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Figure 5.—Cyclic voltammetry: temperature 25 = 0.1°; elec-
trode system Pt vs. sce; 0.5 M LiClO; in acetonitrile.

flux 3.5 hr. A precipitate, formed when the solution cooled, was
crystallized from benzene to give 0.33 g of 2-(4-methoxyphenyl)-
4,5-diphenylimidazole (4c), mp 230-232°, Amax 207 mu. From
the remaining solid product was isolated 0.14 g of dark green
quinhydrone 12, mp 169-171°.

7. With 2- (4 Methoxyphenyl)-4,5- dxphenyhmxdazole (4c).—
A 25-ml benzene solution of 0.05 g of biimidazole 1a and 0.05 g
of 4c was irradiated with a sun lamp to give a blue solution of
radical 2¢, Amax 610 mu. Irradiation of a benzene solution of 4c¢
in the absence of biimidazole la gave no radical which could be
detected spectrally. or by esr,

8. With 1,2,2-Tricyanoethyl-N, N—dxmethylamlme (13) —A
solution of 1: 1 by volume acetone-benzene, containing 0.5%
each of 13 and biimidazole 1b, was irradiated with the sun lamp.
The known orange 4-(1,2,2- trlcyanovmyl) N,N-dimethylaniline
(14) was identified spectrally.2?

9. With 3-Methyl-2-benzothiazole Hydrazone Hydrochlorlde
(15). Oxidative Coupling with N,N-Dimethylaniline Hydro-
chloride.—A solution prepared in the .dark of 0.635 g of 15,
0.468 g of N,N-dimethylaniline hydrochloride, and 1.0 g of bi-

(22) B. C. McKusick, R. E. Heckert, T. L. Cairns, D, D. Coffman, and
F. W. Mower, J. Amer. Chem. Soc., 80, 2806 (1958),
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imidazole 1b was irradiated for 10 min with the sun lamp. The
solution was diluted with 100 ml of water and extracted with three
50-ml portions of petroleum ether, which were discarded. The
aqueous methanol solutionn was concentrated on a steam bath,
cooled .to room temperature, and filtered. The fltrate was
saturated with sodium chloride and a blue-black crystalline solid
formed. The uv and visible spectra (methanol) of this solid
were identical with those of 3-methyl-2,4-(dimethylaminophenyl-
az0)benzothiazolium chloride (16) prepared according to Hiinig.??

10. With Mercaptanis. a: 1-Butanethiol.—Under an at-
mosphere of dry nitrogen, a mixture of 2.7 g of butanethiol, 3.3 g
of biimidazole 1b, and 20 ml of benzene was heated with stirring.
The refluxing solution was irrddiated (through Pyrex glass) with
the sun lamp, 2 in. distant: for 20 hr. The mmture was cooled
and prempltate formed. This solid, mp 193.0-194.5°, was iden-
tical in infrared spectrum with authentic 2-(2-chlorophenyl)-
4,5- dlphenyhmldazole (4b). The filtrate was shown by com-
parison of its ir spectrum and gas chromatographic analysis with
those of authentic material to contain a high concentration of
dibuty! disulfide.

b.  Thiophenol.—A similar reaction was carried out with 0.44 g
of thiophenol and 1. 2 g of biimidazole 1a in 15 ml of benzene.
Triphenylimidazole 4a, mp 190.0~191.5°, formed as a precipitate,
and the phenyl difulﬁde was identified, as above, in the filtrate.

Spectral Determinatiotis.—A Cary Model 14 spectrophotom-
eter was used for uv and visible measurements. A Perkin-
Elmer Model] 221 instrument was employed for the infrared.

Cyclic Voltammetry.—The cell-electrode system was flushed
with dry nitrogen and thermostated at 25 & 0.5°. Acetonitrile
(25 ml), 0.5 M in LiClOy; and the sample (0.001-0.005 mol) were
further flushed 5 min. The potential was scanned cyclically
between 0 and +2.0 V »s. sce at a scan rate experimentally
varied between 1 and 2.5 V/min. The cell was blanketed under
nitrogen and shielded from hght during the reaction. A repre-
sentative polarogram is shown in Figure 5.

