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Triplet State E.S.R. Studies of Aryl Cations. Part 2.! Substituent

Factors influencing Net Stabilisation of the Triplet Level

By Hanna B. Ambroz and Terence J. Kemp,* Department of Chemistry and Molecular Sciences, University of
Warwick, Coventry CV4 7AL

E.s.r. study of triplet state aryl cations generated photochemically (Av at 77 K) by the process ArN,*BF;~ —=
Art + N, + BF, indicates that the lowering of the triplet state energy level of Ar+ (relative to the almost isoenergetic
singlet level) to become the ground state, is promoted by the presence of electron-releasing groups, such as NR,,
OR, SR, and SAr; the stabilising effect of a given substituent is positionally dependent, viz. 4 > 2 > 3 substitution,
whilst for a given site of substitution the stabilisation effect is NR, > OR ~ SR ~ SAr. The magnitude of the D
parameter reflects both this sequence and the presence of other electron-withdrawing substituents. {tis concluded
that ab initio calculations cannot deal adequately with the subtlety of the effects promoting stabilisation of triplet

Art,

CURRENT interest in aryl cations centres on three areas:
(i) ab initio calculations of their energy states and geo-
metries, 24 (ii) consideration of their role as kinetic
intermediates in the thermal and photochemical decom-
position of arenediazonium salts,58 and (iii) determination
of their e.s.r. spectral parameters in those instances
where their triplet states are stabilised with respect
to the corresponding singlet states.:%10 The latter
measurements have significance for the other areas of
study: not only do they offer unequivocal confirmation
of the existence of Art as an isolable intermediate, and
the possibility of kinetic studies, but they also allow
direct comparison with theoretical predictions 4 of the
stabilising influences of wvarious electron-releasing
substituents in different ring positions. In the present
study, we report a detailed examination of the stabilising
influences of alkylamino-, dialkylamino-, alkoxy-, and
alkyl-, and arylmercapto-substituents. While either a
single or two OR, SR, or SAr groups fail to stabilise the
triplet level sufficiently to make it the ground state of
Ar*, three such groups, suitably located, render Ar*
paramagnetic.

EXPERIMENTAL

Materials.—Arenediazonium salts were provided mostly
by Mr. P. Pinot de Moira of Ozalid (U.K.) Ltd. and were
purified by precipitation methods as follows. (i) In the case
of tetrafluoroborate or hexafluorophosphate salts, by adding
diethyl ether to an acetone solution and (ii) in the case of
tetrachlorozincate salts, by adding HBF, or HPF{ to
aqueous solutions. In one case, the minimal quantities
available (and precipitated) required successive use of these
acids, giving a co-precipitate of the two salts. These
procedures were carried out two or three times as required.
Other arenediazonium salts were prepared by the diazotis-
ation of the precursor amines, normally by the so-called
‘ direct method.’’* Microanalyses for C, H, N and (where
necessary) P, S, and halogen gave excellent results (Table 1).

E.s.r. Measuvements—These measurements were carried
out with a Bruker Spectrospin Ltd. model ER 200 tt
X-band instrument. Field positions were calibrated using
as a standard a dilute (microcrystalline) solution of 29,
[Cr(NH,);Cl]Cl, in [Co(NH,);Cl]Cl, as proposed by Andries-
sen.12

Irrvadiations.—Samples of arenediazonium salts, either as
crystalline powders (in most cases) or as solutions either in 9
mol dm™ LiCl in H,O or in cellulose acetate film (made np as

given previously ?) were irradiated with the Pyrex-filtered
output of a 200 W high-pressure Hg—Xe point source lamp
for several hours while immersed in liquid N,.

