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In previous parts of this serk!3,” aod elsewbere,~’ we 
have identi6~ novel strong aggregation tendencies, in 
solution, of &co and other metauoporpllyrins. These 
have been shown to be a characteristic of the metatlo- 
porphyrin molecule provided certain condi&ls are 
filMled; the .-II kreases withime-asii 
polarisation between metal ion and porphyrin &and, and 
witb inctensing substitution with ekctrotAhdri3~ 
substituents on tbc periphery.’ Most fascinatingly, this 
aggej&on is not due to me&&and side-chain inter- 
actions in all but magnesium porphyrins,* thou& the I R-NO2 2 
aggregates are immediately dissociated by strong Lewis 4R-H 
bases such as amines and alcohols.’ 

One detailed investigation of the thermodynamics sod 
geometry of such complexes has been reported? In 
ZincCII) mwo-hitluoroacetoxyoctaethylporphy-rin Q, 
large aepngation shifts in the NMB spectrum were 
observed which were completely absent in the cor- 
respondin metal-free porphyrin (6) and the x&o 
complex (7) of tbe muo-acetoxyporphyrin. The analysis 
of these concentration dependent NMR shii in terms of 
a monomerdimer equilibrium provided information on 
the structure of the dimer. However, althou& the “‘tail- 
to-tail” structlne (Fu, la) was favoured, the complexity 
of tbc spectrum precluded an unambi2uou.s distinction 
b&v&n this and the other (head&Al; Fu. 1B) pot&k 
structure. Thus, our conalusions with regard to the 
2cometry. and therefore mode of agBneation in these 
molecules. required further substantiation. 

we observed that zi@II) muo-IliWocWthylpor- 
phyrin (1) gave similar concentration depedcnt NMR 
spectra to tbo8c of 5; however, in this case, hi& 5eld 
proton NMR enabled Ou of tbc separate groups of pro- 
tons to be resolved. These observations, coupled with 
similar behaviour of ZirMgI) 0. &dMro&a4lylpor- 
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Fig.l1.Ekvuionviewa0fpoasibbdimcm.A=tail-to-ta8dimer 
Babead-to-&il dimcr. Wbw (a) R=N&, dimm UC of 
compound (1); when (b) R - OCOCR,, dimers are of compouad 

0. 

RCUILTS 

‘H Specrm The experimental proton resonance data 
are given, in Tabb I, for the monomeric species obtained 
by addition of ca. 2 equiv of pyrrol&eS to the porplty- 
tin sohrtions in chloroform. An the spectra are im- 
mediately’ interpretable as overlappine Erstorder 
patterns, and there is no sign of any anisochrowus 
methybne protons (unlike the case of 3); Fi 2 shows 
the spectra of 1 before (A) and after (R) addition ofpyr- 
robdine. This simplicity is entirely to be expected since 
the nitro group (unlike trifluoroacetoxy) is symmetrical 
about the porphyrin plane in any con&u&ion. Inspec- 
tion of Tabb 1 provides a simple rationale for these 

shifts and the consequent detailed assignment of the 
peripheral ethyl resonances; the assignments of the meso 
protons are obvious. The muo nitro group causes an 
upReId shift of the immediately adjacent ethyl grouwf 
co. 0.35 ppm (CH3 and co. 0.23 ppm (CH,), with very 
little effect on the remaining substituents. Thus, the 
ethyls adjacent to the mu0 nitro occur at 3.75 1.69 (1); 
3.67, 1.62 and 3.70, 1.64 (2). and 3.72.1.68 (3). In the case 
of 2, which has a pyrrole subunit with a nitro goup on 
either side, the resultant chemical shift of the Et protons 
on this rin8 is only slightly upReId of the others, showiap 
the very small influence of the nitro group on the next- 
but-one substituent. This provides a tentative assignment 
for the remaining ethyl goups. Riven in Table 1, some of 
which were confirmed by the dilution studies (aide in- 
fm). 

