [b] 

NI - O(1) 
Ni - N( 1)  
NiLN(2) 
NiLN(3) 
O(1)- C(1) 
C( 1) --C(2) 
C(2)-C(3) 
Ni-Cl 
0(1 )-Ni-N(2) 
N(l )-Ni-N(3) 
C(i)-O( 1)-C(4) 
O( I )-C( 1 )-C(2) 
C(I)-C(2)-C(3) 

2.185(5) 
2.004(6) 
1.955 ( 5 )  
2.063(5) 

1.429(10) 
1.355(10) 
2.293 (2) 
163.9 (2) 
158.7 (2) 
107.3 ( 5 )  
107.6(6) 
108.0(6) 

1.397(8) 

2.133 (4) 
2.001 (4) 

1.373(6) 
1.400(8) 
1.374 (8) 
2.428(2), 2.400(2) 
179.55(14) [c] 
179.8(2) [d] 
107.8(4) 
108.5(5) 
107.7(5) 

2.120(3) 
1.950(4) 
1.952(4) 
2.065 (4) 
1.390(5) 
1.421 (6) 
1.355(6) 

177.7 (2) 
172.4(2) 
106.4(3) 
10X.6(4) 
107.') (4) 

[a] Ref. [12]. [h] Rcf. [43]. [c] 0(1)-Ni-0(2). [d] N(l)-Ni-N(2) 

[ (O,TPP)Ni'Cl] was generated directly before any spectroscopic 
characterization, but not isolated. The electronic spectra of the 
one-electron reduced species are included in Figure 2. The 
chemical reductions are reversible. Addition of oxidants (O,, I,) 
regenerates the nickel@) complexes. 

The EPR spectra of the reduction products as frozen toluene 
solutions at 77 K are shown in Figure 5. Well-defined rhombic 
patterns are observed with g ,  = 2.168, g, = 2.116, g, = 2.097 

.': ... . , 
~ . ... .. .... 7 . .  ... .... 

A 
. .  
. .  . .  
. .  . .  , .  . .  . .  
. .  . .  . .  . .  . .  . ,  

I , , ' I ' I ' I  7 I 
280 290 300 310 320 330 

B[mT] - 
Figure 5.  EPR spectra (toluene, 77 K) of A) [(ODTDPP)Ni'], B) [(O,TPP)- 
Ni'CI]. The solid line corresponds to cxperimental spectra. Simulated spectra are 
shown as dashed lines. 

(giso = 2.130 at 293 K) for [(ODTDPP)Ni'] and g, = 2.295, 
g ,  = 2.141, g, = 2.090 (g,,, = 2.144 at 293 K) for [(O,TPP)- 
Ni'Cl] . The electronic structure of one-electron reduced species 
can be discussed in terms of two canonical forms: nickel(1) oxa- 
porphyrin (dioxaporphyrin) and nickel(I1) oxaporphyrin (dioxa- 
porphyrin) anion  radical^.^'^] Alternatively, the reduced mole- 
cules can be considered as metallomacrocyclic radicals with 
varied metallic contribution to the singly occupied MO. The 
EPR spectral parameters highlight the strong contribution of 
the a') electronic structure to the ground-state description and 
corroborate the formulations [ (ODTDPP)Ni'] and [ (0,TPP)- 
Ni'CI] . 

1.376(8) 1.380 (4) 1.370 

1.353 (10) 1.363(4) 1.425 
2.254(4), 2.289(4), 2.292(4), 2.285(4) 

1.402 (10) 1.403 (4) 1.322 

107 3(5) 107.0(5) 
108 l(5) 108.0 (6) 
108.8(6) 108.0 ( 5 )  

Crystal and molecular structures of [ (0DTDPP)Ni'I , 
[ (ODTDPP)Ni*'Cl], [ (O,TPP)Ni'lCl,], and (O,TPPH),- 
[NiCl,l: The structures have been studied by X-ray diffraction. 
The perspective views of the complexes are shown in Figures 
6-9. A selection of important bond distances and angles are 
reported in Table 2. The structure of [(ODTDPP)Ni"Cl] dis- 
plays disorder in the location of the furan oxygen and one of the 
cis pyrrolic nitrogens. Figure 6 only shows the major form. The 

CII11 P 
Figure 6. A perspective drawing (with 50% probability ellipsoids) of [(ODTDPP)- 
Ni'ICI] showing the major molecule orientation. The lower view in which aryl groups 
are omitted emphasizes deviations from planarity. 

