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Abstract: This study uses a combination of laser flash photolysis (LFP) and product analysis to show that singlet
nitrenes from the irradiation of phenyl, 4-biphenylyl, and 2-fluorenyl azide can be trapped by protonation in aqueous
solutions forming nitrenium ions. With phenyl azide, the phenylnitrenium ion is indicated by the formation of ring-
substituted anilines in yields of up to 50% 1 M acids. The acidity dependence furnishes the tatikex, = 1.1,

whereky refers to H-trapping of singlet phenylnitrene ag, to ring expansion of this species. With expected

to be 2-4 x 100 M1 57 keyp is therefore estimated as-2 x 109s™1. Protonation by solvent water also occurs,

but even though the rate constant is of the order 8fst®, it constitutes a minor pathway in competition with the

ring expansion. LFP studies in acids reveal a transient that is assigned the structure of N-protonated 4-hydroxy-
2,5-cyclohexadienone imine, the intermediate formed by water addition to the para position of the phenylnitrenium
ion. With 4-biphenylyl- and 2-fluorenylnitrene, ring expansion (and intersystem crossing) occurs more slowly and
protonation by water is faster, with the consequence that there are substantial yields of nitrenium ion without added
acids. These nitrenium ions are detected with ns LFP, and their formation from singlet nitrene is observed with ps
LFP. Combining the LFP experiments with product analysis furnishés, aglue of 16 for the 4-biphenylylnitrenium

ion deprotonating to singlet nitrene in 20% acetonitrile. Thus singlet 4-biphenylylnitrene falls close to the category
of a strong base in this solution. LFP experiments in acids show behavior consistent with N-protonation of the
nitrenium ion forming an aniline dication. Kinetic analyses furnist, palues of 0.1 (4-aminobiphenyl dication)

and 0.6 (2-aminofluorene dication) in 20% acetonitrilehadt M ionic strength. This and other pieces of evidence

are consistent with these arylnitrenium ions being better regarded as 6-iminocyclohexadienyl carbocations. Overall,
arylnitrenium ions (ArNH) are very weak acids in water in their deprotonation to singlet nitrenes. They are also
weak bases, accepting a proton to form the aniline dicatidnN = TArNH* = (ArNH,)2*.

Carcinogens such as 4-aminobipher)l énd 2-aminofluo- electron oxidation of the corresponding amine. These include
rene @) are generally accepted to undergo a 2-fold metabolic diarylnitrenium ions bearing stabilizing- and p-methoxy
activation to O-acetate or O-sulfate estgrfollowed by N—O substituents such as the bis(4-methoxyphenyl)nitreniufdod
heterolysis to an arylnitrenium o 5).% the 4-biphenylyl derivativg.” In the cases of the diarylnitre-

nium ions, only UV~visible absorption spectra were reported.
. The ion7 was sufficiently persistent for it4d NMR spectrum

OX PEAN
| .o N\
NH2 - anp 2% ;IH (1) to be recorded.

1, 4-Biphenylyl 3, X=Ac, 4, 4-Biphenylyl

2, 2-Fluorenyl SO5 5, 2-Fluorenyl tBu tBu
-2¢’, -H* +
Me,N NH, W Me,N O O NH (2)
The critical cellular target appears to be DNA, and indeed a " : 5
u tBu

covalent adduct of guanine residues has been obsarvedo?

as well as in model systemsIn part because of this relevance
to arylamine carcinogenicity a number of studies have been
carried out probing the chemistry of arylnitrenium ions when

formed as intermediates of solvolysis and related reacti®ns. cyanodiarylmethyl cations (A€+—CN) which were considered

o s o o ot s 0 e SNfant nieum character (G=C=N')? he
. o y Pe implied by studies with nitrosobenzenes (e8y.one problem
scopic means are limited. There are three reports of relatively

stabilized nitrenium ions produced by electrochemical two-  (4) (a) Gassman, P. Gicc. Chem. Red97Q 3, 26. (b) Gassman, P.;
Hartman, G. DJ. Am. Chem. So&973 95, 449. (c) Novak, M.; Pelecanou,

6 7

No nitrenium ion has been characterized as a distinct species
under super acid conditions, except for the special case of
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with the super acid experiments is the formation of dications in the presence of acids such as acetic, trifluoroacetic, and
(e.g.9) which might be viewed as N-protonated nitrenium iéns. trifluoromethanesulfonic acid and characterized the products as

+
-0 H\*N//OH
HSO4F-SbFg
e 3)
SO,
OR OR
8;R=H, Me 9

being consistent with a phenylnitrenium ion intermed?&te.

In experiments employing a biological end point, the Wild group
photolyzed a series of azides derived from mutagenic arylamines
and heterocyclic amines in the presence of bacterial stf&ins.
They showed that there was a short-lived mutagenic intermediate
and they suggested this to be the nitrenium ion. Finally there
is a 25-year old study employing conventional lamp photolysis
that showed that the irradiation pf(dialkylamino)phenyl azides

Within the past two years have appeared pathways for the 19 i, aqueous solution resulted in quantitative yields of the

direct study of arylnitrenium ions using the method of laser flash

corresponding nitrenium ioR0, referred to in that work as a

photolysis (LFP). The first report came from the Falvey group quinonediimine21.2:

and involved the photochemical ring opening in acetonitrile of
1G;10 this has been followed by two detailed studies of this

hv + +
system probing aspects such as the electrophilicity of the R?“O“ﬁ o RZ“‘Q*NH - RZN@:N“ o

nitrenium ions11 and their spin multiplicity:112

X CHa X COCHg
~ % hv
~p A + (4)
N+ CH,CN "
tBu \tBu
10; X = Me, H, CI, Br, NO, 11

Shortly after the first Falvey paper, we reported in collabora-

tion with the Novak group theN-acetyl-4-biphenylyl- and

N-acetyl-2-fluorenylnitrenium ionsld, 15), observed in aqueous

acetonitrile on irradiation of precursot and 1313

X hv +
Ar—N, ————— AN, ®)
COCHj, 5% CH3CN in H,O COCHg
12; Ar = 4-biphenylyl, 14; 4-biphenylyl
X=Clor0SO; 15; 2-fluorenyl
13; Ar = 2-fluorenyl,
X =0OCOtBu

19 20 21

Arylnitrenes also undergo other reactions very rapidignd
these present a potential problem when attempting to trap by
proton transfer. Somewhat to our surprise however we found
that 4-biphenylyl azide and 2-fluorenyl azide photolyzed in
aqueous solutions to produce high yields of the corresponding
nitrenium ions 4, 5) and these intermediates were detectable
with LFP. This result has been reported in a preliminary
communicatiorf? Subsequent to this the Platz group have
reported that 2,3,5,6-tetrafluorophenyl azides with a variety of
substituents at the 4-position also produce nitrenium ions, in
these cases when photolyzed in the presences of acids such as
sulfuric acid??

