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ESR, lH-, D-, “C-ENDOR AND TRIPLE RESONANCE 
STUDIES OF ALKYL SUBSTITUTED PHENALENYL 

RADICALS 

Iii~McLscblao and-INDO cTaic&h an? rcpomd. 

iield of magaetic resonance spXtnMwpy on 
organic free radus phenalenyl has proven to be one of 
tbe most suitable doublet state mokcuks. llte results of 
the extensive studies on phenaknyls and on the diamag- 
netic precusors, the pbenaknes, have been descrii in 
two review articles.’ Very recent papers are dealing with 
the 6rst general TRIPLE (electron-m&ar-mlckar) 
resonance experiments performed on phenalenyl as a 
model compound: the hype&e interaction of the Cl 
atom in chloro substituted phenalenyh,’ anti fhe detec- 
tion of deuterium ENDOR and the determination of 
deuterium quadrupole uupligs by means of ENDOR in 
liquid crystals on partklly deutcrated phenalenyl? 
Moreover all the investigations on this system reveal that 
phenaknyl is readily accessible from a varkty of pre- 
cursorsandthatitsstabilityremainsnearlyunaffectedby 
aIkyl or pbenyl substihhn. Therefore we felt alkyl 
pbenaknyls to be the radicals of choke for studying 

(1) The irdluence of alkyl substitution on the “aroma- 
tic’ portion of the molecule suc4l as loss of the threefold 
symmetry. 

(2) Ibe spin density distrii within the alkyl 
groups in order to clarify the mechanisms of spin density 
transfer into the side chains, e.g. hyperconjugation or 
spin@ariza&.Inthisrespectitisofpartk&rvalue 
that the relative f&s of the experimental HFsc’s 
(hype&e splitting constants) are accessible by means of 
theTRlPLEreaonancetechnique. 
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syn#edaofcompolind8.FortbepreaultpuQo8c~tbe 
ptH&O)lIWCltol&kKdfromtbe~pectivCrItyl- 
p&n&ne4vkoxidrtioo.videkfm.llttpbenakaeswerepre- 
pualbytbe~r&ioaoftbcnspcctiveCir@rd 
xt mui pllea&lW,’ the latter aiog commacially 

Prom~ton6and’X!NMR~urcmentsithobvkustht 
t&emonos~phenalL?nca&tofamix~oftw 
tomen (see Pig. 1). It is noteworthy that the mca8urcmcnb 
revcakdtb8praeDceoftbefat-fac4?dportionofthephakac& 
pictWdiuPi&1.ioxnisomaa.HclKe,tbekomcmvaadVI 
calldDotbedetc&diuoarNMRstudks.1tmaybeaammled 
ttmttbcexktcnceofVrmdVIhdisfavoredforstcricreasoia 

P/lmahu.Anetbm?al~ufthe~alkyl~ 

i-PrBr, tBucIJ & Mg (3.6 9, was &ted wih a knxok &I of 
phcnrleaoae (3Ommol) at Ioom temp. Wring for about 20 hr. 
~w~up,~parieationby~cbrormtognphY 
(silka @lhzcne) ykldcd tbe reapcctive pllaknw 2+7& Ibe 
anelytical&taofthepbakne~xrcc&c.tcdiaTabk1. 

Gmcmrh of the radfcah. The phaxknyk ware oh&d by 

rcxcncc of atmospbcric 0~ for about 
IOmiaSubsequenUytbc~wereuretullydegwedonr~ 
valum IiD& 

(3) Hindered rotations and equiliium conformations 
ofthealkylsubstituentswithrespecttotheplaneofthe 
phenaknyl moiety. Similar ESR investigations are well- 
known from transient alkyl radicals but for intensity 
reasons these specks cannot be studied by means of 
JNDORandTRIPLE.Ontheotherhand,duetothe 
much better resolution these multipk resonance tech- 
niques have proved to give more detaikd information on 
hype&e interactions than conveotional ESR does. 

(4) Tile valid@ and limitations of the quantum 
mechanical approaches for calculathg the electron spin 
density distriibutions in alkyl substints. 

