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ABSTRACT: UV irradiation (266 or 280 nm) of benzhydryl
triarylphosphonium salts Ar,CH-PAr;"X" yields benzhydryl cations
Ar,CH" and/or benzhydryl radicals Ar,CH®. The efficiency and
mechanism of the photo-cleavage were studied by nanosecond laser
flash photolysis and by ultrafast spectroscopy with a state-of-the-art
femtosecond transient spectrometer. The influences of the photo-
electrofuge (Ar,CH'), the photo-nucleofuge (PPh; or P(p-Cl-
Cg¢H,)), the counterion (X~ = BF,~, SbF¢~, CI-, or Br™), and the

solvent (CH,Cl, or CH;CN) were investigated. Photogeneration of

carbocations from Ar,CH-PAr;*BF,” or -SbF,~ is considerably more efficient than from typical neutral precursors (e.g,
benzhydryl chlorides or bromides). The photochemistry of phosphonium salts is controlled by the degree of ion pairing, which
depends on the solvent and the concentration of the phosphonium salts. High yields of carbocations are obtained by photolyses
of phosphonium salts with complex counterions (X~ = BF,” or SbF,~), while photolyses of phosphonium halides Ar,CH-
PPh;*X™ (X~ = CI” or Br") in CH,Cl, yield benzhydryl radicals Ar,CH® due to photo-electron transfer in the excited
phosphonium halide ion pair. At low concentrations in CH;CN, the precursor salts are mostly unpaired, and the photo-cleavage
mechanism is independent of the nature of the counter-anions. Dichloromethane is better suited for generating the more reactive
benzhydryl cations than the more polar and more nucleophilic solvents CH;CN or CF;CH,OH. Efficient photo-generation of
the most reactive benzhydryl cations (3,5-F,—C4H;),CH" and (4-(CF;)-C4H,),CH" was only achieved using the photo-leaving
group P(p-Cl-C4H,); and the counter-anion SbF,~ in CH,CL,. The lifetimes of the photogenerated benzhydryl cations depend
greatly on the decay mechanisms, which can be reactions with the solvent, with the photo-leaving group PArs;, or with the
counter-anion X~ of the precursor salt. However, the nature of the photo-leaving group and the counterion of the precursor
phosphonium salt do not affect the rates of the reactions of the obtained benzhydryl cations toward added nucleophiles. The
method presented in this work allows us to generate a wide range of donor- and acceptor-substituted benzhydryl cations Ar,CH*

for the purpose of studying their electrophilic reactivities.

1. INTRODUCTION

The photolytic generation of carbocations by heterolytic
cleavage of neutral (R-X) and charged (R-X*) precursors has
been employed not only for studying the rates of fast reactions of
carbocations with nucleophiles' ™ but also for the photo-
initiation of carbocationic polymerizations.”® Furthermore,
photogenerated carbenium ions are the initial cleavage products
of the photolysis of certain photoacid and photobase
generators.”' ">® Common precursors for such applications are
halides R-Hal,>~>*'**” acetates R—OAc,é_lo’28 aryl ethers,é_9 and
onium salts such as halonium,*>*’ sulfonium,”'**>** ammo-
2231 and phosphonium - salts.'*~2%%*3*73* Hetero-
Iytic bond cleavages are often accompanied by formation of
radicals via homolytic processes, particularly when the resulting
carbocations are not highly stabilized and less polar solvents are
employed.*®
Among the many photo-leaving groups, phosphines turned
out to be particularly advantageous, because they combine high
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stability,® even in alcoholic and aqueous solution, with a high
preference for heterolytic cleavage and low tendency to produce
radicals.'*7>%%*7**3® While we have recently reported several
examples for the photolytic generation of carbocations from
quaternary phosphonium salts,'*™" there was no systematic
investigation about the relationship between the structure of the
precursor salt and the yields of the generated carbocations. The
lack of information became obvious when we failed to generate
benzhydrylium ions with empirical electrophilicity parameters E
> 7 by laser flash photolysis of phosphonium salts Ar,CH-
PPh;"BE, . As the photolytic generation of highly electrophilic
carbocations is of general importance, we have now examined
how the efliciency of carbocation formation can be influenced by
the reactivity of the photo-electrofuge (carbocation-to-be), the
photo-nucleofuge (photo-leaving group), and the counterion of
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the phosphonium salt. To gain insight into the ultrafast dynamics
of these processes, the nanosecond laser flash photolysis
experiments are supplemented by experiments on a state-of-
the-art femtosecond transient spectrometer.>

The use of benzhydryl derivatives is advantageous for these
investigations because of the clearly assignable distinct spectra of
the resulting cations and radicals.”® Benzhydryl cations
furthermore do not have f-protons and therefore cannot
eliminate HY, which reduces the number of subsequent
processes.15 Moreover, a systematic variation of the reactivity
of the generated carbocations is achieved by using substituted
benzhydryl cations Ar,CH* (E*) whose electrophilic reactivities
are quantified accurately by the empirical electrophilicity
parameters E.*'

In the following, we will first investigate how the yields and
dynamics of the photoproducts change with variations of the
benzhydryl (section 3.2) and phosphine moieties (section 3.3) of
the precursor molecules, of the solvent (section 3.4), and of the
counter-anions of the phosphonium salts (section 3.5). We will
then show how this information can be employed to generate
highly reactive carbocations such as E(18—20)* (section 3.6).
After discussing how the reaction conditions affect the lifetimes
of the carbocations on the >10 ns time scale (section 3.7), we will
finally demonstrate that the method presented in this work is well
suitable for the study of bimolecular reactions of the generated
benzhydryl cations (section 3.8).