The proton chemical shifts of 3 in CDCIJ solu- 
tion without added pyrrotidine were identical with those 
in Tabb 1. However, the shifts of both 1 and 2 in CDCl, 
sohttion alone showed large chatxges from those of Table 
1, and a completely ditferent pattern for the peripheral 
ethyl resonances was observed (see Fii 2A for 
compound 1). The assignments for t&se spectra were 
obtakd by decoupling experiments relating the various 
methylene and methyl resonances, and by the dilution 
experiments (Fii. 3 and 4). Previous results with the 
mcso-trilJuoro-acetoxyporphyrin~ and others (Review, 
Ref. 8) have imiicated that addition of methanol (or 
pyrrolidine) Rives essentially i&rite dilution shifts, and 
this is clearly seen in Fw. 24. particularly for the me.ro 
protons, where there is no ambiguity of the as&ments 
at any stage. The plots of the iI values for the C& CHS 
goups at various concentrations versus the 8 value of 
the meso protons (Pi. 5) are strictly linear (which is to 
be expected for a monomerdimer equiliium), and 

Tda 1. Momomeric protoo dxmkal shifts (8) for zinc(~) mesoaitro- 

OCtRdlylporpbyrinS’ 

Proton 
CorpoULMi 

mAa. or, Qs 

(21 10.11%,6)~ 3.75 1.69 (2~3) 

1o.o4tr, 4.09 
I-90 %; s i 

4.10 1.91 I 6.7) 

w 10.07(&,6) 3.67 1.62 1 (2.5) 

3.70 1.64 (3,4) 

4.03 I.89 1 (798) 

4.05 1.89 (I,61 

w 10.20(8,6) 3.72 1.68 (2,3;6,7) 

4.07 1.91 (1,4;5.8) 

($1 10.01 4.11 1.90 

I 

* M8amur.d wing .pprox. 0.05 Bl solutionm of th. corpOXUId 

in CDcq contai.ah~ l ppror. 2 l qtiv of Pylm1idin.. 
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pk. 2. ‘H NMR rpctn (220MHz) of (I) (co. 0.1 M); A, in CDCl, done., ml B, ia CD& cmt&& Wrox. 2 
equiv.ddedpyrrolidiae.Tbeutai~paLiaBiadmtop)lrolidiae. 
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Ffg. 3. obsuwd poiots (0) ml alcpLted pl”“(-1 of ‘Ii NKR 
spcmmof(I)ur~nof~inCDCl3.A, 
muoquhm; B, mcthykot protonr; C, methyl protons. Id& 
dlluthvahmlmwbwaohinalbyaddihofpynolidiae(2 

provide 8 simple and convenient odtod for assigniqt 
the Et group resonancea. 10 the CIin and CHs curves, the 
pyrroIainevahbe!3areofuaeinobtain&someoftbe 
alI* in the coiMXntrataI 8ulutioas. For exampk, 
ill 1, tbc (23) ca and cIi3 re8opIMxs are CIearIy 
assigndfromtheinhitediiutioov8hs8,andgiveri8eto 
lowlkIdshiftllwithiltaeasiqgco~~o.Tbeotha 
tIueeBetsofresoaracer,whicbart!~ntflt~ 
dihltbOUldlOOV6&ddWithilKXW&gCOncsntntioll, 

a0 only be lusigned 00 the b&3 of tbc propoud 

-\. 

------- Y,6 

shucture of the complex. In the dinitro compound 2, 
C~,4)mdC~,8)moybe~al~ffrwrtheinfinite 
dihttioo values. but the dihctioo between C(L6) and 
C(7.8) rata oo structd considerations. 

IadyS@tbCdihItiOOCUlV66,tbC8CCUWlinwity 

oftbepbtsoftbemc9~protoodliftsvuauBthoseofthe 
dtl?rprotoor~s.mdthe~ndinpplotfor1 
*bKIt&tWU)praOf-*.Tbe 
d&cctpropatioarlitybetwwn8IIprotoodIhttioncurvea 
mcaentIl8tonIyonecurveIKdbeaIulIyscdcompIeteIy 





~-Cubon~ Aasipurat =a =8 (is 93 

96.2 W6.7 141.1 19.8 ma 

127.7d C(213) 138.30 745.36 20.49 18.40 

98.08QL6) C(lr4) 146.40 139.31 

97.82(Y) C(5*81 14&O& 142.63) 

c(6,'7) 148.3@ 142.47= 

E 9.80 18.67 

130.16(a,fU C(3,4) 137.66 143.61 20.46 18.04 

99.21(W) C(2,5) 139.F 146.43 20.12 18.28 

c(l,6) 147.00 140.53 
C(7,8) 149.51 142.71 ) 19*71 18.54 

12P.z7(a,L) C(2.367) 139.50 146.30 20.44 18.26 

99.53GLbI C(l,4i5*8) lic7.29 140.55 19.70 18.60 

A y. 0.1 W porphyrin in CDCl, COntainin,( m. 2 l quir pyrrolidin. 

k Emtimatad froa~-nitro-oetrothylporpb~in (@ and substituent shift8. l e. text. 