In the present communication we wish to report on the 
synthesis, ESR ENDO& and TRIPLE resonance sp6c- 
troscopy of pbenalcnyls, and discuss the use of INDO 
calculations for the interpretation of the experimental 
HF?X’s in some detail. 
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Fix. 1. Isomeric ahhhmakm~. Note that all &stituted 
pt&knarcoMktdZ-lmixtmeofiromsnI-IV,wbcmMtbe 
possibk~V~VI~vedtobe~t,reetutForcipber 

codcofpbcct&neaandphcoaknybseeTabk1andtcxt. 
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4-k 

Fk.4.GtoarlmLRrpecblrofJ);miaarlo&27OK.Ibs 
arrow idkate tbc pump freqmck; m)=O..SmT, 
Bdscaa) =0.4mT bt. frame), 1OltHzhbmodphtioll zt 

5OkHzall@&&. 

Me s- pentapltenylcycloptttxliettyl ratlids’= 
tbeMepmtonsahowasmallerHFSatiWropylhantlte 
perimetaprotoa,re.sttltiugiItadil?erctlt- 
bddOULACtU@,OncaOlipetbeMmplethCENDOR 

lines of the Me protons experience a less pronounced 
decnseofinte&ythantheperimeterprotons.This 
eWtisdcmonstratdiIlFii5,depikthgpartofthe 
ENDOR spednun of 2b at two diUerent temperatures. 
Thus, &iIiod evidence of the assignment of the 
methyl proton coup& is obtahed. 

Unfambigwus assigoments of all HFSCs to molecular 
positions were acbievcd by simulatiug tbe E!3R spectra 
usiog tk rcqmxtive ENDOR couphgs. Excellent 
agreement with the experimental JBR spectra was 
obtaid,whichisnflectedintbeexperimentalad 
calculated ESR spectra of 4b (pi 2a, bottom), serv- 
iPgasatypicalrepnsentativc.Actudy,theMproccdure 
yielded hypehe couplines being identical with the 
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Tabk 2. Mropic HF!SC’s from E!3R (tohwne, MOK) aad from ENDOR (mineral oil, 290% bigb rrsolutfon 
. . 

-1 

RSR [MIS] RRDOR [RIiz] 
Toluone, 240 11 Mineral oil, 290 R 

Radical 2.5.0.m 3.4.6.7.9. Subrtituent 2.5.6. 3.4.6.7.9. Submtituent 

4.96(311) 16.87(18) 

17.52(38) 

18.05(18) 

4.96(38) 16.82(18) 
17.52(3E) 
l8..05(lE, 

4.99(3a) 16.79(18) 

17.40(38) 

17.94(18) 
4.96(38) 17.40(48) 

17.71 
4.96(3H) 17.32(4E) 

17.43(1H) 

4.89(lE) 16.56(111) 
5.01 (II) 17.19(18) 

17.63(2!3) 
17.85(18) 

16.87(3E) 5.021 

16.87(311) +5.014 
10 65(“C) . 

2.66(31)3 4.999 

11.80(2E) 5.049 

6.35(lli) 5.00 
0.39 (68) 

4.952 

5.140 

16.661 16.619 
17.381 
17.553 
17.905 

-17.381 +16.672 
-17.541 -10 . 636 (13C) 

-17.906 
16.603 2.510(D) 
17.407 
17.558 
17.925 
16.921 12.047 
17.359 
17.500 
17.711 

-17.03 + 8.38 
-17 .I4 + 0.31 
-17.49 
-17.612 

16.632 
17.278 
17.660 
17.934 

%or nu&ering of moloculu pomitionm rn” rigura 3. 

btSR couplings taken frcm a 818 fit procodurm. 

Fii 6. Newman reprcscntath of the diRerent conformations of alkyl a~~; for details ses text. 

starting ENDOR HFWs withia the ESR line width 
(-2SOkHz). 

‘he ENDOR spectra of the substituted pheaalenyls 
show that the equivalence of the protons bcloqgr@ to the 
largest splittiq of the phenalenyl portion is slightly lifted 
whereas the smaller one remains unaffected by the sub 
stituents except that of 7b. In tbc latter mokcule ad- 
ditional splittings could be observed especially under 
high resolution conditions, see Fii. 3b (bottom). It 
stands to reason that tbcse additional splittings of the 
phenalenyl protons could not be assigned to individual 

molecular positions and even the INDO results allow no 
!3pccilk ordering of these c4Mplinga (u&h? infnr). 