Reversibility of electrolytic triarylimidazole = biimidazole
redox reaction was demonstrated by (a) observing no hysteresis
in repetitive cycling and (b) obtaining the same cyeclic trace from
the biimidazole as from the corresponding imidazole.

Registry No.—7b, 21356-01-4; 7d, 29920-21-6;
12, 106-34-3.

Acknowledgment, —We are grateful to Drs. B. C.
MecKusick and R. Cohen for supplying samples, and to
Dr. C. E. Looney for valuable discussions.

(23) 8. Hunig and K. H. Fritsch, Justus Liebigs Ann. Chem., 609, 143
(1957).

The Flash Photolysis of a Subst:;ltuted Hexaalzylbiimidazole and
Reactions of the Imidazolyl Radical

R. H. Riem, A, MacLacunan, G, R. Coraor,* anp E. J. UrBaN
Contribution No. 469 from the Organic Chemicals Depariment and Contribution No. 15682 from the Central Research Department,

E. I. du Pont de Nemours and Company, Experimental Station, Wilmingion, Delmware

19898

Recetved February 12, 1970

The rate of reaction of 2-(o-chlorophenyl)-4,3-diphenylimidazolyl radicals (L) with additives has been studied

in various solvents.

Evidence based on measured rate constants, 111cludmg kinetic deuterium isotope effects,

prove that the rate- determmmg step in the reaction L+ -+ aromatic amine is an electron exchange reaction at
the amino nitrogen, while in the reaction L- 4+ hydroquinone the rate-detérmining step is hydrogen abstraction.

Lophine dimer [(bis(2,4,5-triphenylimidazole)] has
been known and studied for many years. It was first
prepared in. 1960 although at the time the structure
was incompletely characterized. The first clearly rec-
ognized synthesis? was pubhshed the following year.
The observed photochromism! of the hexaarylbiimid-

(1) T. Hayashi and K. Maeda, Bull. Chem. Soc; Jap., 38, 565 (1960).

(2) H. Zimmermann, H. Baumgirtel, and F. Bakke, Angew. Chem., 78,
808 (1961).

azole was subsequently shown to be due to the forma-
tion of imidazolyl radicals®* upon photodissociation of
the parent compound. In the present study, the kinet-
ics and mechanism of reactions of 2~(o-chlorophenyl)-
4,5-diphenylimidazolyl radicals (L) with aromatic

(3) H. Baumgartel and H. Zimmermann, Z. Naturforsch., B, 18, 406
(1963).

(4) T. Hayashi, K. Maeda, and M. Takeuchi, Bull. Chem. Soc. Jap., 8T,
1717 (1964).
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Figure 1.—Spectrum of Ls (- - -) in CH;0H; spectrum of L (—)
in EPA at —196°,

amines and with hydroquinone are studied in detail.
The absence of thermal dissociation of the parent bi-
imidazole at room temperature dictated the selection
of this particular compound.’

Experimental Section

All compounds, except solvents, used in this study were pre-
pared and supplied as described in ref 5. Solvents were the
highest purity grades commercially available and were used
directly. Linde high-purity dry (99.996%) argon was used in
deoxygenating the solution in all flash-photolysis experiments.
Spectra were recorded on Model 14 and Model 15 Cary spec-
trophotometers.

The flash-photolysis apparatus was of conventional design;®?
160 J per flash were discharged through a PEK Laboratory XE
1-3 flash lamp placed parallel to the long axis of a 1-cm~diameter,
4-cm-long quartz cell. The flash was filtered with a combination
0-52 plus 7-60 Corning filter to provide light of 3700 = 200 A.
The width of the flash intensity at half-peak height was 4.8 usec.
The appropriately filtered high-intensity analysis light was
focused on the input slits of a Bausch and Lomb monochromator.
A Dumont 6292 photomultiplier was used in conjunction with a
Tektronic oscilloscope to monitor the transient absorptions.