In this paper we provide full details of our studies of the
4-biphenylyl and 2-fluorenyl azides, and also discuss the
photochemical behavior of the parent phenyl azide in aqueous
acids. We in particular address the question of the acidity and

Both the Falvey approach and our approach involved basicity of the intermediate nitrenium ions, and show that these
photoheterolysisthe cleavage in the excited state of a N-leaving can be quantitatively assessed in some cases using the LFP
group bond. Photoheterolytic systems have also been employedinetics.

successfully for the LFP generation and study of carbenium

ions14 A different approach that has also been successful with Results
carbenium ions has involved the protonation of photogenerated phenyl Azide: Products in Aqueous Acid. Solutions of

carbened?!® as exemplified in eq 6 by the protonation by phenyl azide in aqueous solutions were purged with argon and

alcohols and water of diarylcarben&g >

.
ARCN, <0 arc: FOR A En ®)

16 17 18

This raises the possibility of obtaining arylnitrenium ions
through the protonation of arylnitrenes, species readily generated

photochemically from aryl azidés. An examination of the

irradiated at 300 nm in a Rayonet reactor. The solutions
contained a mixture of HCI and NaCl so that the total ionic
strength and total chloride concentration was 1 M. Four
products were quantified by HPLCHtazepin-2(81)-one @2),
4-aminophenol Z3), 4-chloroaniline 24), and 2-chloroaniline

(18) (a) Takeuchi, H.; Takano, K. Chem. Soc., Chem. Comm@a82
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Figure 1. Absorption spectra following 248 nm irradiation ofx1 107 M solutions of phenyl azide in aqueous HGI€blutions. Solutions were

argon saturated and were irradiated under identical conditions of laser intensity and cell configuration. lonic strength was 1.0 M maintained with
NaClQ,, and the temperature was 201 °C. Initial spectra M) were obtained 106200 ns after the laser pulse, intermediate spedljaaf 5-5.1

us, and final spectraa) at 35-40 us.

Table 1. Product Chemical YieRland Relative Quantum Yietd qguantum yields were calculated as the ratio of the fractions of
for Disappearance of Substrate for Photolysis of Phenyl Azide in phenyl azide consumed.
Aqueous HCH NaCl (or HCIQ, + NaClQy) of Total Concentration

1 M (300 nm Irradiation, 5« 105 M Substrate, Argon-Purged, As also shown in Table 1, experiments were carried out in
20+ 1°C) selected HCI@ solutions. Only the two productd2 and 23
yield, % were measured here since the chloroanilines did not form in

these solutions.

(HCl 2z 23 2% 25 Pre Experiments were also carried out in the HCI:NaCl mixtures
1.00 40.1 39.0 9.3 4.2 0.97 with N-phenylhydroxylamine. This compound reacted thermally
8-;8 gi-g %g-g ;-2 3471 0.92 under acidic conditions to for@3—25 as the only detectable
025 591 18.9 50 53 095 products, accounting for 96% of the reacted starting material.
0.10 71.8 14.2 31 14 0.94 In these solutions where the chloride ion concentration was kept
0.025 74.1 7.4 1.9 0.9 constang* the yields of the three products were within
0.010 79.9 5.8 15 0.7 0.88 experimental error independent of acid concentration. The ratio
0.004 78.6 5.3 1.2 0.6 24] + [25)):[23] was 0.458+ 0.021, and the ratio2d]:[2
0.001 76.0 5.7 1.5 0.7 1.00 ([24 [29]):23 o2Hl:[25]

was 2.35+ 0.08.
0.0003 71.8 4.8 1.3 0.6 S - .
1.00 411 55.2 Phenyl AZ|.de. Laser Flash .Photolys[s in Aqueogs Acid.
0.10 68.7 18.6 These experiments were carried out with HEKdlutions of
0.01 71.8 6.8 concentration 0.0011.00 M, and representative transient spectra

2Yields based on the percent phenyl azide consumed, for conversions® € shown in Figure 1. In solutions with [HGID> 0.1, one

of ~50%." Relative to 0.001 M HCI:0.99 M HCI, and based upon the Major transient species absorbing in the region-2320 nm
fraction of phenyl azide consumetilH-Azepin-2(3H)-one.d 4-Ami- was observed. The maximum absorbance w&90 nm,

nophenol.¢ 4-Chloroaniline f 2-Chloroaniline.$ HCIO,. although this may not be the truig,ax Since the precursor is
beginning to absorb in this regich. This transient decayed
with single exponential kinetics, with a rate constant of &.3
0.1) x 1° s tindependent of acid concentration. As illustrated
by comparison of the first two panels of Figure 1, the absolute
magnitude of the signal did show an acid dependence, increasing
significantly with increasing acid concentration. This transient
continued to be observed in the more dilute acids, but its
intensity became weak, and as shown in the third panel of Figure
1, it was overlaid with a broad signal in the region from 300 to
400 nm. This absorbance decayed with reasonable first-order
kinetics. The first-order rate constants were proportionalto H

. ! g - o
within experimental error constant at 0.3890.026, as was concentration, withk- ~ 10° M~ s™* (based on three acids in

L ey N the range 0.03£0.05 M HCIQy).
zils;.;ﬁjifgr()t?fe ratio of 4-chloro- to 2-chloroaniling24|:[25] 4-Biphenylyl Azide: Products. Photolysis of this azide in

an aqueous solution containing 20% acetonitrile resulted in the
formation of 4-hydroxy-4-phenyl-2,5-cyclohexadieno6)(as

the major product. This material was isolated in good yield
from a scaled-up photolysis; a sample that had been prepared

(25). Results are given in Table 1. Control experiments

demonstrated that the yields of the products were within
experimental error unchanged for irradiations corresponding to
25—60% conversion. The phenyl azide was also shown to be
thermally stable in all solutions for the times required for

irradiation and subsequent analysis.

Examination of Table 1 reveals that the produg#s-25
accounted for 78100% of the total phenyl azide consumed,
with the mass balance poorer in the more dilute HCI solutions.
Although yields changed with changing HCI concentration, the
ratio of chloroanilines to aminophene{[24] + [25]):[23]—was

Also given in Table 1 are quantum yields in selected acids
for the disappearance of phenyl azide relative to the quantum
yield in the solution containing 0.001 M HCI. These experi-
ments were carried out by simultaneously irradiating solutions
containing the same concentration of phenyl azide (and same (24) (a) For details of experiments where the reaction was carried out
optical density at 300 nm) in a merry-go-round cuvette holder, with varying chloride concentration see ref 24b. (b) Fishbein, J. C,;

such that the solutions received identical amounts of the 300- McClelland, R. A.Can. J. Chemln press. o
(25) For all three spectra of Figure 1 there was a large negative signal

nm Iig'ht. The irradiations were carried out for times COITe-  associated with bleaching of the phenyl azide at wavelengths below 270
sponding on average to 35% conversion, and the relative nm.




Acid—Base Properties of Arylnitrenium lons J. Am. Chem. Soc., Vol. 118, No. 20, ¥

Table 2. 4-Biphenylyl Azide Photolysis. Acetonitrile:Water 12
Dependences of Yield of 4-Hydroxy-4-phenyl-2,5-cyclohexadienone o] A
(26), Relative Quantum Yield for Consumption of Substrate,
AOD, and First-Order Rate Constant for Decay of LFP Transient 101 g *°] "
at 460 nm S \
acetonitrile? yield of kobd460 nm), 08 — ‘
% 26 % Dpef AOD(460nmy  x 10Fs?
10.0 88+ 2 0.224+ 0.006 2.81+0.11 s e B
20.0 844+ 3 1.00 0.212+0.011  2.84+ 0.04 o8 '
30.0 73+2 0.88+0.05 0.188+0.008 3.03t 0.07 o o]
40.0 66+1 1.01+0.12 0.163-0.012 3.16+0.03 0a 3
50.0 57+ 1 0.139+ 0.007  3.37+ 0.09 el AL |
60.0 43+2 1.24+0.09 0.105-0.005 3.35+0.09 e —
70.0 28+ 2 0.062+ 0.003  3.43+ 0.09 024 e 2o
80.0 13+1 0.97+0.07 0.0280.001 3.380.12 B
90.0 ~1 1.14+0.15 trace
0.0 e 2.69+0.11 0.0 . . »
300 400 500 600 700
aPercent by volume. Solutions for product studies also contained Wavelength