Hypcrconjugation &xts. Aa could already be shown 
in previous E!SR investigations of l-methyl phalcnyl 
(2br the Me proton coup@ is comparable. in. mag- 
nitude+hgcstrillgprotonHFScs.lllce~t 

ocahbonofunp8iredspindcnaityintotbeu-type 
$1 substihIents was observed in a variety of Me Sub 
stitutedionicr-fadic&andhasgcncraUybeninter- 



&$R, ‘H-, D, “C-ENDoR and TRIPLE nxonance studies of dkyl substiMed phcnalcnyl radicala 1165 

preted in terms of spin polar-i&on and hyperconju- 
gation etfects.” But due to the lack of sign determination 
the h&u-to existing interpretations might be ambiguous 
for the following: If hyperconjugation and bomohyper- 
conjugation are the dominant mechanisms of spin trans- 
fer rather than spin polari&on effects both the u-spin 
densities of /3- arul y-protons and the a-spin population 
of the adjacent carbon center shoukl have the same sign. 
Since the sign of the carbon ~-spin population of the 
substituted position of pbenalenyl is known to be posi- 
tive”, positive HF!Zs are then expected for the /3- and 
7-alkyl protons. Actually, from our TRIPLE experi- 
ments we deduced positive signs for all /?-protons in the 
Me (2b, 3b), Et (sb) and i-Pr (S) groups, and positive 
sign for the r_protons of 6b. Moreover the hypercon- 
jugation model, dealing with orbital overlap, implies a 
strong conformational dependence of the &proton 
couplings.” This is in accordance with our measure- 
ments since the B-proton Hpsc’s decrease signiticantly 
when substituting the Me protons successively by ad- 
ditional Me groups. see Table 2 [aH(B)(MHx): 2t1= 16.87, 
Sb = 11.80, 6b = 8.33. Obviously a strong steric hin- 
drance is present in the phenalenyls 5b and 6b, e.g. a 
substantial peri interaction between the alkyl substituent 
and the proton at the 9 position (In the limit of very low 
barriers to rotation the B-proton How’s should remain 
nearly unaltered when replacing Me by Et or i-Pr). Tbe 
observed substituent dependence of the splittings can be 
accounted for by a preference of selected conformations 
of the alkyl groups. Acceptin the hyperconjugation 
model one might expect a sign&ant temperature 
dependence of the B-proton HFBC’s. This has in fact 
been the subject of several investigations.” In the 
present case only sb exhiits a temperature dependent 
/?-proton coupling within the acces.siMe temperature 
range, see Table 2. As is to be expected increasing the 
temperature yields an krease of the coupling. We in- 
tend to study this effect in more detail but it will not be 
discussed further in this context. 

HMO-iUCL4lChlea Colculotiorw. unsubstituted 
pbenalenyl radical (lb) shows 2 isotropic proton HFSCs 
which could previously be rationalized in the HMO- 
McLachlau approximation.‘6 We have repeated these 
calculations by using A = 1, yielding spin densities of 
0.219 and -O.&i0 for the pertinent positions.” The ratio 
of these values (- 3.65) is in satisfactory agreement with 
the ratio of the HFSCs found in our experiments 
(-3.49). The QcHparameters of the McConnell relation 
obtained from these data are -2881 Gauss and -30.17 
Gauss, respectively, being within the limits usually ac- 
cepted for the hvahres. 

As is well-known the HMO-McI..achlan approach is 
restricted to the sp’uubon centers and therefore is 
unable to give any information about the spin density 
distriiutions of the side chains of the radicals. However, 
the application of the hyperconjugative, the inductive or 
even the heteroatom model within the HMO-McLachlan 
frame” often allows an estimation of the effect of sub- 
stitution on the r-system. But from our respective cal- 
culations of methyl phenalenyl (2b) no influence on the 
HFSC’s of the perimeter protons could be obtained, 
being in contrast with the experimental 8ndings. 
Obviously these models are too approximate to give 
perfect agreement between calculated and experimental 
data. 

‘See Ref. IS. 

INIX3 c&u&t&r~ Ihe foregoing results prompted us 
to perform an INDO calculation on the substituted 
phenalenyls. For this reason a Fortran program has been 
developed on the basis of the QCPE programs 136 and 
223 allowing CNDO and INDO calculations also for 
larger molecules, which are additionally shown in a 
diagram for geometric control. Calculations have been 
performed on the CDC CYBER 17s of Wissen- 
s&aft&&es Rechenxentrum BerlirP. ‘Ihe data obtained 
from the INDO calculations are collected in Table 3 (For 
more details concerning geometric parameters, etc. see 
Table caption). As can be seen by comparing Tables 2 
and 3 the agreement between all the HFSCs derived 
from the INDO treatment, and the experimental coup- 
lings is rather poor. This is not surprising in view of the 
unsatisfying results obtained for the perimeter proton 
couplings of the unsubstituted compound lb 
(aJND0) = - 28.89 MHZ, ar(ENDOR) = - 17.68 MHZ; 
al(MDo) = 11.71 MHz., adENDOR) = 5.87 MHz). On 
the other hand, our INDO calculations reveal some in- 
teresting aspects regarding the conformations of the al- 
kyl sub&rents: 