nickel is displaced 0.3289 A out of the O(l)N(l)N(2)N(3) plane 
toward the axial chloride. The deviation of the pyrrole planes 
from the plane defined by dihedral angles between the pyrrole 
(furan) and O(l)N(l)N(2)N(3) planes are as follows: 0(1) 9.5", 
N(l) - 12.9", N(2) 7.0", N(3) -8.6". This can be described as a 
saddle distortion mode for the oxaporphyrin macrocyclc. The 
Ni-N bond lengths are similar to the 2.038(4) A seen in a six- 
coordinate, high-spin nickel(I1) porphyrin complex[331 or 2.09 8, 
in a six-coordinate high-spin nickel(n) hydroporphyrin com- 
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p l e ~ . [ ~ ~ ]  The similarities of bond lengths to those found for the 
five-coordinate, high-spin nickel(r1) tetraphenyl-21-thiapor- 
phyrin,[13"] 2.094(3), 1.963 ( 3 ) ,  and 2.084(3) A, and high-spin 
five-coordinate nickel(I1) C-methylated inverted p ~ r p h y r i n , ~ ~ '  b1 

2.030(8), 2.057(8), and 1.978 A, have also been noted. The 
furan ring is planar and coordinates in the q 1  fashion through 
an oxygen atom, which acquires trigonal geometry. Thus the 
nickel(r1) lies slightly above the furan plane with the angle be- 
tween the O(I)C(l)C(2)C(3)C(4) plane and the Ni-O(1) bond 
being 17.0". In [ (STPP)Ni"Cl] the corresponding angle between 
the SC(Z)C(4) plane and the Ni-S bond is 63.3".[' 3a1 The Ni'I-0 
distance is longer than the sum of the Pauling covalent radii of 
octahedral nickel(I1) (1.39 A) and oxygen (0.66 A) but falls in 
the broad range observed for nickel(I1) -ether oxygen bond dis- 
tances (1.99-2.31 A).[351 

The structure of nickel(1i) dioxaporphyrin (Figure 7) consists 
of ordered molecules of [ (0,TPP)Ni"CIJ and disordered mole- 
cules of dichloromethane. The Ni-N and N i b 0  bond length 

Figure 7 .  A perspective view (with 50% probability ellipsoids) of [(O,TPP)Ni"CI]. 
The lower drawing emphasizes deviations from planarity. 

are, as expected, similar to those of other paramagnetic 
nickel(I1) porphyrin (heteroporphyrin) complexes but slightly 
shorter than those measured for [(ODTDPP)Ni"Cl] . The dioxa- 
porphyrin skeleton is essentially planar. The furan ring is planar 
and coordinates in the q 1  fashion through the oxygen atom, 
which acquires trigonal geometry. Thus the nickel(r1) is practi- 
cally coplanar with the furan ring. The Ni"-Cl(I) (2.428(2) A) 
and Ni"-C1(2) (2.400(2) A) bonds are the longest found for 
high-spin nickel(11) heteroporphyrins ([(ODTDPP)Ni"Cl] 
2.293(2), [(STPP)Ni"CI] 2.275(1) A),113a1 but a comparable 
Ni-Cl length (2.492 A) was observed in [Nill(cyclam)C1,] .[361 

This considerable lengthening of the Ni-Cl bonds can be as- 

cribed to the mutual trans interaction of axial chloride ligands. 
A similar phenomenon was previously noted in the [(P-PPh,- 
TPP)Fe"'CI,] structure in comparison with [ (TPP)Fe"'Cl] . [371 

The locations of the oxygen atom and one of the cis-nitrogen 
atoms in the structure of [(ODTDPP)Ni'] are disordered. The 
other nitrogen atoms are not involved in the disorder. Figure 8 

C127oJ 

CI.161 

Figure 8. A perspective drawing (with 50% probability ellipsoids) of [(ODT- 
DPP)Ni'], showing the major molecular orientation. The lower view, in which the 
aryl groups are omitted, emphasizes deviations from planarity. 

shows only the major form; here also nickel is located in the 
furan plane and the furan ring coordinates in y1 fashion through 
the oxygen atom, which acquires trigonal geometry. In contrast, 
the relevant angle between the Ni-S bond and the S(2)C(4) 
plane of [(STPP)Ni] is 45.9".['5b1 The coordination center of the 
(0DTDPP)Ni' molecule is nearly planar. The nickel is slightly 
displaced (0.0683 A) out of the O(l)N(l)N(2)N(3) plane. The 
deviation of the pyrrole planes from the plane defined by the 
dihedral angles between the pyrrole and O( l)N(I)N(2)N(3) 
planes are as follows: 0(1) 5.5", N(l) -14.8", N(2) 7.2', 
N(3) - 14.8". This geometry corresponds to a saddle distortion 
mode for the oxaporphyrin macrocycle. 