0.002 M CHCOOH:0.002 M CHCOONa.” Measured 24 h following  Figure 2. Absorption spectra following 248 nm irradiation of 2
irradiation, and based upon the amount of 4-biphenylyl azide consumed 1 5-s \1 solutions of 4-biphenylyl azidem) and 2-fluorenyl aziderq)

i i 0, i C i 0,
for experiments carried out to40% conversion® Relative to 20% in 1:4 (v/v) acetonitrile-water. Optical density units in the main figure

acetonitrile, and based upon the fraction of azide consufn@gtical . . > X
density at 460 nm measured immediately after completion of the laser @ve been normalized so that the maxim&®@D is 1. The inserts

pulse minus the residual optical density after complete decay. The Show the kinetic traces at 460 nm for 4-biphenylyl azide in 1:4
latter was small (0.0020.004) but finite. “All solutions contained 20  acetonitrile-water (A) and 4:1 acetonitritewater (B).
uM of substrate and were irradiated under identical conditions.

e Concentration of 4-biphenylyl azide wasuM. Table 4. Rate Constants for the Formation and Decay of
4-Biphenylyl- and 2-FluorenylInitrenium lon in 1:4 (v:v)
Table 3. 4-Biphenylyl Azide Photolysis. YieRlof Acetonitrile-Water (20°C)

4-Hydroxy-4-phenyl-2,5-cyclohexadienon2gj in 1:4 (v:v)

S ; : o ionic

&\/i?r:e'{l—aggomtnle, with lonic Strength 0.5 Maintained constant strength 4-biphenylyl 2-fluorenyl

1 0

conditions yield o26, % conditions yield o6, % kkjp’;j 8 ggfiool& }(O?L(ﬁ %ii 8?; 1?;

0.1 M HCIO, 86.2+ 1.1 0.050 M NaOH 43.1+ 1.6 ks, st 0.5 1.85+ 0.07x 106 2.2+ 0.2x 10
pH 4.5 84.8+1.2 0.100 M NaOH 38221 ks st 1.0 1.06+0.02x 10f 1.3+ 0.2x 10
pH 7.0 82.5+ 0.8 0.150 M NaOH 28.50.9 ks, st 0. 1.78+0.04x 1¢° 2.0+ 0.4 x 10
0.002 M NaOH 79.8: 0.9 0.200 M NaOH 23404 Kaz, M~1s71 0.5 5.0+02x10° 4.0+02x 1
0.005 M NaOH 77.6:0.8 0.250 M NaOH 217204 kon(obs), Mtst 05 6.4+ 0.3x 10"  1.05+ 0.06x 107

0.010 M NaOH 67.4:1.4 0.300 M NaOH 21.4-0.8
0.020 M NaOH 61.3t 0.5 0.400 M NaOH 20.& 0.2
0030MNaOH  52.9:06 0500MNaOH  21.20.7 precursor27 was also observed to a similarly small extent. In
aMeasured 24 h following irradiation. For the experiments where fact an excellent correlation was found between the area of the
NaOH was present during irradiation, solutions were neutralized peak for the precurs@7 measured immediately after irradiation
immediately following, and stood for 24 h at pH5. and the area of the peak f@6 measured the next day. Other
peaks were observed in the HPLC, these being very small in
the solutions with high water content, but increasing in intensity
in the acetonitrile-rich solutions. Two of the HPLC peaks from
irradiation in 100% acetonitrile were matched to authentic
samples, one<10%) to 4-aminobiphenyl and the other30%)

aWith NaClQs. P Solution contains 5% acetonitrile.

in a different way was also obtained from the Novak grét.

Quantitative yields, as well as relative quantum yields for
disappearance of starting azide, were determined by HPLC and
are given in Tables 2 and 3 for photolyses carried out under a
variety of conditions. Yields of26 were independent of to 4,4-diphenylazobenzene.

irradiation time for conversions_ up to 70%. ) 4-Biphenylyl Azide and 2-Fluorenyl Azide: Laser Flash
The ketone26 was not the initial product of photolysis.  photolysis Figure 2 shows the results of laser flash photolysis

Injections made immediately following the 6:3.5-min ir- experiments in aqueous solutions containing 20% acetonitrile.
radiations resulted in HPLC traces with a peak with a different \yjth each azide, a relatively intense transient was observed,
retention time which disappeared over time with-a43h half- With Amax around 460 nm for the biphenylyl system and 450

life (at pH 5). The peak fo26 was not present in the first  nm for fluorenyl. With each azide the absorbance decayed with
injection (or was very small), but grew in at the same rate as the same rate constant across the entire spectrum from 400 to
the initial peak disappeared. Such behavior had been observedno nm, while the absorbance below 350 nm showed little decay
previously by the Novak group (vide infra) with the precursor on a 10us time scale. Rate constants were increased by the
for 26 being assigned as 4-hydroxy-4-phenyl-2,5-cyclohexadi- addition of azide or hydroxide, and plots ks were linear in
enone imine 27).27 In the experiments carried out in NaOH  the concentration of the added reagent. First-order rate constants
solutions (Table 3), the imine was present after irradiation, but for decay in the solvent alone and second-order rate constants
did not convert to the ketone. To analyze &6 these solutions  for the quenching by azide and hydroxide are given in Table 4.
were therefore neutralized to pH 5 immediately after irradiation. Experiments were carried out in which the biphenylyl azide
In the experiments with high contents of acetonitrile the was irradiated under identical conditions in solutions of varying
amount of26 observed was very small or negligible. The acetonitrile content. These showed that the initial intensity of
: : the 460-nm transient decreased with increasing acetonitrile
W(f/lﬁ? ’;\?vveil;br':ﬂ'ﬁ HseJlmgrkgi Jd?e-;gg‘ég'%sé ggﬁg';%appa' K. S.; Clark, - (compare for example the two inserts in Figure 2). Table 2
(27) Novak, M.; Kahley, M. J.: Eiger, E.; Helmick, J. S.; Peters, H. E. Summarizes the acetonitrile dependence, for both the rate
J. Am. Chem. S0d.993 115 9453. constant for the 460-nm decay and the change in optical density,
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8 Scheme 1
NITRENE CHEMISTRY NITRENIUM CHEMISTRY
*. ANy : PhNHOH 4-PhCgH,NHOCO1BuU
71 : 33
‘ Lhu : H*H
@ co® o o :
2 P) [ ] AN : PhNHOH,
x - ! 31
o 6 = = = St
S A
A J T l NH,  NH,
‘. LG (¥ c
TArN ANNH J|—— +
57 K+ K3u[OH]
A cl 25
A V orp ; l ~ >
. 1 A A 4 N ; NH  KadNg NH,
(] 2 4 6 8 AN 7\ ! N,
pH = :
Figure 3. Rate constants for decay of nitrenium ions in acidic solutions AH R R OH Ph
(1:4 acetonitrile-water; 20°C). Solutions with pH<3 contained HCIQ . BRAH 27.8Ph N (R-Pn 34
and solutions with pH 3:56.5 contained dilute acetate buffer; the ionic ~ ArN=NAr '
strength in all solutions was 1.0 M, maintained with NagIQm) l : lR=H o)
4-biphenylyl nitrenium ion; 4) 2-fluorenyl nitrenium ion; ©) N-acetyl- N : NH,
4-biphenylylnitrenium ion, generated froN-chloro precursor. H.° :
/ :
. L . Q ! Ph” "OH
calculated as the optical density immediately after the laser pulse R ; 26
minus the optical density at the conclusion of the decay. As : OH
shown by the inserts to Figure 2, there is residual absorbance Fralini 23

at 460 nm, but the amount is small. The 460-nm transient was

not observed in solutions with acetonitrile content above 90%, . . . o
and there was in fact only a small change in optical density _The LFP experiments discussed _thus far m_volved excitation
above 400 nm in these solutions. The absorbance around 34d""th a Iasgr with a~.20 ns pulse width, and in all cases the
nm continued to be observed, and in fact seemed to grow in transients in the region above 400 nm were fully formgd at the
intensity (although this was not studied in detail). completion of the laser pulse. The appearance of this absor-