Results and Discussions

Spectra, —The spectrum of 2,2 -bis(o-chlorophenyl)-
4.4’,5,5’-tetraphenylbiimidazole (I,) in CH,OH is
given in Figure 1. The spectrum of L- (Figure 1)
was obtained by photolysis of L, in EPA at —196°.
The time involved in recording the L: spectrum was
shown to be short compared to the rate of L- disap-
pearance at the temperature employed. The method
used to determine the extinction coefficient of L- at
5480 A is described below. This speetrum is also
identical with that taken point by point at room
temperature using the flash-photolysis apparatus. A
plot of the integrated flash intensity vs. the optical
density change (OD) due to L+ formation is a straight
line (Figure 2). The small intercept in Figure 2 is due
to experimental inaccuracies. The decay of L- was
measured by flash photolysis at 25° in various deoxy-
genated solvents. ZThis decay, which was followed at
3900 and at 5450 A, was found to be slow and to follow
second-order kinetics. A typical second-order plot ob-

(8) L. A. Cescon, G. R. Coraor, R. Dessauer, A. 8, Deutsch, H. L. Jack-
son, A, MacLachlan, K. Marcali, E. M, Potrafke, R. E. Reed, E. F. Silver-
smith, and E. J. Urban, J. Org. Chem., 2267 (1971).

(8) E.J. Land and G. Porter, Trans. Faraday Soc., 59, 2027 (1963).

(7) A. MacLachlan, J. Phys. Chem., T1, T18 (1967).
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Figure 2.—The integrated flash intensity vs. the optical density
of L+, both observed at 3900 A,

tained is given in Figure 3. In view of the photochro-
mic behavior of the hexaarylbiimidazoles, the observed
decay is interpreted as

1
2L ——> L, 1

Reactivity of L. with Aromatic Amine.—The flash
photolysis of L, in the presence of various aromatic
amines was investigated. Adequate amine was in-
corporated to yield pseudo-first-order kinetics as shown
by variation of the amine concentration. The rate
constants are listed in Table 1.

TaBLE I

Frasa PHoTOLYSIS OF Ly (2 X 1074 M) AT 25° IN
CH;OH 1N THE PRESENCE OF AMINES

be,® 1. M1 BaPl M-
No. Compd se¢~t sec™l
1 N,N-Diethylaniline 4.4 X 104
2 N,N-Dimethyl-p-toluidine 1.6 X 108
3 N,N,N',N’-Tetramethyl-p-
phenylenediamine 7.0 X 10" 3.5 X 107
4 Tris(p~-diethylaminophenyl)-
methane (leuco ethyl
crystal violet) 1.2 X 107 4.0 X 108
5 Tris(p-diethylamino-o-
methylphenyl)methane 2.5 X 107 8.3 X 108
Pyridine No reaction

2,6-Lutidine
p-Cyano-N,N-diethylaniline 3.7
9 p-Methoxy-N,N-diethylaniline 1.0 X 107
10 p-Chloro-N,N-diethylaniline 3.8

ok, is the overall second-order rate constant for L. reaction
with the aromatic amine. k’¢ was calculated from the experi-
mentally determined pseudo-first-order rate constant and the
concentration of amine. ks was calculated on the basis of the
“amino group concentration’’ and is equivalent to &'s/number of
amino functions per molecule of amine. %', is the rate constant
calculated on the basis of amino group concentration.

No reaction

o~

If the point of attack of L- on the leuco triphenyl-
methane dyes no. 4 and 5 of Table Iis considered
to be the hydrogen atom attached to the central C
atom, it is difficult to imagine how in the more
sterically hindered case (no. 5) the rate constant could
be double that found with compound no. 4. The gen-
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TasLe II
DrvuTeriuM IsoToPE EFFECT AT 25° DEOXYGENATED SOLUTIONS®

Rate constant for attack Isotope effects,

No. Compd Solvent of L+, 1./(mol sec) ka/kp
1 Hydroquinone (H2Q) H:0 saturated 2.16 X 107
benzene
2 Hydroquinone (D:Q) D;0 saturated 3.86 - 108 5.6/1
benzene
3 Hydroquinone (H:Q) CH,CN + 0.89, 2.68 X 108
H.,0
4 Hydroquinone (D,Q) CH,ON + 089 2.6 X 100 10/1
DO .
5 Hydroquinone (H.Q) CH;CN + various 2.7 X 108
H,0 amounts
6 Tris(p-diethylamino- CH;CN + 0.8% 1.07 X 104
o-methylphenyl)methane H.0
7 Tris(p-diethylamino-o- CH;CN-0.8% 0.99 X 10¢ 11
methylphenyl)- H,0
methane
*Ls = 4 X 10~¢ M, hydroquinone = 2 X 10—4 M, tris(p-diethylamino-o-methylphenyl)methane = 10~¢ M.
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Figure 3.—Second-order plot obtained for the L. decay in
CH;3;0H measured at 5450 A.

eral trend in Table I indicates that the reaction of L-
with the amines listed occurs at the nitrogen atom.
Substitutions which increase the electron density at
this atom increase k;. The reaction, therefore, is for-
mulated as an electron-exchange reaction.