2. EXPERIMENTAL SECTION

2.1. Materials. Solvents. For the nanosecond laser flash photolysis
experiments, p.a. grade dichloromethane (Merck) was subsequently
treated with concentrated sulfuric acid, water, 10% NaHCOj; solution,
and again water. After predrying with anhydrous CaCl,, it was freshly
distilled over CaH,. Commercially available CH,Cl, (Merck,
spectrophotometric grade) was used for the ultrafast measurements
because reactions with impurities are too slow to be observed on the
picosecond time scale. Acetonitrile (HPLC grade, VWR or
spectrophotometric grade, Sigma-Aldrich) and 2,2,2-trifluoroethanol
(99%, Apollo) were used as received.

Phosphonium Salts. The phosphonium salts E-PAr;*X~ were
prepared by heating Ar,CH-OH with Ph;PH*X™ or by treating
Ar,CH-Br with PAr; and subsequent anion metathesis.**

2.2. Laser Flash Photolysis. Nanosecond Laser Flash Photolysis.
Solutions of E-PAr; "X~ (Azgsnm = 0.1—1.0, ca. 5 X 107 to 10™* M) were
irradiated with a 7-ns laser pulse from the fourth harmonic of a Nd/YAG
laser (e = 266 nm, 30—60 m]J/pulse, diameter ~1 cm). A xenon lamp
was used as probe light for UV/vis detection (d = 1 cm). Transient
spectra were obtained as difference spectra from subsequent
determinations with and without laser pulse using an ICCD camera
with 10 ns gate width; i.e.,, the ns time scale spectra published in this
work show the average of the transient signals during the first 10 ns after
the laser pulse. To reduce noise, 4—16 such spectra were averaged,
whereby the solutions of the substrates were replaced completely
between subsequent laser pulses by using a flow cuvette.

Decay kinetics of the benzhydryl cations E* were measured by
following the absorbances A at 4., typically >64 individual decay
curves were averaged. The decay rate constants k,, (s™') were obtained
from the averaged curve by least-squares fitting to the single-exponential
function A(t) = Age ™ + C. The non-exponential decays were
evaluated with the software Gepasi.*

Femtosecond UV/Vis Transient Absorption Measurements. The
employed broadband transient absorption spectrometer is described in
detail in ref 39. Solutions of E-PAr;*X™ (Azg0um ~ 0.1—0.3, ca. 4 X 107*
to 6 X 107> M) were pumped through a flow cell of 120 ym or 1 mm
thickness and irradiated with 35-fs pulses (4, = 280 nm, 200 nJ/pulse)
from the frequency-doubled output of a noncollinear optical parametric
amplifier (NOPA). The pulses were focused down to a diameter of
about 100 ym inside the sample. A CaF, white light continuum spanning

from 290 to 700 nm and polarized at the magic angle was used as probe
light.

The time-dependent transient spectra were recorded with temporal
resolutions between 100 and 400 fs, depending on the thickness of the
sample layer, but always well below all observed decay rates. The decay
kinetics were followed at 4,,,, of the benzhydryl cations or radicals. The
absorbances were converted to quantum yields using the absorption
coefficients of the benzhydryl cations** and the accurately determined
excitation probability.’® A least-squares fit of the time-dependent
absorbances A(t) to the sum of exponential curves and a constant
provided the decay rate constants and amplitudes from which the
quantum vyields and rate constants for the different processes were
derived (see Supporting Information for details).

3. RESULTS AND DISCUSSION

3.1. General. Scheme 1 shows a mechanism for the photo-
generation of benzhydryl cations E* and benzhydryl radicals E*

Scheme 1. Generation of Benzhydryl Cations E* and
Benzhydryl Radicals E* by Photolysis of Phosphonium Ions E-
PPh,*
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from benzhydryl phosphonium ions E-PPh;" in line with
previously proposed mechanisms for similar systems.>> The
excited precursor molecules can either undergo heterolytic bond
cleavage to the carbocation/triphenylphosphine pair [E* PPh;]
(red pathway) or homolytic bond cleavage to the radical pair
[E*PPh;**] (blue pathway). Both pairs can then either undergo
geminate recombination to the starting material or diffusional
separation, which results in the free benzhydryl cations E* or
radicals E°. Only the UV/vis-absorbing species which escape the
geminate solvent cage (E*, E*, and PR;"**; bottom line of Scheme
1) have sufficient lifetimes (>10 ns) to be observed spectroscopi-
cally with a nanosecond laser flash setup.