Similar experiments were carried out with both azides in basic bance was however observed using a laser system with
20% aceton?trile in order to see if base had any effect on the excitation at 266 nm and &25 ps puise. The transients seen
initi;I intensity of the transient. These measurer):lents could be 2° the "initial” absorbances in the ns experiments grew in with
carried out to 0.15 M NaOH with the biphenylyl azide and 0.6 good exponential kinetics with rise times in 20% acetonitrile

. . of 90 and 160 ps for the 2-fluorenyl and 4-biphenylyl systems,
M NaOH with quprenyI before the dgcgy of the transient bec.a”.‘e respectively (Table 4). A further feature of these experiments
too rapid to reliably measure the initial absorbance. Within

experimental uncertainty the conclusion was that the addition was the absence of optical density immediately after the 25-ps

i ... pulse in the region from 400 to 700 nm where observations
%ftebrisig/ l;fdfgot2$4a5%0\r/1$n“mlts had no effect on the initial could be made with this equipment.

Shown in Figure 3 are the rate constants for the decay of the Discussion
two transients as a function of pH under acidic conditions. Each

system showed an increase in rate below with signs LT X
y pHi3 9 trenes and arylnitrenium ions that are of relevance to this work.

of leveling in the more concentrated acids. For comparison the nit ide. the k i f the sinalet th
purposes, rate constants were also obtained in the same solution@n € nitrene side, the key reactions from the singlet are the

; PR ting intersystem crossing to the triplet nitrene and ring
for the N-acetyl-4-biphenylylnitrenium ion as generated from compet : . . .
the N-chloro precursof3 These rate constants remained €XPansion to a 1,2-didehydroazepi8,29)." Triplet nitrenes

constant from pH 47, with a slight decrease in the more acidic react further to give azobenzenes and anilines by coupling and

solutions. For example, the rate constant in 1.0 M HOM@s hydrogen abstraction reactions, respectively, while dehy-

2,70+ 0.05x 10° s, while in neutral 1.0 M NaCI@ it was droazepines react with nucleophiles to give azepthds,the
3351 0.07 x 10° ' case of water an azepinone such 2&!830 The dehy-

Si il that the t ient ies f th id droazepines can also convert to triplet nitrene, and indeed in
ince we will argué that the transient Species from e azites,q jsence of nucleophiles this is often the major readtish.
are in a different state of protonation in acids (vide supra), we

; With singlet phenylnitrene, the predominant pathway at low

constructed a spectrum for the 2-fluorenyl system in 1.0 M P . o
o . t t .g. 77 K t t hil

HCIO,.2® We found however that within the limits of our emperatures (€.g ) Is intersystem crossing, while in

; e solutions at ambient temperature ring expansion to the dehy-
apparatus this had a very similar form alil.as the spectrum droazepine dominaté$32 Platz and co-workers have estimated
constructed without acids. There did appear to be a slightly

: . . . that this ring expansion rs with a rat nst f
lower initial intensity for the transient in the 1.0 M acid, the a S fing expansion occurs a rate constaa;) 0

initial optical density at 450 nm in 1.0 M HClbeing about ;
70% of that in 1.0 M NaCl@for experiments carried out under - gof'(‘,f)"\‘/'oggleggicr’ggsg LleanZ Sggégphdngff‘ie&‘;%?g?iﬁ”'Chem
identical conditions (substrate concentration, laser dose, etc.).1965 682, 1. (b) Doering, W. E.; Odum, R. Aletrahedron1966 22, 81.

(31) Polymerization of the dehydroazepine also occurs, and accounts for
(28) This was not possible with 4-biphenylyl azide, since the decay in 1 the poor mass balances in product analyses frequently observed following
M HCIO4 was too fast. aryl azide photolysis’

Scheme 1 summarizes the established chemistries of arylni-

(29) See: Li, Y.-Z.; Kirby, J. P.; George, M. W.; Poliakoff, M.; Schuster,
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10'°—10"1 s at room temperatur®. This same group has also  the one that relates singlets. Based on the energy differences
established that in the case of phenyl azide the singlet phen-cited above there would be an approximately Idifference.
ylnitrene is the branching point for the triplet and dehy- Trapping of Singlet Phenylnitrene by Protonation. Ir-

droazepiné? radiation of phenyl azidenil M HCI results in 40922, and
Arylnitrenium ions are formed by ground state heterolysis slightly greater then 50% in total of the anilin23, 24, and25.
reactions, either from O-protonated hydroxylamiddsunder The azepinone is explained by the nitrene chemistry in Scheme

acidic condition* or from hydroxylamine esters such as the 1, through water addition to the ring expanded dehydroazepine
pivalate 33. These nitrenium ions react with water at the 28 The ring-substituted anilines however are not the products
position para to the nitrogen to give adducts sucRaand32. from a nitrene, but are diagnostic of the presence of the
In cases such as the parent system, rapid tautomerization givephenylnitrenium ion. These same three products are formed in
the p-aminophenol. In cases such as the 4-biphenylyl system the ground state reaction bfphenylhydroxylamine in acid, in
where this tautomerization is blocked, the imine can be observedthis case in quantitative yield. Moreover, the chloroanilines:
but it is not stable. Several reactions occur, including imine aminophenol ratios and the p-chloroaniline:o-chloroaniline ratios
hydrolysis and migration of R or OH to an adjacent carBon. are very simila#® whether phenylhydroxylamine or phenyl azide
Nitrenium ions can also be trapped by external nucleophiles is the precursor.
such as chloride and azide to give products suck4ag5, and The question then arises as to the immediate precursor of
34. the nitrenium ion in the azide photolysis, that is, whether it is
A singlet nitrene is the conjugate base of a singlet nitrenium indeed the singlet nitrene or the excited singlet state of the
ion, and thus the two intermediates can in principle be linked phenyl azide. In the latter case, nitrenium ion would form with
by protonation/deprotonation. This is shown in the highlighted protonation concurrent with loss ofN In their study involving
box in Scheme 1, with the protonation occurring by &hd by fluorinated phenyl azides as precursors of nitrenium ions, Platz
water, and the microscopic reverse deprotonation by water andand co-workers produced evidence for a singlet nitrene precursor
by hydroxide ion, respectively. The acidity constant for the by demonstrating agreement between lifetimes of this species
singlet nitrenium ion deprotonating to the singlet nitrene is thus as estimated by trapping by acid and independently by trapping

given by the following: with pyridine23 In the present case the excited singlet can be
ruled out as a precursor on the basis that the relative quantum

1 . 1 K‘,’V kg,_,KW yields for disappearance of the phenyl azide are within

KaCArNH™ ="ArN) = E = @ (8) experimental error unchanged from dilute acid to 1.0 M acid.

This occurs in spite of an increase in the yield of nitrenium-
derived products from-68% to 52%. If these products were
derived from the excited state, the increasing importance of the
protonation pathway would have resulted in an increase in the
guantum yield, in fact an almost doubling ineti M acid.