RESULTS

Typical es.r. spectra are shown in Figures 1 and 2,
together with an outline of the analysis following Kottis
and Lefebvre.! 1In general, good agreement was obtained
between these results for D and those obtained using
Wasserman’s procedure.l* Not all spectra were as intense
or well-resolved as these, with a consequent uncertainty in
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Figure 1 E.s.r. spectrum (0—0.7 T) of photoirradiated pow-
dered compound (III) at 77 K. For exact field positions of
transitions see Table 2. Note clear H,, feature and Hgq
transition

the resulting evaluation of the D parameter. In many
cases, in particular, the weak absorption H ;) was lost in the
noise, and in others the H,(;y peak overlapped with the sharp
peak due to the H ; component of the Am = 2 transition:
in these cases the D parameter could be obtained only from
the Hyy, Hyey, Hyy, and Hyy peaks (in one analysis) or
the H ; peak (in another analysis). Another situation
often encountered was the overlapping of the x- and y-com-
ponents to yield only broad Hgyy and Hgy,y resonances.
For compound (IIT) the double-quantum transition Hgy, was
apparent slightly to low field of H,, its nature being con-
firmed by its large relative enhancement as the microwave
power was increased. The results are summarised in Table
2, together with evaluation of the triplet-state parameters 13
D, E, D* X, Y, and Z, their g-factor components, the inter-
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TaABLE 1

Microanalyses for arenediazonium salts

CioHi4N3BF,
CyoHy3CIN3BF,
Cy, HaCl N;BF,
CgHyaN3BF,
67-7%0
CgHyaN3PFg
32:3%

C1oH1 N3O CIBF,

CigH2gN303BF,

Cy7H1gN303BF,

Cy,HyN20,SBF,

CysHisN,0,SBF,

CHigN205,BF,

C16H|5N4045PZ Fiz

CgH1N21O3PFg

Cl%6o)
Cale. Found
45-66  45-76
40-37 40-30
4756 47-35
4037 40-38
3856 3870
51-32 5119
51-16 51-05
4567 4568
4815 4618
5409 5406
2955 3068
31-78  31-87

H(%6)
Calc.  Found
5:36 5-38
440 4-38
599 596
452 449
3-56 3-61
6-70 6-78
455 452
575 5:-70
404 3-93
411 414
2-48 2:65
326 318

1421
N{(%0)

Cale. Found
15-97 16:01
1412 142
-89 11°+97
1569 15-78
13-49 13-62
9-98 10-00
1053 10°7
7-61 7-79
7:49 7-36
601 6-00
8:62 7-94
8-24 83
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spin distance R calculated from a simple point dipole model,
the function (D/D,)?? [relating to D, = 0.1018 for compound
(X) which has the smallest D parameter and hence the

J.C.S. Perkin IT

even certain trimethoxylated aryl cations (Table 3),
notably the 2,4,6-trimethoxyphenyl cation which
features substituents at all the positions considered *

largest R value] and the field position H,, for the correspond-
ing Ar- species. Normally the latter gave a considerably
stronger signal than Ar* (by a factor of 10%), but in the case
of compound (IIT) the ratio fell to 10: 1. 1
A compilation of compounds ot giving triplet e.s.r. spectra
following prolonged irradiation at 77 K is given in Table 3.

most likely to facilitate stabilisation. Rather sur-
prisingly, therefore, strong resonance was obtained from

DISCUSSION

From Table 2, which refers to powder samples, the
following principal points can be drawn.

(A) Nitrogen-containing Substituents.—(1) Any sub-
stituent featuring a nitrogen lone-pair and situated at
the 4-position is, in itself, sufficient to stabilise the
triplet state of Ar*. This applies even when the nitrogen
is part of an amide group and the stabilising lone-pair is
less available, although under these conditions the D
parameter is reduced to 0.1725 cm™.

(ii) The effect of a strongly effective 4-morpholino-
group can, however, be nullified by location at the 3-
position of a strongly electronegative CF; group.

(iii) As previously noted,! a 2-morpholino-substituted
phenyl cation does not exhibit triplet state resonance,
implying a lower efficiency of stabilisation from the 2-
position than indicated by ab initio calculations.*

menHHzmHﬂ!’le(” Ho Hxian {Hpt2)

Ficure 2 E.s.r. spectrum (0—0.7 T) of photoirradiated pow-
dered compound (I) at 77 K. Ifor exact field positions see
Table 2. Note generally poor S/N and apparent absence of
less-intense components

(B) Oxygen-containing Substituents—Contrary to the
predictions of ab initio calculations,* the presence of a
4-alkoxy-group is not, in itself, sufficient to stabilise the
triplet level of Ar* sufficiently to bring it below the
alternative singlet (x)3(sp?)! configuration. Indeed, none

the 2,4,5-trimethoxyphenyl cation, albeit with a con-
siderably reduced D parameter of 0.1779 cm™L.