3.2. Effect of the Photo-electrofuge (i.e., Structure of
the Benzhydrylium lon). Nanosecond Spectroscopy in
CH,Cl,. The transient spectra which we obtained by irradiation
of 107°—107* M solutions of E(1—20)-PPh,*BF,” in CH,CI,
with a 7-ns laser pulse (266 nm, 30—60 mJ/pulse) are compiled
in section S3 of the Supporting Information; four characteristic
examples are shown in Figure 1. The transient spectra feature
three types of absorption bands: (i) broad bands with 4., =
426—535 nm, which can be assigned to the cations E* by
comparison with the previously reported spectra of benzhy-
drylium ions,** and the cation-like reactivities (see below); (ii)
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Figure 1. Transient spectra obtained after irradiation (7-ns pulse, A, =
266 nm, gate width = 10 ns) of CH,Cl, solutions of benzhydryl
triphenylphosphonium tetrafluoroborates: (a) E3-PPhy " BF,™ (A6 nm =
0.16), (b) E12-PPh;"BF,” (Ase6nm = 0.49), (c) E17-PPh;"BF,™ (As66nm
=0.90), (d) E20-PPh;"BF,~ (Aye6 nm = 0.64).

sharp bands with 4., = 328—344 nm, which closely resemble the
published spectra of benzhydryl radicals E® in CH;CN;* and
(iii) a shoulder at ca. 350—360 nm, which we assign to the
triphenylphosphine radical cation PPh;"", in agreement with its
reported spectrum in CH,Cl, solution (with 4,,,, ~ 330 nm).**

The photo-cleavage of the phosphonium ions E(1—9)-PPh,*
in CH,Cl, yields the stabilized benzhydrylium ions E(1-9)*
exclusively. When we irradiated solutions of E(10—20)-
PPh,"BF,” in CH,Cl,, the ratios of the absorbances of the
benzhydryl cations E* and benzhydryl radicals E® decreased with
increasing electrophilicity E of the carbocations (Table 1). The
least stable carbocations in the series, E(18—20)" are hardly
detectable after photolysis of E(18—20)-PPh,'BF,”, and the
radicals E(18—20)* are obtained almost exclusively (Figure 1d
and Figure S3 in the Supporting Information).

Picosecond Dynamics in CH,Cl,. The processes which lead to
the formation of E* and E° are too fast to be followed with the
nanosecond laser flash photolysis instrument. A closer look at
these processes is provided by transient absorption measure-
ments with sub-100-fs time resolution which we performed for
selected benzhydryl triarylphosphonium salts. Figure 2 shows a

Table 1. Electrophilicity Parameters E of the Benzhydryl
Cations E(1-20)* and Absorption Maxima A,,,, (nm) of
Benzhydryl Radicals E* and Benzhydryl Cations E* in CH,Cl,

= . S
PAY
X Y

no. X Y

Amax / M) absorbance
EEY E° E° rato®

El' -136  © 535 ¢
E2* Ome 081¢ ¢ 54 e

E3" 4-MeO 4-MeO 0.00 ¢ 513 ¢

E4" 4-MeO 4-PhO 0.61 ¢ 517 ¢
E5" 4-MeO 4-Me 1.48 ¢ 484 ¢
E6" 4-MeO H 2.11 ¢ 466 ¢
E7" 4-PhO H 2.90 © 473 g
E8" 4-Me 4-Me 3.63 ¢ 473 ¢
E9" 4-Me H 4.43¢ < 456 €
E10"  4-F 4-F 5019 ~327 447 >7
E11" 4-F H 5207 =333 451 >5
E12" H H 5477 ~332 443 ~4
E13" 4-Cl 4l 548 ~344 480 ~4
E14" 3-F H 6237 ~337 438 ~3
E15" 4(CF;) H 6.707  ~338 430 ~2
E16" 3,5-F, H 6749  ~332 434  ~1.7
E17"  3-F 3-F 687  ~331 426 ~1.5
E18" 3,5-F, 3-F 7524 ~328 435  ~0.25

(7.96)*  ~337 439 <0.1
(8.02)%°  ~328 445  <0.1

E19" 4-(CF;) 4~CF3)
E20" 3,5-F, 3,5-F,

“Electrophilicity parameters E of the benzhydryl cations E; from ref
41a unless noted otherwise. “Ratio of absorbances at Amax (BY) and at
Amax (E®) obtained by laser flash photolysis (7-ns pulse, A, = 266 nm)
of E(1-20)-PPh;*BF,” in CH,Cl,. Due to the overlap with the PPh,**
band, absorbances at 4,,,, (E®) overestimate the amount of radicals
present. “No radicals detected. “New or revised E parameters from
unpublished work. “Approximate values.

false color representation of the ps transient absorption data
obtained by irradiating E12-PPh;"BF,” in CH,Cl, with a ~35-fs
pulse (280 nm, 200 nJ/pulse): The wavelength is plotted on the
horizontal axis and the time after the laser pulse on the vertical
axis. Blue color indicates low absorbance and red color high
absorbance.