Thus we conclude that the precursor to the phenylnitrenium
ion is singlet phenylnitrene and that this species can be trapped
by protonation. On this basis eq 9 can be written for the
dependence of the products or idoncentration,

o
keX

This equation of course refers to the interconversion of the
two species in their singlet electronic states. The ground state
of most arylnitrenes is the triplet, calculated for example in the
case of phenylnitrene to be20 kcal/mol more stable than the
singlet3® Most arylnitrenium ions on the other hand are ground
state singletd’ This is seen experimentally in their nucleophilic
addition chemistry, a reaction pathway argued to be a charac-
teristic of a singleB® Theoretical calculations also show singlet
ground stated? a recent high-level calculation for example
places the singlet phenylnitrenium ion 21 kcal/mol below the K, H 4
triplet3%" An interesting consequence of the different multiplici- E [H']

ties of the ground state nitrene and nitrenium ion is that the F aniline = 0 9)
acidity constant of a triplet arylnitrenium ion deprotonating to ﬁ [H+] + ﬁ +1
a triplet arylnitrene is many orders of magnitude greater than Koy Koy

(32) Leyva, E.; Platz, M. S.; Persy, G.; WirzJJAm. Chem. So4986
108, 3783. whereFaniine is the fraction of the reacted phenyl azide that is

19%3)12"5""%%%"' A Leyva, E.; Whitt, D.; Platz, M. 8. Am. Chem. Soc.  gccounted for by the aniline producg8, 24, and 25. The

(34) (a) As in the Bamberger rearrangement. For recent references see@SSUmptions that are made are that there is no reversal of the
(b) Sone, T.; Tokudo, Y.; Sakai, T.; Shinkai, S.; Manabe])QChem. Soc., protonation, ring expansion, or intersystem crossing, that ring
ge_f,'\(/iln Jrgns-oﬁggﬁ ngS-S(b) Sgnfk"I'+:4?1m?zrypsoltoi5}(siésfci§i’K\g'ﬂ rfsfg‘rhair expansion is more important than intersystem crossing ¢
G Pgtci’f,(,l A Wiﬁiam’og.’ L'eHJ'_ Chgms..Soc., Perkin Trans, 2084~ Kisc),""*#41and that the three anilines account for all of the
423. intermediate nitrenium ion that is formed. We do not quanti-

(35) For examples see refs 27, 34c, and: Biggs, T. N.; Swenton,J. S.  tatively account for all of the products from the phenyl azide,

A“}é%hg;“k%"??f,ﬂgmliﬁgr}sf b Schaefer. H.EAm. Chem. Soc.  €SPecially in the more dilute acids, but assume that this is caused

1992 114, 5349. (b) Hrovat, D. A.; Waali, E. E.; Borden, W. J. Am. by other reactions involving the dehydroazepihe.

Chem. Soc1992 114, 8698. (c) For experimental evidence, see: Travers,  The HCI product data in Table 1 were fit to eq 9 to provide
M. J.; Cowles, D. C.; Clifford, E. P.; Elison, G. B. Am. Chem. S0d992, . _ -1 . —

114, 8699. (d) Interestingly, the singlet state that has the lowest energy is values .Ofkﬁ"ke"p 11 i 0.1 M~"and w’.'kex” 0'07.:t 0.01

an open shell species. (see Figure 4). As will be shown singlet arylnitrenes are

(37) TheN-tert-butyl(2-acetyl-4-nitrophenyl)nitrenium ion recently stud-  relatively strong bases, stronger in fact than ammonia and
ied by Srivasta and Falvey is an exceptidn.

(38) Anderson, G. B.; Yang, L. L.-N.; Falvey, D. E. Am. Chem. Soc. (40) The two ratios for24):[25] are within experimental error the same.
1993 115 7254. The ratios for (R4] + [25]):[23] (0.369 + 0.026 for PhN and 0.458+

(39) (a) Ford, G. P.; Scribner, J. D. Am. Chem. S0d981, 103 4281. 0.021 for PhNHOH) may be statistically different. A possible explanation
(b) Glover, S. A.; Scott, A. PTetrahedron1989 45, 1763. (c) Li, Y.; is that the phenylnitrenium ion, which is very short-li&8 reacts in a
Abramovitch, R. A.; Houk, K. NJ. Org. Chem1989 54, 2911. (d) Ford, different state of ion pairing, or perhaps in a different vibrational state,
G. P.; Herman, P. S. Mol. Struct. (Theochem1p91, 236, 269. (e) Falvey, when formed from the two precursors.
D. E.; Cramer, C. JTetrahedron Lett1992 33, 1705. (f) Cramer, C. J.; (41) This is demonstrated in the present experiments by the relatively

Dulles, F. J.; Falvey, D. EJ. Am. Chem. S0d.994 116, 9787. high yield of the azepinon®2 for the non-nitrenium products.
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Figure 4. Yield of aniline products{%(23 + 24 + 25):100 as a
function of HCI concentration. The points are experimental. The line
has been drawn according to eq 9 using the parameters given in th
text.

0.8

alkylamines. These amines are protonated by aquedwsitd
rate constants of24 x 101°M~1 s7142 and thuskf, must also

lie within this range. This means thki,, is also 2-4 x 100
(with s~ units), precisely in the range previously estimated by
the Platz group, except with tighter limits.

One result that surprised us was the formation of a small
amount of nitrenium-derived products at very low acid con-
centration, indicating that the solvent was sufficiently acidic to
trap the singlet nitrene. Quantitatived:k?, is 0.06+ 0.02 M,
which means that], is 1-2 x 10° s*. The magnitude of this

e

McClelland et al.

NH, NH, NH,
1.3x10°s”
)
H OH H OH OH
35 36 23

4-Biphenylyl Azide: Products. The relevant data concerning
the nitrenium ion in this system come from the study of the
pivalate 33 by the Novak groug’ This ester was found to
undergo relatively rapid solvolysis in 5% acetonitrilwater
resulting in two products. One, formed in 7% yield, retained
the pivaloyl group, and was attributed to internal trapping at
the stage of a nitreniumpivalate ion pair. The other, formed
in 91% yield, was the cyclohexadieno@6. This was not an
initial product; a precursor with a half-life of several hours was
observed in the HPLC analysis and attributed to the indine
The addition of sodium azide to the solvolysis caused no
increase in the rate of reaction @B, but resulted in the
formation of the azido addu in place of26. This is evidence
that the intermediate 4-biphenylylnitrenium ion forms in a rate-
limiting step and subsequently partitions between water and the
azide ion. Quantitative analysis of the ratia3dfto 26 provided
the trapping ratikazky as (2.94 0.2) x 108 M1,

The formation 0f26 in high yields, coupled with the HPLC
observation of its precursor, shows that there is substantial

rate constant indicates that singlet phenylnitrene is relatively formation of the same nitrenium ion in the photolysis of

basic, as shown by the following calculation of the upper limit
on the acidity constant of the phenylnitrenium ion. This
calculation uses the lower limit fdg, and an upper limit for
k3, of 4 x 10" M1 s71, based on data for ammonium ions
and hydroxide¢’2 From eq 8, Ki(*PhNH" == 1PhN) is then
calculated to be greater than 12.4.