(C) Sulphur-containing Substituents—While no cal-
culations have been reported of the stabilising effect of
SR groups on phenyl cations in either singlet or triplet

of the dimethoxylated aryl cations are triplets nor are configurations, it was anticipated that SR groups might

TABLE 2

Triplet state parameters for substituted aryl cations

Am =1
Am =1 — A -
Field position/mT ZFS parameters/cin—!
Al - — A

Am =2
o
I'Imin,/ D‘/

mT  cm!

42.1 0.2654

(D
R/A 1D,
2.13  1.913

H\'Dr’
mT
338.4

De
0.2694

. -
H:) Hyw)y Hza) Hz)

46.7 121.56 135.5

Da —Ed

0.0038

Compound Ha(y)

452.7

Hy(»)
466.8

X, Y\ Z,¢e
.085 95

By
2.303

Buex
2.305

(I

(I1)

(1) s

vy

(V)

(VD)

(V11)

(VIII)

(IX)

(X)

(XT1)

(X11)

a Double quantum transition Hgq at 3 074 mT.

relative.

42.9

111.6

91.3

133.3

133.1

133.2

156.6

130.2

129.6

0.2306

0.2264

0.2652

0.2062

0.2306

0.1686

0.1689

0.1687

0.1037

0.1749

0.1761

82.3

184.4
168.5 189.4
92.5 123.6
199.2 %
174.5
227.6
226.4 234.3
227.0
267.5 288.8
219.3

233.5

218.3 227.9

4341 455.0
430.9 456.2
457,90 472.6
432568
447.3
420.2
412.7 423.6
420.1
377.4  399.9
429.1

414.1

416.9 428.2

b A single entry implies

|
BN e DN DN

582.7

N~

|

N PN

588.6

| | |
NN

|
N N e

| |
DN
(NN RN
CoOLOOPO02029009

529.3

|
N

Q

0

0.093 55
0.179 50
0.071 12
0.083 87
0.154 99
0.069 04
0.082 83
0.151 87
).089 49

12 25

2719
.040 68

62 66

} 0.2693

0.2825
0.2278
0.2826
0.2035
0.2346
0.1725
0.1684
0.1728
0.1018
0.1748

0.1779

—— N e N N N e

wverlapping of the ¥ and y peaks.

0.0064

0.0069

0.0047

0.0029

0.0067

0.0044

0.0032

0.2328

0.2281

0.2827

0.2035

0.2346

0.1725

0.1685

0.1728

0.1025

0.1750

0.1780

2.191

2.183

2.332

2.146

2.179

2,024

2.093

2.093

2.034

2.092

2.101

2.211

2.168

2.399

2.146

2.179

2.024

2.084

2.093

2.030

2.089

2.096

~1.974

~1,983

2.019

1.914

~2.489

¢ Signs of X, Y, and Z are relative.

2.24

2.25

2.10

2.34

2.23

2.47

2.49

2.47

2.95

2.46

2.45

1.734

1711

1.745

1.421

1.399

1.423

1.000

1.434

1.451

338.5

338.2

339.0

338.4

334.8

337.5

334.4

337.5

337.9

339.5

338.6

d Signs of D and E are
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TABLE 3

Arenediazonium salts giving no triplet resonance on photolysis at 77 K

N-Substituted

FaC
o] W )-mteRT

(xun?

0-Substituted

M.O@—N;[PFG]—

(XIy)

OMe
MeO ~©— N; [BF.]