The plot features three types of bands: (i) a broad absorption
band below 400 nm, which disappears in the first 30 ps, is
assigned to the excited state absorption (ESA) of the
phosphonium salt precursor; (ii) the band of the benzhydryl
cation E12* (4,,,, &~ 443 nm), which reaches a maximum within
the first 25 ps; and (jii) a small band of the benzhydryl radical
E12° (A & 332 nm), which becomes visible after the decay of
the excited state of the phosphonium ion. The graph to the right
of the color plot shows the dynamics of the absorbance at 4,,,, of
the carbocation E12* (red) and at 332 nm (blue), A, of the
radical E12° overlapping with the excited-state absorption in the
first tens of picoseconds.

The intense short-lived (<0.1 ps) signal directly after the laser
pulse is a coherent artifact that is also observed in the pure
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Figure 2. Transient absorptions observed after irradiating a 5.2 X 1073
M solution of E12-PPh;*BF,” in CH,Cl, by a 35-fs pulse (A, = 280 nm,
Ajgonm = 0.2, d = 120 pum). The graph above the color plot shows the
spectrum after 1.8 ns (black). The graph on the right shows the
dynamics of the absorbances at selected wavelengths: Absorbance of
benzhydryl cation E12* (445 nm, red); and absorbance of the excited
state (ESA) of the phosphonium ion and the benzhydryl radical E12°
(332 nm, blue). The time scale is linear between —1 and +1 ps and
logarithmic above 1 ps.

solvent and will be ignored in the following.*® A discussion of the
absorption changes during the first 2 ps (shaded area) which
include relaxation, planarization, and solvation effects is beyond
the scope of this paper and is treated in detail elsewhere.*

The ESA disappears during the first 30 ps, accompanied by a
simultaneous increase of the absorbance of E12" which suggests
that E12" is formed by direct heterolysis of the excited precursor
salt. It does not, however, exclude the generation of the
benzhydryl cations E12* by homolytic bond cleavage and
subsequent considerably faster single electron transfer (SET) in
the geminate radical pair (Scheme 1, dashed arrow).

After the ESA has disappeared and the absorbance of E12* has
reached its maximum, the population of E12" decreases as a
result of the geminate recombination of E12* with the photo-
leaving group PPhy; in part, the photo-fragments diffuse away
from each other and these E12* persist on this time scale. Once
the band of the radical E12° is clearly developed, it does not show
noticeable dynamics. After 1.8 ns, we observe the spectrum
shown in the graph above the color plot (Figure 2), which is
essentially the same as the spectrum obtained by the 7-ns laser
pulse (Figure 1b).

The corresponding plot for the photolysis of the tetrafluoro-
substituted benzhydryl phosphonium ion E20-PPh;*BF,” in
CH,(Cl, is shown in Figure S4.1 in the Supporting Information.
The heterolysis of this precursor is much less effective and the
radical E20° is formed predominantly. In addition, the small
initial concentration of carbocations E20* decays rapidly so that
only a very low concentration can be observed on the
nanosecond time scale (Figure 1d; also see Table 2).*

Picosecond Dynamics in CH3;CN. Figure S4.2 in the
Supporting Information illustrates that in CH3;CN essentially
the same kind of photo-processes occur after irradiation of E12-
PPh;"BF,” as in CH,Cl, (Figure 2). Figure 3 shows the time-
dependent quantum yields of the substituted benzhydryl cations
E" during the first 1.6 ns after the excitation pulse; the numeric
values are listed in Table 2. It is evident that the quantum yields
of the initial heterolytic photo-cleavage, ®;,, decrease with
increasing electrophilicity of the generated benzhydryl cations.
At the same time, homolytic bond cleavage becomes more
favorable although the overall efficiency of bond cleavage
decreases (not shown). Due to the overlap of the bands of E*
with the ESA and the PAr;** band we could not evaluate the
radical yields on the early picosecond time scale.

As illustrated by Figure 3, the concentrations of the benzhydryl
cations E* decrease considerably during the first 300 ps after their
formation which is rationalized by the geminate recombination
with the photo-leaving group PPh;. Immediately after C—P bond
cleavage, the two photofragments are in close vicinity (ion pairs).

Table 2. Yields and Rate Constants Associated with the Dynamics of E" after Irradiation of E-PAr;*BE,” with Ar = Ph or p-CI-C{H,

(Bold) in CH;CN or CH,Cl, with a 35-fs Laser Pulse (4., = 280 nm)“

E* E(E")” PAr; solvent Dy” (%) Yiecomb” (%) Dpe” (%) keecomt’ (571 kel (57
ES* 3.63 PPh, CH,CN 34 21 27 1.9 x 10° 72 % 10°
E9* 4.43 PPh, CH;CN 30 25 23 2.5 x 10° 7.5 x 10°
E12* 547 PPh, CH,CN 24 25 18 2.7 X 10° 8.3 x 10°

CH,Cl, 11 19 9 LI x 10° 49 x 10°
P(p-Cl-C¢H,),4 CH,CN 25 21 20 7.9 x 108 3.0 X 10°
CH,Cl, (~16)" (~10)" 14 (6 x 10%)" (5 x 10°)"
E14" 623 PPh, CH;CN 610 29 47 3.6 x 10° 8.5 X 10°
E17* 6.87 PPh, CH,CN 5-8' 32 3-§ 3.6 x 10° 7.5 X 10°
E18* 7.52 PPh, CH,CN 47" 35 3—4 3.8 x 10° 6.9 x 10°
P(p-CI-C¢H,); CH,CN 8—12° 36 5-7* 8.9 x 10° 1.6 X 10"
E20° (8.02) PPh, CH,CN 3—4 42 ~2f 6.6 X 10° 9.3 x 10°
CH,Cl, (~1)¥ (29Y (1) (2 x 10°Y (5 x 10°Y
P(p-CI-C(H,), CH,CN 8—12° 36 5-8° 8.8 x 10° 1.6 X 10"

“See section SS in the Supporting Information for details.

bElectrophilicity parameters E of the benzhydryl cations E*; see Table 1 for references.