Transients Observed upon Phenyl Azide Photolysis in
Acids. The transient that can be recognized from previous
studies of phenyl azide is the dehydroazef@@é’ This species
results in a broad absorbance in the 3@00-nm region and is

4-biphenylyl azide. Assuming that free 4-biphenylylnitrenium
ion converts quantitatively 86, as implied by the Novak result,
88% of the photolysis in 10% acetonitrile goes through the
nitrenium pathway. This is substantially higher than observed
with phenyl azide, and moreover it occurs without added acid,
i.e. by a pathway involving protonation by water. As would
be expected for such a pathway, the yiel®26fdoes decrease
with decreasing water content, and by 90% acetonitrile there is
little or no protonatiorf® Under these conditions, the photolysis
appears to follow a similar course to that seen previously in a

clearly present in the more dilute acids of our experiments. This study in cyclohexane solvefitwith formation of the azo and

intermediate is of course the precursor of the azepid@né&he

amino derivatives.

dehydroazepine transient however was only seen in solutions 4-Biphenylyl- and 2-Fluorenylnitrenium lons. There is

more dilute that~0.1 M acid, in spite of the fact tha22
continued to form in reasonable yield in stronger acids.
Although detailed kinetic experiments were not performed, the

substantial evidence that the transient withy at 460 nm in
the LFP experiments with 4-biphenylyl azide is the nitrenium
ion.

explanation appears to lie in the reaction of the dehydroazepine (i) Such an intermediate is consistent with the formation of

being Ht-catalyzed, with the decay becoming too rapid in the
more concentrated acids for detection on#29 ns time scale
of our apparatus. This catalysis is not surprising since the

26. It can be noted that experiments with varying laser
intensities demonstrated that the transient absorbance was linear
in the laser dose. Moreove2p was demonstrated to form in

dehydroazepine is a ketenimine, and such compounds do hydratghe same yield by HPLC analysis following laser irradiation.

in a reaction that is efficiently catalyzed by acids.
The new feature of our experiments is the transient at lower

wavelengths. This species increases with increasing acidity in

a manner similar to the aniline products, implying that it is an
intermediate on the nitrenium side of Scheme 1. The phenylni-
trenium ion itself can be ruled out since its lifetime in water is
only 100-200 ps2*t Our assignment therefore is the cyclo-
hexadiene32, or more particularly in the acid solutions of our
studies, its conjugate ac&b.** This species is the cyclohexa-
dienyl cation (e.g.36) that is formed by protonating-

Thus, the laser photochemistry is the same as that observed on
steady-state photolysis.

(i) More importantly, there is an excellent linear correlation
(not shown) between the initial absorbaticat 460 nm and
the percent yield 026 (Table 2), unequivocally demonstrating
that the transient is a precursor of the product.

(45) For previous LFP studies involving protonated aromatics see
Steenken, S.; McClelland, R. Al. Am. Chem. Socl99Q 112 9648.
Mathivanan, N.; Cozens, F.; McClelland, R. A.; Steenkerd. &m. Chem.
S0c.1992 114, 2198. Lew, C. S. Q.; McClelland, R. A. Am. Chem. Soc.

aminophenol at the carbon para to the amino group. What is 1993 114 2198. Zhang, G.; Shi, Y.; Mosi, R.; Ho, T.; Wan. €an. J.

being observed therefore in the decay of this transient is the

deprotonation by water to form the aminophetfol.

(42) Eigen, M.Angew. Chem., Int. Ed. Endl964 3, 1.

(43) McCarthy, D. G.; Hegarty, A. Rl. Chem. Soc., Perkin Trans. 2
198Q 579.

(44) (a) The K4 value for protonated benzoquinone imine is %'%7(b)
Novak, M.; Martin, C. A.J. Org. Chem1991, 56, 1585.

Chem. 1994 72, 2388. McClelland, R. A.; Cozens, F.; Steenken, S.
Tetrahedron Lett199Q 3821.

(46) In addition to a decreased rate of protonation associated with the
lower water concentration, an added factor may be that there is insufficient
water to efficiently solvate hydroxide ion, so that the ion pair ArNHOH
cannot separate.

(47) The experiments measuring this quantity reported in Table 2 were
carried out in such a way that teOD values represent relative quantum
yields for formation of the transient.
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(i) The transient is quenched by azide ion, wikg;ky
calculated from the directly measured rate constants£208L)
x 10® M~ identical to the ratio found by the Novak group.
This identity is important in an additional manner since it

establishes that the flash photolysis intermediate is a ground

state species.

(iv) A transient with a very similadnax is observed for the
N-acetyl-4-biphenylylnitrenium ion generated by a completely
different photoreaction (eq 3¥.

(v) The 4-biphenylylnitrenium ion7 (eq 2), which was
characterized by NMR, exhibits Zanax of 502 nm’ The 460-

J. Am. Chem. Soc., Vol. 118, No. 20, 48\

Scheme 2
Fast process - fate of singlet nitrene

Kexp + Kisc I
Nitrene ProductsL TArN ——— 'ArNH

Slow process - fate of nitrenium ion

Ko #KISC 1N o TAH fut korlOF

KSTOH]

— 2

Nitrene Products

intersystem crossing that results in “nitrene products”. This is
followed by processes occurring on the ns time scale whereby

nm Amax Observed for the parent is thus consistent, especially that fraction of nitrenium ion that has formed in the first step

considering thaf has a dimethylamino substituent in the second
ring and this might be expected to incredsex

A similar transient, albeit two orders of magnitude longer-
lived, is observed on irradiation of 2-fluorenyl azide, and can
be assigned to the corresponding nitrenium ion. Although
product evidence is lacking with this systéfthe similarity
with the spectrum for the 4-biphenylylnitrenium ion, the efficient

reacts with water and hydroxide leading26. In competition
there is deprotonation by hydroxide to the singlet nitrene which
on this time scale rapidly partitions back to nitrenium ion and
on to the nitrene products.

The assumption that is made in this treatment is that reactions
involving singlet nitrene are faster than reactions involving
nitrenium ion, i.e. thatkex, + kisc + K‘,’V) > (ky + ko[ TOH] +

quenching by azide ion, and the close similarity to the spectrum k2 [-OH]). Evidence that this is the case will be seen in the

of the N-acetyl-2-fluorenylnitrenium iol place little doubt on
this assignment.

Precursor of the 4-Biphenylyl- and 2-Fluorenylnitrenium
lons. As in the case of the phenyl azide, we will argue that

numbers derived below. Also noteworthy is the observation in
the ns LFP experiments that the initial optical density of the
nitrenium ion is unchanged even in quite concentrated base.
This indicates that the quantity of nitrenium ion is still being

the precursor of these nitrenium ions is the singlet nitrene. Two determined by the initial partitioning of the singlet nitrene, and
pieces of evidence can be cited to rule out the excited state ofthat on the time scale of this partitioning, reactions involving

the azide.
() In the biphenylyl system the relative quantum vyield for

hydroxide ion and nitrenium ion are unimportant.
In terms of this model egs 11 and 12 are derived for the rate

disappearance of the substrate is essentially unchanged frontonstant for decay of the nitrenium ion and the fractional yield

20% to 90% acetonitrile, in spite of a decrease in the yield of
the nitrenium ion from 84% to almost zero. If the excited state

were the precursor the loss of this photochemical pathway would

surely have had an effect.
(ii) Picosecond spectroscopy with fluorene has recently

showed a transition attributed to the singlet excited state near
700 nm#® Unless the azide substituent perturbs the system

sufficiently to move the transition out of the observable region,

of the product26
Kaecay= Ky + Koul OH] + (1 = P)Ko,[ OH]

Ky + Kol "OH]
Fe=P 12
% Pl T kol OHI + (L P or) 2

(11)

the absence of such a transition with 2-fluorenyl azide implies whereP = k& :(kexp + kisc + K?). Equation 11 predicts a linear

that even after 25 ps the singlet excited state has lgst N

guenching with hydroxide ion, but the sloge(obs)) is equal

The rate constant for the appearance of the nitrenium ion to kow + (1 — P)k3,, and does not represent solely nucleophilic
measured in the ps experiment represents the reactions of thejuenching. Equations 11 and 12 contain four independent

singlet nitrene, and is therefore equalkiq, + kisc + K. In

variables,P, kg, kon, andk3,,. Values forP (0.84) andk,

the case of biphenylyl this can be broken down further since (1.85 x 10° s71) were taken from product and LFP data in