Examination of the data in Table 2 indicates that the Ni-N 
and N - 0  bond lengths decrease upon reduction of the high- 
spin, five-coordinate [(0DTDPP)Ni1'C1] to four-coordinate 
[(ODTDPP)N?] . These Ni'-N(I) and Ni1-N(2) distances locat- 
ed in the ordered fragment of [(ODTDPP)Ni'] are even shorter 
than those determined for [(O,TPP)Ni"CI,]. The Nil distances 
of [ (0DTDPP)Ni'I are shorter than those of four-coordinate 
nickel(1) thiaporphyrin.[' 5b1 Ni-0  bond lengths of [ (ODT- 
DPP)Ni"Cl] and [ (0DTDPP)Ni'J follow the trend determined 
for Ni-N bonds, although the disorder in these fragments ren- 
ders such a comparison of the limited value. Analogously to the 
[ (STPP)NI"CI] - [ (STPP)Nil] couple, this comparison shows 
that the reduction does not necessarily imply expansion of all 
metal-ligand distances; for example, the pattern of two shorter 
and two longer Nil-N distances was determined in several Ni(1) 
tetraaza complexes characterized by EXAFS or X-ray diffrac- 
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t i ~ n . [ ~ * J  In the cases where the coordination number is lowered, 
a lack of expansion upon reduction is fairly general phe- 
nomenon.["gl There are also examples in which reduction with- 
out ligand loss is accompanied by a decreasz in metal -1igand 
distance.[401 Previously the dramatic shortening of the Ni -S 
bond that occurred upon reduction of [(STPP)Ni"Cl] was con- 
sidered to reflect n back-donation, which could be responsible 
for the stabilization of the one-electron reduction 
The replacement of the sulfur by oxygen still produces a macro- 
cycle which stabilises low oxidation states of nickel. This obser- 
vation excludes a special role of the sulfur in the stabilization of 
nickel(1). 

For comparison the structures of some of the free ligands are 
known. The structure of ODTDPPH was investigated previous- 
IY.['~] Here we present the structure of [ (O,TPPH),][NiCI,], 
where the dioxaporphyrin monocation formed by protonation 
of one of the pyrrole nitrogens has been found. The hydrogen 
atom of the NH group was clearly located on a difference map 
and its position was subsequently refined. The cation is puck- 
ered, as seen in Figure 9. The nonbonded distances (N(l)-N(2) 

Nickel Oxaporphyrins 268 - 278 
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Figure 9. Perspective view of(O,TPPH)+ as found in (O,TPPH),[NiCI,] with 50% 
thermal conlours for all non-hydrogen atoms. A second view with aryl grotips 
omitted shows deviation from planarity. 

4.00, O(1)-0(2) 4.25 A) compared with the N-N distances in 
the monoxaporphyrin" and in TPPH, suggest that molecule 
is not elongated.[411 The unit cell also contains five disordered 
molecules of dichloromethane. The nickel@) coordination con- 
forms to expectations for a tetrachloronickel(i1) anion. The 
Ni"-CI distances, 2.254(4), 2.289(4), 2.292(4), and 2.283(4) A, 
are comparable to the 2.246-2.272 A range determined for 
[NiCl,]'~ .[421 

In the monooxa-and dioxaporphyrins and their nickel com- 
plexes, the 0- Ca, C,-C,, C,-C, bond lengths are practically 
identical (Table 2). The aromatic character of the macrocycle 
has an appreciable effect on the furan portions. Thus in these 
macrocycles the C,-C, distances are longer and the C,-C, 
distances are shorter than in free f ~ r a n . [ ~ ~ ]  The pattern of C,- 
C, and C,-C, distances follows that seen in the pyrrole rings. 

These bond changes indicate that the n delocalization through 
the furan ring is altered in monoxa- and dioxaporphyrins and 
their nickel complexes. However, the C,-0 bond lengths re- 
main practically unchanged compared with those in furan. 
These changes suggest that the n electron density has been al- 
tered within the furan portion so that it is increased in the 
C,-C, bond, decreased in the C,-C, bond, and unchanged in 
the C,-0 bonds. A similar influence of the aromatic macrocycle 
on the delocalization pattern in the modified ring was observed 
in the case of tetraoxa[l8]porphyrin(l .I .I  .I) d i~a t ion , [~ l  oza- 
phyrin,[*J and thia- and d i t h i a p ~ r p h y r i n . [ ~ ~ ~  

Discussion 

The porphyrin core is well recognized as providing a stable 
yet somewhat flexible environment for the coordination of 
a great variety of metal ions. Introduction of other atoms 
(0, S, Se, Te, or CH) produces new porphyrin-like macro- 
cycles that are of interest for use as new complexing 