Quantum yield of heterolytic bond cleavage (including the possibility of initial homolytic bond cleavage and subsequent fast electron transfer).
%ield of geminate recombination of E* with the phosphine PAr;. “Overall quantum yield of free E* (at ~2 ns) after diffusional separation of the
photo-leaving group. fFirst- order rate constant for the geminate recombination of E* with PAr;. #First-order rate constant for the diffusional

separation of E* and PAr;.

"The different behavior of this photo- Ieavmg group in the early photo-dissociation process in CH,Cl, reduces the

accuracy of our fit and we give only approximate values for this system. “To calculate the quantum yields, absorbance coefficients of (5.0—7.5) x 10*

M™! em™ were assumed for the benzhydryl cations E(14,17,18,20)" in analogy to reported values for similar benzhydrylium ions.*’

to be considered approximate because of the low absorbance of E20".

11484

IThe values have
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Figure 3. Time-dependent quantum yields @ of E* observed after
irradiation of E-PPh;*BE,~ solutions in CH;CN with a 35-fs laser pulse
(Ao = 280 nm).

They can either undergo geminate recombination or the
fragments diffuse apart. After complete diffusional separation
of E* from the photo-leaving group, bond formation is no longer
possible (more precisely: is too slow to be observable on this time
scale) and the absorbances of E* reach a plateau (Figure 3). The
yields for the geminate recombination of the benzhydryl cations
E* with the phosphine PPh;, Y,.om, increase with the
electrophilicity E of the carbocations E*, and diminish the final
quantum yields of the diffusionally separated (free) benzhydryl
cations, @, (Table 2).

The rate constants listed in Table 2 for the geminate
recombination of E* with PPhy, ke.mp (s7'), and for the
diffusional separation of E* from PPh;, k... (s™"), can be derived
from Yooms = Keecomb/ (Krecomptkese) and the observed rate
constants for the decrease of the benzhydrylium ions (see section
SS in the Supporting Information for details). With increasing
electrophilicity E of the benzhydryl cations E*, the recombina-
tion rate constant k.com, increases steadily while k.. remains
almost constant at (7—9) X 10° s\,

3.3. Effect of the Photo-nucleofuge (i.e., Triarylphos-
phine). It was already observed by Modro and co-workers that
the use of a more nucleophilic phosphine as photo-leaving group
decreased the amount of cation-derived photo-products in
photolyses of phosphonium salts.>> When we employed tris(4-
chlorophenyl)phosphine P(p-Cl-C¢H,); as a photo-leaving
group instead of PPh;, the formation of benzhydryl cations E*
was considerably more efficient and even allowed us to generate
highly electrophilic benzhydrylium ions.

Figure 4 shows the transient spectra obtained after irradiation
of the benzhydryl triarylphosphonium tetrafluoroborates E18-
PAr,"BF,” with PAr; = PPh, (black curves) and PAr, = P(p-Cl-
CgH,); (orange curves). Considerably higher concentrations of
the carbocations E18* and lower amounts of the radicals E18°
were obtained when P(p-Cl-C¢H,); was employed as photo-
leaving group. Similarly, irradiation of E20-P(p-Cl-C¢H,); BF,~
gave higher yields of E20" and lower yields of E20° than
irradiation of E20-PPh;*BF,”, but the absorbance of E20* was
still too low (A < 0.04) to study its reaction rates on the
nanosecond time scale. The shoulders of the radical bands
(PAr;**) are weaker and red-shifted to 350—380 nm when P(p-
Cl-C¢H,); is used as photo-leaving group (Figure 4), in
agreement with the fact that the absorbance maxima of the
tris(4-chlorophenyl)phosphine radical cation P(p-Cl-C¢H,);*
are slightly red-shifted compared to PPh;**.*’

esc
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P(p-CI-C¢H,)2

+

FF (E18")
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L I
300 350 400 450 500
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P [ SN S S T P SRS S O TR IS Tl

Figure 4. Transient spectra obtained after irradiation (7-ns pulse, 4., =
266 nm, gate width: 10 ns) of CH,Cl, solutions of benzhydryl
triarylphosphonium tetrafluoroborates E18-PAr;'BF,” with different
photoleaving groups PAr; = PPh; (black, A4, = 1.0) and PAr; = P(p-
Cl-C¢H,); (orange, Azg6 nm = 1.0).