KD (kexp + kisc + K0) is known from the yield of the nitrenium
product26. Thus for 20% acetonitrilé®, is calculated as &

10° st and kexp + kisc) as 1x 10° s71. These numbers show
why the amount of nitrenium ion produced by solvent proto-
nation is so much greater with the biphenylyl system when
compared to phenyl. The rate of protonation is in fact only
2.5-5 times greater for biphenylyl, but the lifetime of the singlet

neutral solutions, and the term inQH] in the denominator of

eq 12, kon + (1 — P)kZ,,) was taken as the value &fy(obs)

(6.4 x 10" M~1 s71). This left one unknown, ¢, and the
experimental data were fit to eq 12 to obtain its value. The fit
showing the good agreement of the model to the experimental
data is shown in Figure 5. The value kfy so obtained was
1.4 x 10’ M~1s71, and from this value ankbx(obs), the value

biphenylylnitrene with respect to ring expansion and intersystem of kgH was obtained as 3.x 1° M~1sL

crossing is 26-40 times longer.
Acidity of the 4-Biphenylylnitrenium lon . In this section
we will combine this value ok?, with a value ofkl,, calculated

from data obtained in base. The analysis is based on Scheme

The ratiok?:k&,, is 16 and is equal to the basicity constant
Ky for the singlet 4-biphenylylnitrene in 20% acetonitrilwater.

'4-PhGH,N + H,0="4-PhGH,NH" + "OH (13)

2 where the singlet nitrene reacts by processes occurring on
the ps time scale that involve partitioning between protonation This means that a hypothetical solution containing 16 M
to the nitrenium ion and a combination of ring expansion and hydroxide ion is required for a 1:1 mixture of the singlet nitrene
and nitrenium ion at equilibrium. nl1 M hydroxide, there is

0, i i = i 0, itri
shows a single major peak which we assign to the imine that is the fluorenyl only abOUt_SA) n'trene'_ Usingy . _14'8 in 20% aceton_'mle_
analog of27. Unlike 27, however the fluorenylimine reacts to give several  (S€€ Experimental Section), the acidity constant for the nitrenium
new products which we have not identified. Similar observations have been ion (eq 8) is calculated as 1& M. In our preliminary report
made in solvolysis reactions proceeding through this nitreniunt&bgh) we suggested that the singlet nitrene was approaching the

Novak, M. Personal communication. .
(49) McGowan, W. M.: Hilinski, E. FJ. Am. Chem. Sod.995 117, category of a strong base in watér.These absolute numbers
show the extent to which this is indeed true.

(48) (a) With this azide, HPLC analysis immediately after irradiation

9019.



4802 J. Am. Chem. Soc., Vol. 118, No. 20, 1996 McClelland et al.

1.0 | - — &
S 3.0e+7
0.8 z
[
S 20e+7
0.6 E
Fa T 1.0e+7
0.4 . S
i 0.0 - —
0.2 0.0 0.4 038
0.0 ! | = 20e46 ————i—t—
0.0 0.2 0.4 =
(3
[NaOH] ;°', 1.5e+6 §
Figure 5. Yield of 4-hydroxy-4-phenyl-2,5-cyclohexadienoré) as E 1.0e+6
a function of NaOH concentration following irradiation of 4-biphenylyl =
azide. The line has been drawn on the basis of eq 12 using the x8 5.0e+5
parameter® = 0.84,k, = 1.85x 1P s1, kop =1.4 x 10° Mt s71,
andkd, =3.1x 1P M1st 0.0
0.0 0.4 0.8
A reviewer has suggested that the deprotonation reaction HY
produces the ground state triplet nitrene. SUCh a possibility can Figure 6. Corrected rate constaftsor the decay of the 4-biphenylyl-
be added to Scheme 2_’ through an addltlonql pathv%AyL and 2-fluorenylnitrenium ions in HCIOsolutions, with ionic strength
NH* + ~OH — 3ArN, with a rate constant defined dkp,,). 1.0 maintained with NaClQ Curves are drawn according to eq 15

Equation 11 is then modified by adding a further term in using the parameters given in the text.

hydroxi_de ion,3kgH[*OH], and the same term 's added to the Table 5. Acidity Constants for Aniline Dications, and Rate
denom'.nator of eq 12. The analysis proc?eds as above andConstants for Reaction of Nitrenium lons with W’ater (20%
results in the same value kfy plus the quantity (& P)I<<dDH + Acetonitrile—Water, 20°C, 1 M NaCIQ)

%Z,, = 5.0 x 107 M~1 s, where the contributions from the AT —
two deprotonation pathways cannot be separated. With this

model, the value okl and acidity constant calculated above
are upper limits, corresponding to the situation where the  PKa{(ArNH2)?" 0.1 0.6

constant 4-biphenylyl 2-fluorenyl

+ — Y
%, term makes a negligible contribution. If deprotonation G (AINH)?*, 571 6.0 x 10 1.9x 108
were to be occurring to the triplet nitrene, the singlet nitrene KL(ANH)*, 57t 1.1x 10 1.3x 10
g : ’ ; K!(ArNAc)*, st 3.4x 10° (4.4 x 1002

must be an even stronger base than we have calculated.
Basicity of the 4-Biphenylyl- and 2-Fluorenylnitrenium 2Not measuredri 1 M NaCIQ,. This number is calculated from
lons. Our model to account for the kinetic behavior in acids the observed rate constant, %710 s™* in 0.5 M NaClQ, with the
(Figure 3) involves a mechanism where the nitrenium ion is assumption that the effect of ionic strength is the same as it is on the
. L . . N-acetyl-4-biphenylylnitrenium ion.
further protonated to a more reactive dication, as illustrated in
eq 1420 The behavior of theN-acetyl substituted cation is  are shown in Figure 6, and the parameters obtained in these
fits are given in Table 5.

Ke . o KE This treatment producesg values of 0.1 for the 4-amino-
—~—— Ph NH ———= ph NH, ——— (14) . T L L
@ K, (ArNH,)*2 ¢ biphenyl dication and 0.6 for the 2-aminofluorene dication. In
a7 38 terms of the conjugate bases, the nitrenium ions, this means

that these are weakly basic species. They are however suf-

consistent with this interpretation. The amide-type nitrogen of ficiently basic to be significantly protonated in 1.0 M aqueous
this ion will not be protonated, at least in the solutions involved 2cid, especially the fluorenyl derivative. In terms of superacids
here, and indeed the rate constants do not increase. There is if¥here NMR spectroscopic detection of nitrenium ions might
fact a 20% decrease from diluie t M acid which we attribute € Possible, this will mean that the species that will be observed

to a specific salt effect associated with replacing NaGh@h inevitably will be a dication. Equation 3 given in the introduc-
HCIO,. tion shows an example from the Olah group.

According to this model, Previous experimental evidence has suggested that arylnitre-
nium ions are perhaps better regarded in terms of carbenium
+ 2+ g+ ion resonance contributors (e.§7).34c The above basicities
= KUKJ(AMNH)®™ + I TH] (15) are fully consistent with such a structure, since these are what
Ka(ArNHz)2+ +[H"] might be expected for an imine with a nearby positive charge.
Further evidence is seen in the remarkably little difference in

and rate constants are predicted to increase at some acidity aghe absorption spectra 8FH andN-acetyl nitrenium ions, i.e.
the K%,Jr pathway starts occurring but then plateau as the the chromophore is the cyclohexadienyl cation. Also consistent

equilibrium shifts to the dication. To fit the data to eq 16, values &€ the relatively small increases in the water rate constants
of kops Were first corrected for the specific salt effect observed (Table 5) on substituting NH in a nitrenium ion with the

with theN-acetyl compoun@! The fits to the experimental data  €lectron-withdrawingN-acetyl groug. Even full protonation
has little effect on the spectrum and results in rate increases of

(50) The constanlt‘x is the same ak,, employed previously. only two orders of magnitude.