(Xv1)

MeO
Meo—©— N2[BF.]
MeO
(XIX)

$-Substituted
Ac

P-MeCgH, S Ny [Pre]

Cl
(XXI)

p-Me c,,-n,,s-@- Nz [PFe]”

(XX1r)

Halogen-substituted

Cl

cl—@— Ny [PFe]”

(XXVI)

Br

MeO
N, [phosphotungstate]

{Xv)

MeO

@—N; LIAN

MeO
(Xvi)

OMe
MeO—@— N2 [PFe]”
OMe
(XX)

MeO 2
p-MeCgH,S —@-N?z [zncl]™

(XX11)

Cl
’_MQCS H‘ S —@— N;% [ZnCl,.]z-

MeO
(XXIV)

Cl

cl —-@—— N; [PFG]—

Cl
(XX

o~ MillPRT 7 (2R )

Br
(XXVIII)

OMe

@— N; [PFe]”

MeO
(Xvi)

N3 [BF]

SMe
(XXY)

¢ Note added in proof: Compound (XIII) gives a triplet resonance in aqueous LiCl glass at 77 K.
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parallel OR in behaviour, and compounds (VIII)—(XI)
all show clear triplet resonance on irradiation. In all
these, the apparently special 2,4,5-trisubstitution pattern
is found, with SR or SAr groups occupying the critical
4-position and OR or SAr groups in the 2- and 5-positions.
In compounds (VIII), (IX), and (XI), the D and D*
parameters are in the range 0.168—0.173 c¢cm™ whilst
compound (X) features the lowest D parameter (0.1018
cm™) of the entire series by a considerable margin
(whether this be estimated from either Am =1 tran-
sitions or H ), which implies extensive migration of the
unpaired = electron on to the SAr groups. The smallness
of the factors resulting in net stabilisation of the triplet
(as opposed to the nearly isoenergetic singlet) state is
evident from inspection of the thiol-substituted arene-
diazonium salts nof yielding triplet resonance. Com-
pound (XXII) differs from (X) by a single SCgH,Me-p
group while the presence of a condensed ring in (XXV)
does not appear to be effective. The presence of
halogen substituents, either singly or in quantity [com-
pounds (XXIV), (XXVI)—(XXVIII)] appears inimical
to stabilisation of triplet Ar*.

Magnitude of D Parameters.—These are maximal with
N-substituents, particularly NHEt and NEt,, are
slightly less with NBu, and morpholino, and are reduced
by the presence of electronegative groups on the ring
[compound (V)] or the substituent [compound (VII)].
They are rather less with O- and S-substituted cations,
and the lowest value is reached (D* = 0.1025 cm™!) with
compound (X). Since D oc R3, where R is the inter-
spin distance, then the electron—electron repulsion, which
is proportional to R2, must also be proportional to D?/3,
Taking compound (X) (having the smallest electron—
electron interactions) as the standard (denoted D,), values
for (D|Dy)*® (Table 2) reflect the coulombic repulsion
and hence the balancing stabilising effects of the sub-
stituents. This is largest for those Ar* featuring the best
combination of donor substituents and ring substitution,
and may be taken as an index of the stabilising effect of
electron-releasing substituents.

J.C.S. Perkin II

To summarise, the substituent effects promoting
stabilisation of the triplet, as opposed to the singlet level
of Ar* operate in a subtle way. While a 4-dialkylamino-
group produces a ground triplet state, the presence of
mildly electronegative groups reduces the D parameter
whilst that of a group such as CI'; makes the singlet state
of lower energy. Of all the mono-, di-, and tri-methoxy-
phenyl cations examined, only one, with the 2,4,5-
substitution pattern exists as a triplet ground state.
Various  2,5-dialkoxy-4-alkylthio(or  arylthio)phenyl
cations are also triplets whilst less highly substituted
analogues are singlets. It is doubtful whether even
STO-3G calculations are sufficiently accurate to cope
with the subtleties of the singlet—triplet splitting,
despite their notable prediction of the triplet character of
4-H,NC.H,* as opposed to the singlet state of C;H*.

We thank the S.R.C. for a grant to purchase the es.r.
spectrometer and for support of H. B. A. through a post-
doctoral research assistantship.
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