-4, 1 2  - 16 ,  2 2  -24 .45 .461  Th e incorporation of furan, 
thiophene, selenophene, or tellurophene rings in place of a 
pyrrole alters the character of the macrocycle significantly. The 
presence of the large heteroatoms shrinks the porphyrin core 
relative to that of regular porphyrin TPPH,: STPPH N . . S 
3.547(8), N . . . N 4.40(1) A;[441 SeTPPH N . . Se 3.36, N . . N 
4.49A;["] TeTPPH N. . .Te  3.13(1), N . . . N  4.65(2)A;[1'1 
S,TPP S . . . S  3.069(6), N . . . N  4.6S(1)8,;L441 Se,TPP Se".Se 
2.92 A;[221 SSeTPP S ' .  . Se 2.89 A;1221 STeTPP S ' 1  . Te 
2.65 A;["] TPPH, tetragonal N N 4.108 A; triclinic 4.06, 
4.20 A.1411 When considering complex formation between a 
metal and complexing porphyrin or heteroporphyrin, the 
matching of macrocycle cavity size to metal radius is of prime 
importance.[471 The heteroporphyrin may be capable of modifi- 
cation by stepwise controlled changes in its cavity size. In oxa 
and dioxaporphyrins the size of the porphyrin-coordinating 
center ODTDPPH ( N . . . O  4.132 A;  N . " N  4.034A) and 
0,TPPH (0 ' .  ' 0  4.25 A; N . . . N 4.00 A) is comparable to that 
of regular porphyrin, since the atomic radii of nitrogen and 
oxygen are alike. We are thus able to anticipate a similar match 
for a large variety of metal ions including nickel(i) and nickel(1i) 
for the radius of the cavity in porphyrin and oxaporphyrins, a 
situation radically different from that found for thiaporphyrin 
or selenaporphyrin. 

This study has established a number of significant character- 
istics of the oxa and dioxa core-modified porphyrins. Although 
furan is generally considered to be a poorly coordinating lig- 
and," '-''I within the macrocyclic structure provided by these 
core-modified porphyrins furan can function as a donor toward 
nickel. In both the oxa and dioxa macrocycles, the furan rings 
coordinate nickel so that the metal ion resides in the plane of the 
furan ring and the furan ring is nearly coplanar with the rest of 
macrocycle. In this sense, the nickel complex of oxaporphyrin 
contrasts markedly with the nickel complexes of the thiapor- 
phyrin and selenaporphyrin, where the coordinated thiophene 
and selenophene rings are sharply bent out of the porphyrin 
~ l a n e . [ ' ~ " ~ ~  As a consequence of the planarity of the oxapor- 
phyrins, the 'HNMR resonances of the furan protons exhibit 
similar hyperfine shifts to those of the pyrrole protons. In con- 
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trast, in the thiaporphyrin and selenaporphyrin nickel complex- 
es, the protons of the thiophene and selenophene ring exhibit 
opposing hyperfine shifts to those of the pyrrole protons.['3, 51 

The oxaporphyrin ligand, just like the thiaporphyrin ligand, is 
able to stabilize the relatively uncommon Ni(1) oxidation 
state." 53 3 8 - 4 9  511 Th us the sulfur atom of the thiaporphyrin is 
not in fact responsible for some unusual effect that stabilizes 
Ni(r). 

Interest in the chemistry of Ni(i) complexes is prompted by 
reactivity studies of F430, a Ni" hydrocorphinoid complex that 
is 1 he prosthetic group of methyl coenzyme M reductase. EPR 
data have already pointed to the importance of the Ni(1) in the 
enzymatic m e c h a n i ~ m . [ ~ ~ . ~ ' . ~ ~  

Considering their properties, the oxa- and dioxaporphyrins 
may be considercd to lie between two ligand categories, namely 
regular porphyrins and mono- and diheteroporphyrins of S, Se, 
and Te. We have previously stated that five-coordinate complex- 
es of monoheteroporphyrin are geometrically and magnetically 
similar to their N-methylporphyrin counterparts.[' 3 ,  481 21-0xa- 
porphyrin and 21,23-dioxaporphyrin act as the nionoanionic or 
neutral ligand as expected for heteroporphyrins. Electronegativ- 
ity causes the oxygen u-donor properties to drop below even 
nitrogen, which is more electronegative than sulfur or selenium. 
The size of the coordinating centers N 3 0  or N,O, discussed 
above matches the geometry of regular porphyrins. 

The structure of [(O,TPPH),][NiCI,], which is composed 
of two separate ionic units, the 0,TPPH' cation and the 
[NiCI,]'- anion, may serve as a suitable structural model for the 
other diheteroporphyrins where the insertion of the metal ion 
was previously attempted.[23' 

Experimental Section 
Solvents and reagents: [DIChloroform (Glaser) and [D,]toluene (CIL) wcrc 
used as received. All common solvents were purified by standard methods 
and distilled prior to usc. 2,5-Bis(hydroxymcthyI)fiiran, pyridinium dichro- 
mate, diethyl ether, and [DJpyrrole were supplied by Aldrich. 