* R.J. Abrabur R.E. Raukas. md R.H. Stfth. J.., Psrkin Truw. XI, 627 f1974). 

Sbn 'Xltom pair= of asBigmmeatm could bs intorchuagad. 

The hmaiaing ring carbon assignments are of interest 
as detaikd compa&ons witbin the s&s allows the 
complete ascot of alI qua&nary ring carbons in the 
mole&es, the first compkte assignment for any tm- 
symmetricai po&7i.u The iden&atioo of tbc over- 
kpping c, aad C# qlla&muy IWoaancu was initiAy 
based oo the uniformly lower intensity of t&e c. sigaak, 
dueagainpreWmablytotbeabseaceofne~bouriDg 
~~~d~~~NOE~~~~,,~~~ 
pos!&ly to broalknillg effects (shortening T&) due to the 
attached “Iv nucki. The former expbumtkn is snpport- 
al by the con&krably smalkr intemitks observed for 
tbeC,carbomnexttotbemuo~~group,whicbisoa 
this basis due to removal of the adjacent mu0 hydrogen. 
lhis was of coosiderabk use in assigniag these 
~~,~~~~w~~~~lby 
comparison with the spectrum of muo-Wtaethyi- 
porphyria ($).).t Mroductioo of zioc(H) into the porphy- 
rinriu8producesaproaourtcedlowtkMsbiftoftheC. 
carbons Md a much smalkr low 6cld shift of tie Cs 
carboas; (io coproporjt4yrin-I. tctramctbyl ester the shifts 
are 4.0 and 0.4 ppm respectively)*’ nis general ruk was 
followed by all of the C, carbons io 1 and afl the C,, 
carborn except C(Z3) whic4 iowy, are io 8 7 
orieotatioo to the Mao uiuo group (we later). 

The subatitucnt cbemicd shift8 (SCS) of tbc mu0 
nitro group obtained from tbc complete assignment of 1 
and tbc zinc(IQ octaethylporphynba (4) !3bifts, were then 
used, assuming additivity of the nlbstitueot sbift& to 
predict the spectra of 2 i?ud 3. The good agreement 

found, in which the correct order of aU the carboo 
resonances was obtained, gives both the assignments of 
the specan of 2 and 3, aad also strongly supports the 
correctness of the initial assignment of 1. Only in the 
pyrmle subunits far removed from the meso nitro 
substitueot(ringsCandD)iawhichtbeSCSarevirtu- 
allyconstantforalltbe~catbons,istbereanyam- 
big&y in the assi#uneots. l%e meso nitro SCS are of 
some iaterest, and are coikcted for both the proton and 
‘% spectra in Tabk 4. The general pattern is quite 
similar to the less detaikd results for the MO acetoxy 
sod mu0 t&oroacctoxy su~ots. For example, the 
a. 6 and y substiWnt shifts of the mu0 oitro of 31.5. 
-8.4 and 4.3ppm respectively compare well with the 
OAc (DCOCF,) values of 32.1 (30.4). -5.8 (- 7.5) and 
2.2 (2.7) ppm. Such comparkom suggest that the SCS for 
at kast t&c carboas are due to ekctronic (i.e. through 
bond) effects rather than through space (i.e. electric field) 
effects, as it is di&ult to see why the electric field or 
magnetic anisotropy of tbc l&o and oCoCH3 groups 
should be so simikr. This suggestion is reinforced by 
comparison with the n&o SCS in the benzene ring” of 
20.0 (Cl), -4.8 (or&o) and 0.9ppm (metal respec- 
tively. These again bear a general resemblance to the 
values in the porphyrin ring despite the very diienot 
electronic state and configuration of tbc two systems. 

The SCS at the Et groups also follow a similar pattern 
in tbat the C(2) methykne carbon is desbklded and the 
uwresponding Me carbon shielded by the muo substi- 
tneot, but &a8 tbe ow&t&s of the SCS are quite 
different (0.69 and - 0.40, Tabk 4 versus 2.3 and - 1.8 
for OCOCF,).’ TIE d&rent signs of the SCS for the 
oWhykoccafbomaodprotomarciotrigiog.andtwe 
tbereisnoaualogywitbtbeDCDCF~compouodasthe 
spectra in the ktter case were too complex for a full 
as&nmeet. The obvious sterk or ekctrMatic 





ethyl groups is aot kaown in solutioa. We considered 
two models: (i) takiag the centrc of gravity of the CHZ 