Lo+ >N- —>L-+ >N-— @)

Additional evidence for the involvement of the free
electron on the nitrogen can be obtained from the Ham-
mett plot of para-substituted N,N-diethylaniline de-
rivatives in Figure 4. A fairly good straight line is ob-
tained with ¢ = values, which suggests strong resonance
interaction during the electron-exchange reaction. For
information, the rate for p-N,N-dimethylamino is in-
cluded in the plot. Nitrogen-positive radical ions of
the type shown in eq 2 have been observed in the CCly-
sensitized oxidation of leuco ethyl crystal violet.

Reactivity of L- with Phenols.—Deuterium isotope
effects were measured by flash photolysis in the reaction
of L. with amines and hydroquinone. The hydro-
quinone reaction was studied to establish whether
hydrogen abstraction or electron exchange is rate
determining for phenol type structures, as it must be

(2

Figure 4.—Hammett plot of lophine radical reactivity with
para-substituted N,N-diethylaniline. The dimethylamino sub-
stituent was done with N,N,N’,N'-tetramethyl-p-phenylene-
diamine.

for the aromatic amines examined. The results are
listed in Table II.

The data in Table II clearly demonstrate that in the
reaction

L. 4+ hydroquinone ~—>

hydrogen abstraction is the rate-determining step and
support the concept of electron exchange (eq 2) in ar-
omatic amine + L- reactions by showing the isotope
effect is not related to deuteration of the L: radical.
The dual mode of reactions by lophine radicals is in-
teresting and it remains for further experimentation to
establish if a phenol structure can be highly substituted
enough to change the mode of reaction from hydrogen
abstraction to electron exchange. The solvent effect
on the magnitude of the isotope effect is also interesting.
The solvating nature of the aqueous acetonitrile slows
the overall reaction rate down by a factor of approxi-
mately ten and at the same time gives a much greater
isotope effect. The slower reaction in acetonitrile sug-
gests that a strong interaction between L and substrate
is involved which, if tempered by outside solvating, is
rendered less efficient. The much larger isotope effect
is consistent with the picture.
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The oxidation of tris(2-methyl-4-diethylaminophenyl)methane by photogenerated 2-(o-chlorophenyl)-4,5-

diphenylimidazoly! radical (L-) was studied by flash photolysis.

An electron-exchange reaction involving L.

oceurs at an unprotonated amino nitrogen of the leuco dye and is responsible for the first oxidation step. Sub-
sequent reactions do not involve the L- radical and depend only on the structure of the leuco dye and environ-

mental effects.

Several investigators have studied the nature of the
intermediates formed and the reactions which oececur
when dyes are photoreduced.!=* The participation of
radicals and radical ions in the photoreduction of
methylene blue has long been recognized.'~* Except
for the work of Lewis*~" and Linschitz®® and a pre-
vious publication?® from this laboratory, little direct
evidence has been reported on the nature of the inter-
mediates formed in the oxidation of triphenylmethane
leuco dyes or the kinetics of the reactions which they
undergo.

The halocarbon-sensitized photooxidation of tris(4-
diethylaminophenyl)methane, referred to as leuco
ethyl crystal violet (LECV), was recently described and
a mechanism presented.’® Previous papers in this
series!! discussed the reactions of the 2-(o-chloro-
phenyl)-4,5-triphenylimidazoly! radicals (L-), formed
from the corresponding dimer (L,), with reducing
agents. The present paper is a study of L- induced
oxidation of triphenylmethane dyes and their trihydro-
chloride salts.

Experimental Section

Tris[2-methyl-4-(diethylaminophenyl)lmethane (o-MLECV),
LECV, and their trihydrochloride salts as well as L, were pre-
pared by Cescon.l* The solvent CH;OH was Matheson reagent
grade. Linde argon (dry 99.999, pure) was used to deoxygenate
all solutions. Spectra were recorded on Cary Model 14 and 15
instruments.