Furan-2,s-dicarboxaldehyde: 2.5-Bis(hydroxymethyI)furan (3.5 g, 27 mmol) 
was oxidized with a slurry of pyridinium dichromate (30 g) in 
dichloromethane (400 mL) for 24 h. When oxidation was completed the solid 
matter was filtered off, the solution volume was reduced to 100 mL, and 
100 m L  of diethyl ether was added. The resulting precipitate was filtered. The 
solution was evaporated under vacuum; during evaporation a white precipi- 
tat? formed, which was collected by filtration, washed with ether, and dried 
in vacuo to yield 2 g of furan-2,s-dicarboxaldchyde (yield 60%). ' H N M R  
(300 MHz. CDCI,, 293 K): 6 = 9.84 (s, 2H),  7.31 (s, 2H) .  

2,S-Bis(phenylhydroxymethyI)furan: This compound was synthesized in a 
one-pot prcparation by addition of phenylmagnesium bromide (20 mL, 1 M 

solution) in diethyl ether to an cthcr solution (300 mL) containing furan-2.5- 
dicarboxaldehyde (1 g. 8 mmol). After 30 min. 1 YO sulfuric acid (20 mL) was 
addcd. Subsequently solid Na,CO, was added until the liberation of CO, 
cealicd. The organic phase was separated from the MgCO, precipitate by 
filtration, and from the water layer. Then the organic phase was dried with 
MgSO, and concentrated under reduced pressurc to afford crude 2,5- 
bis(phenylhydroxymethy1)furan as a pale yellow oil. 'H NMR (300 MHz, 
CDCI,, 293 K): b =7.41 (m, IOH), 6.03 (s, 2H) ,  5.78 (d, 2H) ,  4.85 (b, 2H) .  
The compound is sufficiently pure ( > 9 5 %  by ' H N M R  ) for use in subse- 
quent reactions. 

5,20-Bis(p-tolyl)-l0,15-diphenyl-21-oxaporphyrin (ODTDPPH): This com- 
pound was synthesised as previously described [I21 from 2,5-bis(p-tolylhy- 
droxymethy1)furan as the precursor. Oxaporphyrin deuterated in the 8- 
pyrrolc positions ([DJODTDPPH) was obtained in the same way from 
[D,byrrole. 

5-Phenyl-lO,lS-bis(p-tolyl)-21-oxaporphyrin (OPDTPH): 2,5-Bis(hydroxy- 
methy1)furan (7 g, 55 mmol) was oxidized with a slurry of pyridinium dichro- 
mate (16 g) in dichloromcthane (800 mL) for 12 h. The reaction progress was 
checked by ' H N M R .  Under thcsc conditions the product mixture contained 
% 50 O h  of the desired 2-carboxaldchyde-5-hydroxymethylfuran accompanied 
by the furan-2,5-dicarboxaldchydc. When oxidation was completed the vol- 
ume was reduced to 150mL and diethyl ether (200mL) was addcd. Thc 
resulting prccipitate was removed by filtration. The solvent was evaporated 
and a mixture of aldehydes (1.9 g) was dissolved in diethyl ether (300 mL) .  
The Grignard reagent (phenylmagnesium bromide) was added as 1 M solution 
in diethyl ethcr (30 mL). The products were concentrated under reduced 
pressure to produce a pale yellow oil that contained a mixture of 2-(phenyl- 
hydroxymethyl)-5-(hydroxymcthyl)furan and 2,5-(phenylhydroxymethyl)- 
furan. This mixture was used without further purification for the next step. 
Thc oil was dissolved in deoxygcnated dichloromethane (500 mL). and benz- 
aldehyde (2.15 mL, 18 mmol) and pyrrole (1.4 mL. 21 mmol) were added. 
After addition of boron trifluoride ethcratc (4 mmol) the reaction mixture 
was stirred for 1 h in the dark. p-Chloranil (5.9 g, 24 mniol) was added and 
the solution was refluxed ( 1  h) and then taken to  dryness under reduced 
pressure by rotary evaporation. The product was dissolved in dichloro- 
methane and chromatographed on a neutral alumina column to remove tarry 
products, followed by chromatography on basic alumina. Two fractions con- 
taining 5,20-diphenyl-10,15-bis(p-tolyl)-21-oxaporphyrin (ODPDTPH) and 
OPDTPH were eluted with chloroform, evaporated to dryness. and recrystal- 
lized from mcthanol/dichloromethanc (1 : 1 v/v) to produce ODPDTPH 
( 5 5  mg) and OPDTPH (40 mg). Anal. calcd for OPDTPH.O.SCH,CI, 
(C,,H,,N,O.O.SCH,CI,): C 79.65, H 4.92, N 6.88; found: C 80.08, H 4.83, 
N 6.79; ' H N M R  (300 MHz, CDCI,, 213 K): 6 = 10.24 (s), 9.78 (d), 9.40 (d, 
3J=4.7Hz),9.17(d),8.88(d,'J=4.6Hz),8.94(m,2H),8.68(d),8.59(d, 
,J = 4.9 Hz), 8.20 (m. 2H) ,  8.08 (m, 4H),  7.79 (m, 3H) ,  7.56 (m. 4H),  2.69 
(s, 3H),2.67(s ,  3H).  -2.06(s, 1 H); UV/Vis: i[nm](logi:) = 418 (4.97). 534 
(sh), 504 (3.68), 474 (sh), 606 (3.01), 664 (2.78). 