Two reasons might account for the increased carbocation
yields with P(p-Cl-C¢H,); as photo-leaving group: First, the
oxidation potentials of the two phosphines (E°,, = 1.06 V for
PPh; and 1.28 V for P(p-Cl-C4H,); in CH;CN)* indicate a
higher thermodynamic preference of E*/PAr; pairs over E*/
PAr;** pairs in the case of P(p-Cl-C4H,); than in the case of
PPh,. Thus, the preference for the heterolytic over the homolytic
pathway should be larger for E-P(p-Cl-C¢H,);" than for E-PPh,".
Furthermore, P(p-Cl-C4H,); is less nucleophilic than PPhy (AN
= 1.75)* and, therefore, allows more carbocations to undergo
diffusional separation instead of geminate recombination.

The data from the ultrafast spectroscopic measurements
illustrate that both effects contribute to the better overall
quantum yields ®@,, when P(p-Cl-C4H,); is used as photo-
leaving group instead of PPh, (Table 2, bold entries): For this
leaving group, the observed initial quantum yields of the
heterolytic bond cleavage, ®y,, are higher and the yields of the
geminate recombination, Y. o, are lower. While the differences
are small for the photolysis of E12-PAr;"BF,” in CH;CN, the
effects are more important in CH,Cl, and crucial for the
generation of the most reactive benzhydryl cations (Table 2).

3.4. Effect of Solvent on the Picosecond Dynamics. The
overall quantum yields of the free carbocations, @, are
considerably lower in CH,Cl, than in CH;CN (Table 2), which
is a consequence of the decreased quantum yields for the
heterolytic bond cleavage, ®,.. The lower solvent nucleophil-
icity of CH,Cl, compared to CH;CN only becomes relevant at
longer time scales (see below).

The rate constants for the cage escape, k., are of comparable
magnitude in CH,Cl, and CH;CN for both photo-nucleofuges
PAr, (Table 2). In contrast, the diffusional separation of E* from
CI” is very slow after the photolysis of E-Cl in CH,Cl, due to the
Coulombic attraction between the charged photo-fragments,”*
which explains why photolyses of E-PAr;* give much higher
yields of carbocations in CH,Cl, than photolyses of E-CL

3.5. Effect of the Counterion in the Precursor
Phosphonium Salt. Transient Spectra in CH;CN and
CH,Cl,. At low phosphonium salt concentrations (~1 X 107*
M), the association equilibria of E12-PPh;*X™ in acetonitrile are
entirely on the side of the free (unpaired) ions.* Since the
lifetime of the excited state is only a few ps, which is too short for
the diffusive approach of external X~, the photochemistry of E12-
PPh;* is not affected by the counter-anion X~ under these
conditions.
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Accordingly, ~1.2 X 107* M solutions of E12-PPh;"X~ with
different counter-anions X~ in CH3;CN gave very similar
transient spectra upon irradiation with a 7-ns laser pulse (Figure
Sa): Irrespective of the counter-anion X, the predominant

(E12")
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Figure S. Transient spectra obtained by irradiation of E12-PPh;"X™
(Asgs om = 0.5, (1.0—1.2) X 107* M) with different counterions X~ =
BF,” (black), SbF~ (blue), Br~ (red) or CI™ (green) in CH,CN (a) and
CH,Cl, (b) with a 7-ns laser pulse (A, = 266 nm, gate width: 10 ns).

exc

photoproduct was the benzhydrylium ion E12* (4,,,, &~ 436 nm)
together with small amounts of the radical E12° (4,,,, ~ 329 nm).
Since the absorption coefficients of E12* and E12° are similar,*’
the absorbance ratios in Figure 5 directly translate to
concentration ratios. The slightly lower concentrations of E12*

obtained from precursors with X~ = CI”~ or Br~ (Figure Sa) result
from the diffusion-controlled trapping of E12" by the halide ions
(see below),” which can already be noticed on this time scale
(first 10 ns).

In CH,Cl,, the phosphonium salts E12-PPh;*X™ have a
considerably higher tendency to form ion pairs. At concen-
trations of 1 X 107* M, which we typically used in the
nanosecond laser flash photolysis experiments, ~57% of the CI”,
~43% of the Br~, ~40% of the BF,”, and roughly (10—30)% of
the SbF," salts exist as ion pairs in CD,Cl,.** When we irradiated
solutions of E12-PPh;"BF,” in CH,Cl,, we obtained mostly the
benzhydrylium ion E12* (4., &~ 443 nm) together with small
amounts of the radical E12° (4., &~ 332 nm) (Figure Sb, black
curve). Irradiation of CH,Cl, solutions of E12-PPh,*SbF~ gave
almost the same concentrations of E12" and E12° as the
tetrafluoroborate precursor (Figure Sb, blue curve). In contrast,
the concentration ratio of E12* and E12° was reversed when we
used the phosphonium bromide E12-PPh;* Br™ as precursor
(Figure Sb, red curve). Irradiation of the phosphonium chloride
E12-PPh;" Cl” gave an intermediate amount of E12* while the
concentration of E12" was almost the same as with the
phosphonium bromide precursor (Figure Sb, green curve).
Transient spectra obtained by analogous experiments with E12-
PPh," BPh,™ are difficult to interpret because of the overlap with
the absorbances of photoproducts derived from BPh,~ and are
discussed in section S6 in the Supporting Information.