The flash photolysis apparatus was of conventional design and
has been described previously.'® The flash was filtered with a

(1) C. A. Parker, Photochem. Liguid Solid States, Pap. Symp., 38 (1957).

(2) 8. Matsumoto, Bull. Chem. Soc. Jap., 87, 401 (1964).

(3) M. Kazumi, 8. Kato, Y. Usui, 8. Hayashi, and M. Morita, Interna-
tional Symposium of Photochemistry, Rochester, N. Y., 1963, Report
AD 436086.

(4) G. N. Lewis, D, Lipkin, and T. T. Magel, J. Amer. Chem. Soc., 68,
3005 (1941).

(8) G. N. Lewis and M. Kasha, ibid., 66, 2100 (1944).

(6) G. N. Lewis and D. Lipkin, {bid., 64, 2801 (1942).

(7) G. N. Lewis and J. Bigeleisen, ¢bid., 65, 2414 (1963).

(8) (a) H. Linschitz, M. L. Berry, and D. Schweitzer, tbid., T6, 5833
(1954); (b) J. Eloranta and H. Linschitz, J. Chem. Phys., 38, 2214 (1963).

(9) H. Linsehitz, J. Rennert, and T. M. Korn, J. Amer. Chem. Soc., 76,
5839 (1954).

(10} A. MacLachlan, J. Phys. Chem., 718 (1967).

(11) (a) L. 8. Cescon, G. R. Coraor, R. Dessauer, A, 8. Deutsch, H, L.
Jackson, A, MacLachlan, K. Mareali, E. M. Potrakfe, R. E. Read,
E. F. Silversmith, and E. J. Urgan, J. Org. Chem., 86, 2267 (1971); (b)
R. H. Riem, A, MacLachlan, G. R. Coraor, and E. J. Urban, ibid., 368, 2272
(1971).

The influence of pH on both the course and rate of the dye-forming reaction is discussed.

combination of 0-52 plus 7-60 Corning filters to provide light of
(3700 £ 200 X). The analysis light was appropriately filtered
to preclude photolysis of solutions.

The absorption spectrum of the leuco dye radical-ion inter-
mediate was obtained using an appratus designed by Dr. D. C.
Reitz. The methanol solution containing leuco dye and CCl; was
placed in a rectangular quartz cell and suspended in a cold stream
of nitrogen within a multiwalled dewar flask coustructed to fit
inside the sample compartment of a Cary Model 14 uv-visible
spectrometer. Optically flat quartz windows were provided on
the dewar flask for analysis. Photolysis was accomplished through
a hole in the sample compartment on a direct line with the sample
cell. The photolysis light was filtered with a Corning 7-39 filter
to prevent photolysis of the intermediate.

Results and Conclusions

Structure of o-MLECV-3HCl and L, in Various
Solutions. —Ultraviolet absorption spectra of the
o-MLECV-3HC1 + L; mixture in methanol revealed
no complexing between initiator and leuco dye. (Un-
less specified otherwise, all work was performed with
o-MLECYV at 6.6 X 10—° M-and Is at 4 X 10—¢ 1))
The equilibrium constant K at 25° for the reaction

o-MLECV -3(H*Cl™) ==
o-MLECV-2(H*Cl-) + H* 4 Cl~ == etec.

was determined in methanol, glycerol, acetonitrile, and
dimethylformamide (Table I). These values were ob-

TasLe I
DuGRER OF PROTONATION AT 25°%

DH-3HCI == DH:2HCl + HCl ——= etc.

Degree of protonation

k, mol 1.-1 (statistical structure)
Methanol 4 X 108 DH-.2.5HCI
Glycerol-methanol 7 X 1078 DH-2.4HCl
60:40
Dimethylformamide DH-0OHCl1
Acetonitrile ~10-7 DH-2.9HC1

« DH-3HCl = 6.6 X 10" M and L; = 4 X 107¢ M.

tained by comparing the extinetion coefficient at 2650 A
of o-MLECV-3HC1 dissolved in the various solvents
with that of the o-MLECYV free base and of o-MLECYV -
3HCI dissolved in methanolic 0.1 M HCl (Figure 1).
It is assumed that the free base extinction coefficient at