It is seen from the INDO treatment of 2b that the 
conformation B (denoted in Fig. 6 top) of the methyl 
group gives minimum SCF energy and therefore may be 
considered the favored conformation. The methyl proton 
HFSC, taken as the mean value of the 3 couplings found 
in the INDO calculation of conformation B, and the 
“C-HFSC are in moderate agreement with the experi- 
mental data, see Tables 2 and 3. 

In the ethyl pbenalenyl radical (8b) the conformation C 
withtheMelgoupperpendiculartotheplaneoftbe 
phenaknyl moiety @‘ii. 6) seems to be the most stable 
one for energy reasons. Therefore, in Table 3 only the 
HFSCs of this conformation are collected. The satisfy- 
ing agreement between INDO (mean value) and experi- 
mental B-proton HFSCs is in accordance with the pro- 
posed conformation C. 

From the INDO investigations of the isopropyl sub 
stituted phenalenyl (6b) minimum energy was obtained 
for the conformations A and B (Fw 6), both of them 
being comparabk in energy and the angular dependence 
is not very pronounced up to a degree of rotation of the 
C-H-bond direction of 60” out of the molecular plane. 
The calculations proved the B.-proton coupling to be 
smaller in magnitude as compared to those of 2b and sb. 

Considering the t-butyl phenalenyl(7b) it is seen that 
the conformation depicted in Fii 6 (bottom right) is 
favored and no sign&ant changes of the perimeter 
proton HFSC.9 are found iti the INDO calculations. 

To conclude the discussion of the INDO results it has 
to be pointed out that optimi&on of molecular 
geometries, such as changes in bond angles and/or bond 
lengths often yielded improvements of the calculated 
HFSCs of the phenalenyls. But we think it not reason- 
able to allow larger deviations from standard geometries. 

The spin density dzzof a variety of alkyl 
substituted phenalenyls couki unambiguously be deter- 
mined by using ESR, ENDOR and TRIPLE resonance 
techniques. lbe experimental HFSCs of the sub&rents 
coukl be interpreted by means of hyperconjugation 
effects. More sophisticated quantum mechanical ap 
proaches, such as the INDO approximation, gave no 
satisfactory interpretation of the experimental HFSCs 
of the perimeter proton splittings. On the other hand, the 
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T~3.hbOPiCHPSCkofzbmd5bdUiVCdfromINDOc&llhb&~ 

AMu B(a) c (a, c (5$ 
-14.126 A.U. -14.130 A.U. -14.120 A.U. -15.315 A.U. 

bX1 C~cI I+1 P-1 
n a2 11.00 11.00 11.00 11.77 

a: -20.51 -20.74 -20.63 -20.57 

a; -20.57 -20.63 -20.60 -20.57 

a: 11.57 11.60 11.57 11.57 

a: -20.60 -20.63 -20.60 -20.60 

a! -20.60 -20.51 -20.57 -20.57 

a: 11.63 11.55 11.60 11.57 

a: -21.03 -20.63 -20.05 -20.05 

a:0 - 9.01 - 9.06 - 9.04 -0.97 

a& --- 10.93 

1 

aYO(b2) aYO(p, 

1.77 30.21 11.46 10.31 

29.07 1.65 11.10 10.02 

a:ooc ) 29.07 30.21 39.26 

dcJ all 

a:1 (“,I 

- 1.40 

a:1 (y2) 

2.02 

tv31 
-- 1.21 

aFor the INDO calculationoa standard bond lengths and standard 
bond angle8 warm uoad (Cat_tic-Car_tic: 1.395 R, Cu_tic- 

'alip 
P 
tic' 10530 Pi 'aliphat c*a iphat c' 1'540 RJ Caramatic-E' 

1.00 I Caliphtic - Ba 1.01 i, a&r 120’1 l p3* 109.S0). 

bConformation A(#, I -15.192 A.O.; ll(ab~ -15.240 A.U. 

INDomcthoclprovaltobcsuitab&inthcchK?wimof 
the favored umformatiom of the akyl substituents with 
rca~totbcplaaeofthcp~cnylportion. 