protons, assumiag free rotation of the ethyl groups, and 
(ii) takiag the actaal positions of the CH* protons with 
~Et~s~~~to~~~~~~t- 
iag away from the adjacent arokcuk (as in the crystal 
smicturc of the thaUima(III) &lo&k complex of 
octaethvlporphyrin’~. nor z = 4.5 A and A = 1.0 A the 
calculated dimer shifts are, for model (i) y-mcso 1.76, 
g, d-me.ro 0.92, CH& 3) 0.07. CH2 (I, 4) 0.20, CH2 ($8) 
0.45, aad CH2 (6,7) 0.79 ppm. For m&l (ii) with the 
saam v&es of 2 aad A the corrcspoadiag methykm 
&ifts are - 0.05,0.(18,0.32 and 0.68 ppm respectively. In 
the cr,&diai&o compound (2) we consider a diier 
stnkuue in which the lateral displaccmcat A is along the 
plaae of symmetry of the molecule. For z = 4.5 A and 
A = 1.0 A (i.e. a displacement of 1.0 A along both the x 
and p axes) the calculated diater shifts are for model (i) 
y, b-nmso 1.70, C& (3,4) 0.92, CHZ (2, S) 0.12, CHt (196) 
0.50, and CH2 (7.8) 1.01 ppm; for model (ii) the cor- 
responding C!Hs shifts arc -0.10, -0.03, 0.39 and 
0.94 ppm rcspcctivtly. 

TIE mu&s of the pmccdiag Section have deatoa- 
strated very clearly that not only is the head-to-tail 
structure (Fii lB) actable with the observed 
complex&ion shifts, but also more impottaatly that the 
tail-to-tail sttucturn (Fii. 1A) is entirely consistent with 
the observed da& reproducing both the relative magni- 
tudes aad sigas of the compkxation shifts. Thus, the 
calculated dimer shifts for Fii. 1A are in the correct 
&for both compounds 1 and 2, and also reproduce the 
dowalleld shifts of the 2,3 methyleacs in 1 aad of the 3,4 
mcthykac protons in 2. The cakulatioas arc limited largely 
by our lack of kaowlcdge of the detailed conformation of 
the Et substihlqts in solution. we have coaskkred two 
extreme cases, i.e. free rotation, and a fixed coaformatioa, 
aaditisobviousthatiapracticeaniatcnacdiamsituatioa 
will prevail. (For this reason, the cal~ns only coasi- 
dcred the mcthylene protons of the Et groups. The 
rotatioad envelope of the Me groups is so l8rgc as to make 
calculations for these protons mean&less). 

The actual maanittuks of the calculated shifts are all 
slightly kss than”the observed compkxation shifts, sad 
this is very probably due to the occurrence of higher 
aggregates in solution, the liiting shifts for a polymeric 
aggregate b&g cu. 3 times the dimcr shifts. It is of 
interest in this context to compare the complex shifts 
obtained here with those derived for 5. The complex 
shifts obtained’ for 5 are almost twice a9 large as those 
for 1; e.g. meso H’s 4.20 (7). 2.09@,8). However, the 
shift mtios are very similar to those of 1 for all the 
protons, even to the negative siga for one pair of mcthy- 
lencs, and thus there is ao doubt as to the similarity of 
the complex structures ia both molecules. The reason for 
the much larger shifts obtained for 5 is easily seen when 
the precise experimental conditions are noted; the 
concentration range studied here is from Mmglml 
(OM M) to 4 &ml (6 x lO-3 M), whereas that in Ref. 2 
was from 140 mgM (OaO M) to 23 a&ml (0.03 Ml. The 
lowest coacentrations used in Ref. 2 approxbaatc to the 
higlkstuscdhcre.Thus,ifsswesuggcsthighcrsggrc- 
gates arc bciag formed at the higher coacentrgtioas used 
here, there will have been a coasidmable fraction of 
higher qgmga&s ia the much more coaccatratul solu- 
tions employed in Ref. 2. The available concentration 

mages were dktatal by spectrometer sensitivity 
rquirmaqts ia l&f. 2 (Varian HA-100) whereas in the 
prcsmtt study they were kaitcd by solubility coasidcra- 
tkas at the upper cad. It is clearly of interest to tmdcr- 