Mechanism. The reduced yield of carbocations E12*
obtained from the phosphonium halides in CH,Cl, (Figure
Sb) can in part be explained by the immediate combination of
E12* with Br™ or CI” which are in close vicinity if they have been
generated from the paired phosphonium halides. However, the
increased yields of the radicals obtained from the phosphonium
halides cannot be explained by the mechanism in Scheme 1 and
subsequent reactions with the counterions, because Cl™ and Br™
do not reduce the benzhydrylium ions in the dark. Scheme 1,
therefore, has to be extended as depicted in Scheme 2.

Scheme 2. Generation of Benzhydryl Cations E* and Benzhydryl Radicals E* by Photolysis of Phosphonium Salts E-PR;*X™ (R =
Ph or p-Cl-C¢H,): (a) Reactions of Unpaired Phosphonium Ions (Predominant Mechanism in CH;CN) and (b) Reactions of

Paired Phosphonium Ions (Predominant Mechanism in CH,Cl,)“

a) "pR3 _ ion pairing PR, _ b
N * ¥ = x |
Ar'” AR AT AR
back
<,il % & } hy e!ectron| transfer
i % N * "PRy .
_ PR3 _ /ijs - L b X
geminate AT AR geminate AT AR o Ar'” A2
recombination recombination (X" oxidizable)
"dark intermediate”
o W A |
heterolysis homolysis heterolysis homolysis dissociation
v+ PRs| (SET) PRy v PRy (SET) - PRy . PRy
[AH”‘“AR } - [ ArTTAR ATTARZ X T = | ATTAR X3 At AR X
| | £ X | 7
cage e;scape cage escape cage escape combination cage escape cage escape
v
. X reaction of
" " _+ > . i : ALCH'
177Ny 2 17~a2 + PR Ar'” TAR2 A 1752 + PR 177p 2 2
Ar Ar Ar Ar 3 { & } Ar! -Ar2 Ar Ar 3 Ar Ar with X

“For the sake of simplicity, the geminate recombination reactions for the radical pairs are not shown. bRadical combination or electron transfer.*
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Figure 6. Transient absorptions obtained after irradiating solutions of E12-PPh;*X ™ with different counterions X~ in CH;CN (a—c) and CH,Cl, (d—f)
by a 35-fs laser pulse (4., = 280 nm). The graphs above the color plots show the spectra after 1.8 ns (black). The graphs on the right show the dynamics
of the absorbances at certain wavelengths: absorbance of benzhydryl cation E12* (436 or 445 nm, red) and absorbance of the excited state (ESA) and the
benzhydryl radical E12* (329 or 333 nm, blue). (a) X~ = SbF¢~ in CH;CNj; (b) X~ = Br™ in CH;CN;; (c) X~ = Br™ in CH,CN with 4.8 X 10~ M added
NEt," Br~; (d) X~ =SbF~ in CH,Cly; (e) X~ = Cl~ in CH,Cly; (f) X~ = Br~ in CH,Cl,. The color scales in the false color plots are comparable in Figures
(a-f), but the absorbances in the small graphs (spectra and dynamics) were scaled to the available space and cannot be compared directly. The time scale
is linear between —1 and +1 ps and logarithmic above 1 ps. For the reasons discussed in context of Figure 2, the absorption changes during the first 2 ps
(shaded area) are discussed elsewhere.* Experimental conditions: (a,d—f) (5—7) X 107> M precursor (A,gg um = 0.2), d = 120 um; (b,c) 4 X 107* M

precursor (Aygo um = 0.1), d = 1 mm.

The phosphonium precursors can exist as free phosphonium
ions or paired with the counter-anions. Like the unpaired
phosphonium ions (Scheme 2a), the ion pairs can undergo

heterolytic bond cleavage to the benzhydryl cations E* (Scheme

11487

2b, red pathway) or homolytic bond cleavage to the benzhydryl
radicals E* (Scheme 2b, blue pathway). If the counter-anion is
oxidizable, there is the additional possibility of a photo-electron
transfer (PET) in the excited phosphonium ion pair (Scheme 2b,
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green pathway). Such a PET was already proposed by Griffin et
al.* and further substantiated by Modro and co-workers who
suggested a mechanism similar to Scheme 2 for the photolysis of
arylmethyl phosphonium salts with oxidizable counterions.>>*°
As expected for an electron transfer mechanism, the yields of the
radicals E12° obtained from E12-PPh;*X” increase with
decreasing oxidation potentials of the counterions X~ (Br~ <
Cl~ < BF,” and SbF"). Related to the degree of ion pairing of
the precursor salts in these solvents,** Scheme 2a is the
predominant pathway in CH;CN and Scheme 2b predominates
in CH,Cl,.