0,TPP: 2,5-Bis(phenylhydroxymethyl)furan (1 g, 3 mmol) and pyrrole 
(0.2 mL, 3 mmol) were added to deoxygenated dichloromethane (500 mL). 
After addition of boron trifluoride etherate (0.5 mmol) the reaction mixturc 
was stirred for 1 h in the dark. p-Chloranil (0.75 g, 3 mmol) was added and 
the solution was heated under reflux (1 h) and then taken to dryness under 
reduced pressure by rotary evaporation. The product was dissolved in 
dichloromcthane and chromatographed on  a neutral alumina column to 
remove tarry products, followed by chromatography on basic alumina. The 
O,TPP fraction (orange-brown band) was eluted with dichlorornethanc. 
evaporated to dryness, and recrystallized from dichloromethanc/cthanol (1 : 1 
v/v) to produce 90 mg of dioxaporphyrin (yield 10%). Dioxaporphyrin 
deuterated in the a-pyrrole positions ([D,]O,TPP) was obtained in the same 
way from [D,]pyrrole. Anal. calcd for O,TPP,EtOH (C44H28N,0,. 
C,H,OH): C 83.36, H 5.17, N 4.23; found: C 83.42, H 4.70, N 4.38; 'H NMR 
(300 MHz, CDCI,, 295 K) :  6 = 9.08 (s, 4H),  9.37 (s, 4H),  8.137 (m. 8H).  
7.73 (m, 12H); UV/Vis: 1. [nm] (log c) = 416 (4.99), 466 (sh), 496 (4.19). 526 
(3.67), 640 (3.25),  704 (3.54). 

I(0DTDPP)Ni"CII: A solution of nickel chloride tetrahydrate (200 mg, 
1 mmol) in ethanol ( 5  mL) was added to  a solution of 5.20-bis(p-tolyl)-10,15- 
diphenyl-21-oxaporphyrin (50 mg, 0.07 mmol) in chloroform (40 mL) .  The 
solution was heated under rctlux for 2 h. It was cooled, and the solvent was 
removed under reduced pressure. The solid residue was extracted with chloro- 
form, and the chloroform solution was separated from the remaining solid by 
filtration. The solution was subjected to column chromatography on silica gel 
(Mesh 70). Elution with chloroform gave a red fraction that was recovered 
as a solid after evaporation under vacuum. Rccrystallization from 
dichloromethane/hexane (50/50) produced 59 mg of [(ODTDPP)Ni"CI] 
(yield 80%). Anal. calcd for (ODTDP)NiCI.CH,CI, (C,,H,,N,O. 
CH,CI,): C 65.85, H 4.00, N 4.90; found: C 66.10, H 4.07. N 4.95; UV/Vis: 
2 [nm] (log c) = 422 (4.54), 540 (3.32), 582 (3.31). 630 (2.55). 

[(OPDTP)Ni"CI] was obtained in the same way from 5-phenyl-l0.15-bis- 
(p-tolyl)-21-oxaporphyrin. UV/Vis: 2 [nm] (log i:) = 421 (4.45),430 (sh), 538 
(3 .35) ,  576 (3.37), 627 (2.53). 

I(O,TPP)Ni"CI2]: A solution of NiC12.4H,0 (200 mg, 1 mmol) in mcthanol- 
( 5  mL) was added to a solution of 5,10,15,20-tetraphcnyl-21.23-dioxapor- 
phyrin (50 mg, 0.08 mmol) in chloroform (40 mL). The solution was heated 
under reflux for 8 h. It was cooled, and thc solvent was removed undcr 
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Table 3. Crystallographic data for [(ODTDPP)Ni"CI], [(ODTDPP)Ni'], [(O,TPP)Ni"CI,], and [(O,TPPH),][Ni"CI,] 

I(ODTDPP)Ni"] [(ODTDPP)Ni'] [ (O,TPP)Ni"Cl,] [ (O,TPPH)Ni"CI,] 

empirical formula C,,H,,CI,N,NiO C, ,H,~N~NIO C46H32CLN2Ni02 VJh sHjqCl-N,Nic 5 0 2  

color. habit black, hexagonal black, parallelepiped black, wedge dark. needlc 
M ,  821.83 740.51 916.15 930.26 
crystal system monoclinic triclinic monoclinic triclinic 
space group P 2 , h  Pi p2 L In Pf 
(4 

h (A) 
15.2750(10) 9.785(2) 10.8544 (9) 12.793?(14) 