take a more &t&d aaalysis in terms of a moaomer- 
dimera qua ia the appropriate case, aad this 
work is in progress in these Labor&&s. 

This study was, however, conccmcd with dctumiakg 
the actual goomctry of the coa@cx uamnbiguously, sad 
thisisofimportaacebccauscthcsmtctarcinF~lA 
poses many iatcrestiag problems as to the aatare of the 
intcractioa nsponsibk for these aggregates. It is clear 
that the tentative coaclusions reached in l&f, 2 con- 
cerning the lack of any substitueat-tometal interaction 
are fully sabstaatiatal. There is ao possibility of any 
&to-metal interaction in Fig. lA, which is the same 
generic structure as that propwed for compound 5. 
Thus, the major iatmactioa ckarly involves the aMallo- 
~~h~~~~~~~a~~~~~- 
mokcukr -cr. As As our earlier work has infer- 
r&p iacrcas~ the forml po!%itivc charge on the 
ccatral metal ion has the effect of incrcssiag the strength 
of the qgmgatkn. This am be brought about by jadi- 
cious choice of the metal ion (e.g. one having compktcly 
glkddorbitak)orbyvuryiagthcpcripheralormc.ro 
&stitueats. Kkctroa withdrawing substhucnts place a 
higher formal positive charge on the metal, maltiag it 
more attractive to auckophiles” (such as pyridiae, 
pipcridiac, pyrrolidiae, or the P cloud of a ncighbouriag 
porphyria). In general, these metals which are only 
weakly held ia the porphyria cimtral cavity form the 
stroagest apical ligmul-&metal” or intermokcular x-a’ 
qmpienes. 

Thus, we can discern certain ~~~~ for 
compkxatioa. The substitucnt mast induce considemble 
charge polarisa& in the macrocyck through electron 
withdrawal (Hammett relationships indicate” that a 
resonance (not inductive) iatemction occurs bchvqa the 
dw metal orbit& aad the Q orbitak oa the porphyrin.) In 
our series, the me30 acctoxy group was iacffectivc, 
whereas the muo-trifluoroacc toxy sad meso-nitro 
groups gave strong aggrq&on. Again, this is in line with 
the egccts of peripheral fl substituents6*7 and the cor- 
relation with pK, and ekctrochearical oxidation potcn- 

i 

tEtMVdY.Na8-4. 
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tials.Theotbf!xveryimpoHantpoiatisthatameasureof 
asymmetry is required for tbc compkxation. nlis is 
ckaily seen in the comparison of the &BdinitTo 
compound (2) with the a, y-isomer (3) (in which no 
aggW&on is apparent.) The symI@calcalal~ 
a, y subst.itutbn prechbdes v 
there are no relativC!4y “electroIl rkh” LIllb&s ill 3. 
Recently. a tight dimer ill dicyaliofurihaemin has been 
desc&P in which a donorkcceptor intera&n be 
tweenringsofditTaWltelectroll~occais;fmtha- 
more, a cbemkal manifestatioll of MerbIt electron 
densitiesinporphyrinspbunitshasrecerltlybaa 
bcribeq.” our results descrkd herein therefore lend 
aMiden& support to our polakation model of tlq 
ill~P(Fii6)illWbich ilJcm8ciuintTamokcuiu 

pdaisahn (thou& lack of dr-pr overlap between 
metalioIlandpoIphyIillli@Ubd)c4l%Z3allincreaseiO 
iatermokcularintera&nofthemetalioowithtber 
system of a neWour& porphyria molecule. lItis 
molklfWtherilhlstratesaaimportantchancteristicof 
the aggregates, which is that the displacement (A) of tbc 
porphyrins from the vertkally stacked dimer is aa 
essential part of the a#reg&d shucture. However, t&e 
tbeN&alco~nsoftheprccisemechaismof 
this i&action, in which electrostatic, polarSon, pnd 
charg+transfer&racbsmayallplayapsrkwiUbe 
COlIsiskd in detail elsewhere. 

Admd&amts-We timnk Pmf. H. H. Id&en for lsacropr 

8iftaofoctaethytpo@yrio,8ndtbeS.RC.forrshdentrhip(to 
B.E.) and for 8raots towards the p&use of tk PM34 spcc- 
tro’metcr. 
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