(51) Fits of eq 15 to the experimental data were significantly poorer if
this was not done. The corrected rate constants were obtained by multiplying  (52) (a) This is seen with other nitrenium iot8(b) Novak, M.; Kahley,
kobs in each acid by the ratiiopdN-acetyl 1 M NaClQy):kopd N-acetyl), M. J.; Lin, J.; Kennedy, S. A.; Swanegan, L. A. Am. Chem. Sod 994
wherekosdN-acetyl) refers to the same acid. 116 11626.
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Acid—Base Properties of Arylnitrenium lons

The reactions of nitrenium ions with heteroatom nucleophiles

J. Am. Chem. Soc., Vol. 118, No. 20, 4303

azide, the detector wavelength was 250 nm, and the eluting solvents

also show that they are reacting as carbenium ions. This iswere 0.05 M 1:1 HOAe-NaOAc and acetonitrile. The products were

seen not only in the nature of products, but in the reactivity
patterns. Thus nitrenium ions react with azide at the diffusion
limit with rate constants of 5« 10° M~! s71, the same as
carbenium ion8® The changes seen ik, on increasing
acetonitrile content in the mixed aqueous solvents (Table 2)

eluted in the sequence6, 27, and 4-biphenylyl azide by use of a
gradient program beginning with 40% acetonitrile for 12 min, then
changing to 80% acetonitrile over 5 min. Quantitative measurements
were based on the comparison of peak areas with areas obtained with
authentic samples (except for the unstablevhich was not analyzed
guantitatively). The photolyses were carried out using a Rayonet

are also identical to what has been observed previously with photochemical Reactor equipped with lamps operating at 300 nm. In

carbenium iong?

Summary. These studies have shown that singlet phenylni-
trene, 4-biphenylylnitrene, and 2-fluorenylnitrene are relatively
strong bases capable of being intercepted by protonationtby H
and even water to give nitrenium ions in competition with other

reaction channels such as intersystem crossing and ring expan

sion. In the case of phenylnitrene the ktapping competes
with a ring expansion that occurs with a rate constant-64 2

x 10 M~1s™1, Protonation by solvent water also occurs, but
even though the rate constant is of the order of 40, it
constitutes a minor pathway in competition with the ring
expansion. In the cases of 4-biphenylyl- and 2-fluorenylnitrene,

the case of the biphenylyl system experiments were also performed
following one pulse of irradiation in the LFP apparatus. These showed
no difference from results obtained with the Rayonet. Solutions
contained 26-100 M substrate, and were directly injected into the
HPLC for analysis. Irradiation times were of the order-9155 min.
In the case o26 which formed slowly over time, injections were made
the following day. For the experiments involving 4-biphenylyl azide
in NaOH, solutions were irradiated for 0.5 min, then an amount of
HCI equivalent to the NaOH was added to neutralize the solution, along
with a quantity of 1:1 HOAe-NaOAc buffer to set the pH at5. This
solution was then allowed to stand overnight before analys&6of

The pH in the mixed acetonitritesolvents was measured using a
combination electrode that had been calibrated with standard aqueous

ring expansion and intersystem crossing occur an order of buffers, and a small empirical correction fact@s* was added to the

magnitude more slowly, water protonation is faster, and there
are substantial yields of nitrenium ion without added acids. In
these cases the nitrenium ions are sufficiently long-lived that
they are detected by ns LFP. A combination of ps LFP, ns
LFP, and product analysis provideK4= 16 for the 4-biphen-
ylylnitrenium ion deprotonating to singlet nitrene in 20%
acetonitrile. Thus singlet 4-biphenylylnitrene falls close to the

category of a strong base in this solution. The LFP experiments

under acidic conditions show kinetic behavior consistent with
protonation to a dication. Analysis of the kinetic curves
furnishes the K, values for the dications as 0.1 (4-biphenylyl)
and 0.6 (2-fluorenyl). This and other pieces of evidence are

measured pH. This factor was the value required to adjust the measured
pH of a solution of 0.01 M HCI to a value of 2.00. Th&pin 20%
acetonitrile was obtained from the measured pH of a 0.01 M NaOH
solution, according to the equatioKp = pHmeasure(0.01 M NaOH)+
2.00+ Qs

Phenyl azide, 4-biphenylyl azide, and 2-fluorenyl azide were known
compounds and were prepared by standard routes. 4-Chloroaniline and
2-chloroaniline were commercial samples and were distilled before use.
4-Aminophenol hydrochloride was used as received. 4-Hydroxy-4-
phenyl-2,5-cyclohexadienon@@) was obtained by irradiating at 300
nm a solution of 0.2 g of 4-biphenylyl azide 1 L of 20%acetonitrile-
water until HPLC analysis indicated less than 5% azide. The solution
was then allowed to stand overnight to all@¥ to convert to26, at

argued to be consistent with these arylInitrene ions being betterwhich time the solvent was completely removed, first with a rotary

regarded as imine-substituted cyclohexadienyl cations. Overall,

arylnitrenium ions (ArNH) are very weak acids in water when

deprotonating to singlet nitrenes and are also weak bases,

accepting a proton to form the aniline dication.

Experimental Section

evaporator and then with a freeze-dryer. The remaining sample was
recrystallized from ethanelwater and had NMR and melting point
identical with a sample provided by Mike Nov&’ 1H-Azepine-
2(3H)-one @2) was prepared by 300-nm irradiation of a solution of
0.2 g of phenyl azideni 2 L of 0.005 M HCI. After HPLC indicated
80% conversion of the phenyl azide, the solvent was concentrated to
50 mL, and extracted with dichloromethane. The dichloromethane layer

Flash photolysis experiments were carried out in the standard fashionwas washed with sodium bicarbonate and dried (M@Sénd after

with ca. 20 ns pulses at 248 nmd. 60 mJ per pulse) from a Lumonics

excimer laser (KrF emission) and witha. 25-ps pulses at 266 nnod.

4 mJ per pulse) from a Continuum YG-601-C Nd/YAG laser.
Product analyses were performed with a Waters HPLC with-UV

visible detector, using a-Bondapak Gs reversed phase column. In

filtration the solvent was removed. The sampl@@fvas then isolated
by semipreparative HPLC with a reversed-phase d@lumn and an
eluting solvent of 30% methanelf0% water. The NMR of this
sample-6(CDCly) 2.92 (d, 2H), 5.55-5.65 (m, 1H), 5.8-5.9 (m, 1H),
6.2—6.3 (m, 2H), 8.3 (broad s, 1Hjwas identical with those reported

the case of phenyl azide, the detector wavelength was 235 nm, and then the literaturet8a=3°

eluting solvents were 0.001 M HCI and methanol. The products were
eluted in the sequen@s, 24, 25, 22, and then phenyl azide by use of

a gradient program beginning with 10% methanol for 10 min, then
changing to 70% methanol over 15 min. In the case of 4-biphenylyl

(53) McClelland, R. A.; Kanagasabapathy, V. M.; Banait, N.; Steenken,
S.J. Am. Chem. S0d.991 113 1009.

(54) McClelland, R. A.; Kanagasabapathy, V. M.; Banait, N.; Steenken,
S.J. Am. Chem. So0d.989 111, 3966.
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