13.341 2 (1  0) 11 .I  490 (10) 
13.7111 (11)  

15.227(2) 
(4 22.705(2) 14.918 (3) 25.398(2) 

13.1 04 (3) 

r (-) 90 10332(3) 90 107.896(6) 
P i )  101 .o3n(io) 106.54 (3) 96.01 1 (6) 104.236(7) 
7 90 93.00(3) 90 96.1 16(7) 

3795.3(5) 1765.6 (6) 41 74.7(7) 21 16.7(3) 
130 130 130 130 

v (A') 
Z 4 7 4 2 
T (K) 

crystal size (mm) 
P & d  (gem-? 1.438 1393 1.458 1.46 
radiation d (A) 1.54178 1.541 18 1.54178 1.54178 
P ( c u d  (mm '1 3.009 1.134 4.533 4.84 
range of transm Factors 0.45-0.68 0.87 - 0.92 0.39-0.63 0.63 0.73 

0.33 x 0.28 x 0.15 0.12 x 0.10 x 0.08 0.22 x 0 . 1 2 ~  0.12 0.26 x 0.08 x o.nx 

R,  [a.~] 0.1073 0.0846 0.0915 0.1213 
n.RZ[b,c] 0.2266 0.1442 0.2105 0.3291 
Ri [dl 0 . 0 ~ 0 6  0.0566 0.0735 0.0916 

[a] R, = xll&l ~ ~ ~ ~ / ~ ~ F o ~ .  [h] wR2 = [x[w(Fz  - ~)']/~[w(F~)']'~'. [c] All data. [d] Data with F,>2u(F0). 

reduced pressurc. The solid residue was extracted with chloroform, and the 
chloroform solution was separated from the remaining solid by filtration. 
Recrystallization from a dichloromethane/hexanc mixture (70/30 v/v) and 
extendcd vacuum drying produced 50 mg of [(O,TPP)Ni"Cl,] (yield 83%). 
Anal. calcd for C44H,8NZ0,NiCI,: C 70.96, H 3.79, N 3.76; found: C 70.55, 
H 3.87, N 3.76; UV/Vis 1. [nm] (log c )  = 406 (4.69), 494 (4.00), 524 (sh), 612 
(3.08), 676 (3.36). 

I(ODTDPP)NilI: [(ODTDPP)Ni"Cl] (20 mg) was dissolved in benzene and 
energetically stirred with zinc amalgam (2 h). The reducing agent was filtered 
off and the solution of [(ODTDPP)Ni'] was taken to  dryness under rcduced 
pressure. All experiments were performed under nitrogen in a dry box (yield 
10mg).  UV/Vis: 1. [nm] = 370, 417, 515, 547. 

(O,TPP),[NiCI,I: The acidic demetallation of [(O,TPP)Ni"CI,] (5 mg) was 
carried out in a dichloromethane/hydrochloric acid mixture. The dichloro- 
methane layer was separated and evaporated to dryness. The product 
was recrystallized from dichloromethaneihexanc to yield [(O,TPPH),]- 
[NiiiC14]. The same product was obtained when 0,TPP (5 mg) in 
dichloromethane and NiCI, (20 mg) in concentrated hydrochloric acid 
(10 mL) were mixed together and the dichloromethane layer was separated, 
passed through a short, neutral alumina column, and evaporated to dryness. 
The product was recrystallized from dichloromethane/hexane (yield 3 mg) 
UV/Vis 1. [nm] = 418, 519, 601, 664. 

Instrumentation: 'H N M R  spectra wcre measured on a Brukcr AMX spec- 
trometer that operated in a quadrature detection mode. The signal-to-noise 
ratio was improved by apodization of the free induction decay, which typical- 
ly induced 5-15 Hz broadening. The residual 'H NMR spectra of the dcuter- 
ated solvents were used as a secondary reference. The 2 D  COSY spectrum of 
[(ODTDPP)Nil'C1] was ohtained after a standard 1 D refercnce spectrum had 
been obtained. Thc 2 D  spectrum was recorded with 1024 points in 1,  over the 
desired handwith (to include all desired pcaks) with 256 t ,  blocks and 1024 
scans per block. All cxperiments included four dummy scans prior to the 
collection of the first block. 
EPR spectra were recorded on a Bruker ESP 300E spectrometer equipped 
with a Hewlett-Packard 53508 frequency counter. The magnetic field was 
calibrated by means of EPR standards. 

X-ray structure determination: 
Crystul prepurution: Crystals of [(ODTDPP)Ni"CI]~CH,CI,, [(O,TPP)- 
Ni"CI,], and [(O2TPPH),][Ni"CI4]~SCH2CI, were grown by diffusion of n- 
hexane into a dichloromethane solution of the appropriate complex in a thin 
tubc. Crystals of [(ODTDPP)Ni']C,H, wcre prepared by diffusion of acetoni- 
trilc into a benzcne solution in a thin tubc under strictly anaerobic conditions. 
Suitable crystals were coated with light hydrocarbon oil and mounted directly 
in the 130 K dinitrogen stream of the low-temperature apparatus. 

X-ruy dmu co//ection: Data were collected at 130 K on a Siemcns P4/RA 
diffractometcr equipped with a Siemens LT-2 low-temperature apparatus. 
Two check reflections showed random (less than 2 % )  variation during the 
data collection. The data were corrected for Lorentz and polarization effects. 
The radiation employed was Ni-filtered Cu,, from a Siemens rotating 
anode source operating at 9 kW in the case of [(ODTDPP)Ni'].C,H, 
and [(0,TPPH),][Nii'C14]~SCH~Clz; the normal focused sealed tube 
(monochromator graphite-filtered Cu,,) was used in the data collections for 
[(ODTDPP)Ni"CI]~CH,CI, and [(O,TPP)Ni"CI,]. Crystal data :ire com- 
piled in Table 3. 
Sofution and strtrcture refinerneni: Calculations were performed on a PC with 
SHELXTL v.5. Scattering factors for neutral atoms and corrections for 
anomalous dispersion were taken from the standard source [52]. An ahsorp- 
tion correction was applied to the structures [53]. The solutions were obtained 
by direct methods. 
[ jODTDPPiNirrCI1.CH,CI,: There is disorder in the oxygen atom loca- 
tion, and the N(3) atom was refined as coincident with O(1). The relative 
occupancies are 80.2% and 19.8%. A molecule of dichloromethane in the 
lattice exhibits six disordered positions for the chlorine atoms and three for 
the carbon atoms. 
[ (ODTDPP)Ni'].C,H,: The position of the oxygen atom is disordered over 
two positions in the proportions 56.9% and 43.1 %. The disorder was treated 
by examining several different models that plncc the oxygen in the nitrogen 
site of the pyrrole group involving N(3). The occupancies were determined by 
requiring that two oxygen atoms have reasonable thermal parameters. Once 
determined from the latter difference maps the positions of 0(1) and N(3). 
O(1)' and N(3)' were fixed during the refinement. A molecule of benzene in 
the lattice occupies two disordered positions with rclalive occupancies of 
50%. 
[ (0 ,TPP)Ni"C12/~2CH,C[ , :  There is no apparent disorder in the position 
of the N and 0 atoms. One molecule of dichloromethane in the lattice is in 
an ordered position with one of the hydrogens interacting with the axial 
chloride ligand; the second dichloromethane has three disordered positions 
for the chlorine atoms. 
/ ~0,TPPHJ,NiriC14/.5CH,C/2: The structure was solved by direct 
methods. There is no apparent disorder in the positions of the N and 0 atoms. 
If their positions are switched the R 1 value increascs from 0.0941 to 0.0946 
and the thcrmal parameters are skewed. The positive charge of the porphyrin 
cation is balanced by one half unit of NiCIi- in the asymmetric unit. The site 
is shared hy one half of a molecule of CH,CI,. Four other molecules of 
CH2CI, are also at one-half occupancy; carbon atoms were locatcd for three 
of these. The fourth has two different sites for one of the chlorine atoms: 
C1(11), 0.5 occupancy; Cl(12) and Cl(13). 0.25 occupancy. Distance restraints 
of C-CI 1.77(1)A and CI'..C1 2.89(2)A werc applied to the atoms of the 
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disordered CH,Cl,'s. There is rotational disorder that  involves one of thc 
phenyl rings, C(33) to C(3X). This was modeled by the use of two equal sets 
of carbon atoms, set A and set B (refined as  a rigid group).  Hydrogen atoms 
were included a t  their geometrically idealized positions a n d  refined by use of 
a riding model. Thc  hydrogen bonded to  N(2) was located in a difference 
Fourier m a p  before being thus positioned. All hydrogen thermal parameters 
weie 20% greater than the equivalent isotropic thermal paramcter of the 
boiidcd a tom.  Refinement was by full-matrix least-squares methods, based o n  
F', fi-om all da ta  with anisotropic thcrmal parameters for  non-hydrogen 
atoms except for the carbons of the disordered phenyl group. T h e  largest 
peaks in the final difference m a p  were less than 0.74 e k ' .  

Crystallographic da ta  (excluding structure factors) for the structures reported 
in this paper have been deposited with the Cambridge Crystallographic Data  
Centre as supplemcntary publication no. CCDC-1220-47. Copies of the da ta  
caii be obtained free of charge o n  application to  the Director, C C D C ,  
I 2  Union Road, Cambridge C B 2 t E Z ,  U K  (Fax: int. code +(1223)336-033; 
e-mail: teched(ir chemcrys.cam.ac.uk). 
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