Our results agree with those of Johnston, Scaiano, and co-
workers, who studied the photolyses of arylmethyl triphenyl-
phosphonium chlorides in CH3;CN and other solvents under
conditions where ion-pairing is not negligible.*> They had
already noticed that the concentrations of transient arylmethyl
cations increased and the concentrations of radicals decreased
when inorganic salts of non-nucleophilic anions (e.g,, LiClO,,
NaBF,) were added to the phosphonium chloride solutions,
because these anions replace the CI™ in the initial phosphonium
salt ion 3pairs. As expected, this effect is larger in less polar
solvents.”

Picosecond Dynamics in CH;CN and CH,Cl,. The data from
the ultrafast measurements corroborate this interpretation.
Figure 6 shows the false color representations of the ps transient
absorptions obtained after irradiation of E12-PPh;*X™ with
different counter-anions (X~ = SbF,~, Cl~, and Br™) in CH,CN
or CH,Cl,. The plots for E12-PPh;*SbF,~ in CH;CN (Figure
6a) and CH,Cl, (Figure 6d) are very similar to that of the
tetrafluoroborate precursor (Figure 2) and can be interpreted
analogously (see above). Likewise, the color plot obtained with 4
X 107* M E12-PPh;" Br~ in CH;CN (Figure 6b) closely
resembles that of E12-PPh;*SbF,~ (Figure 6a), because ion
pairing is negligible at these concentrations** and the PET
mechanism depicted in Scheme 2b (green pathway) cannot
occur. In all these cases, E12* is the predominant photo-product,
and only very small amounts of E12° are obtained.

At larger precursor concentrations or in the presence of added
bromide, however, the association equilibrium of the precursor
phosphonium salt is shifted toward the ion pairs, and the PET
pathway becomes available also in CH;CN. Figure 6c shows the
false color plot obtained after irradiation of E12-PPh;* Br™ in the
presence of 4.8 X 107> M added NEt,” Br™. We now observed a
significant amount of benzhydryl radicals E12° while the yield of
the benzhydryl cations E12* decreased.

The false color representations of the transient absorption data
recorded after irradiation of E12-PPh; "X~ with different counter-
anions (X~ = SbF,~, Cl~, and Br~) in CH,Cl, are shown in Figure
6d—f. As already discussed, the plot for E12-PPh;*SbF,~ (Figure
6d) is similar to that observed in CH;CN. Irradiation of E12-
PPh;*Cl™ gave the color plot shown in Figure 6e, which is an
intermediate case between the SbF¢™ and the Br™ salts. At any
time, only a small amount of carbocations E12" is present. In
addition, most of the initially generated E12* decay during the
first 1.8 ns due to the combination reaction of E12* with CI™. The
decay of the ESA is not associated with an increase of the
carbocation absorbance, indicating that the excited state
disappears predominantly by the PET mechanism and not by
heterolytic bond cleavage. The dynamics at 332 nm is most
interesting (Figure 6e, blue curve), because the ESA decreases
within ~30 ps, while the benzhydryl radicals E12° appear with a
marked delay (kg = 3.8 X 10° s7'). The dent between the
decrease of the ESA and the formation of E12° implies the

accumulation of a “dark” intermediate with a relatively low
absorption coeflicient which cannot be detected within the large
probe range from 290 to 700 nm. This intermediate might be the
phosphoranyl/chlorine radical pair [E12-PPh,"CI*] (Scheme 2b,
green pathway), which can either dissociate to E12°® and PPh; or
undergo a back electron transfer to regenerate the phosphonium
chloride E12-PPh;*CI™. After ~800 ps, the “dark” intermediate is
completely consumed and the formation of E12° ceases.

Due to the lower oxidation potential of bromide, electron
transfer reactions from Br~, which generate Br®, are more
favorable than the corresponding reactions of CI™. Thus, the PET
pathway yielding the radical E12° from the excited state is
extremely effective when X~ = Br™. As a result, the ESA
disappears almost instantaneously and the band of E12° appears
within a few ps (Figure 6f). Accordingly, only a very small
amount of carbocation E12" is generated from E12-PPh;*Br™ in
CH,Cl,; again the decay of E12* is very effective due to
combination with Br™. In contrast to the observations with the
chloride precursor, the radical band keeps rising with an observed
rate constant of kg, = 6.3 X 10° s throughout the whole time
scale (Figure 6f, blue curve), i.e., the radical formation is slower
but more effective in the case of X~ = Br™. This effect is also
explained by the lower oxidation potential of Br™: After
formation of the not observable phosphoranyl radical, homolytic
cleavage of E12-PPh;"* yields Ph,CH® (green pathway in Scheme
2b). On the other hand, the concurrent back electron transfer
depends greatly on the reduction potential of X* and is much less
important with Br® than with CI°®. As the back electron transfer
decay pathway for the “dark” state is suppressed, this state
becomes longer-lived and benzhydryl radicals E12° keep forming
over the whole time scale (Figure 6f) in a more effective and
longer-ongoing®' process. Furthermore, many benzhydryl
radicals E12° survive due to the less important electron transfer
and radical combination reactions between E12° and Br®.

lon-Pairing and UV/Vis Spectra of the Photo-generated
Benzhydryl Cations. 1t should be noted that the carbocations E*
which are obtained by the heterolytic cleavage from the paired
precursor salts [E-PR;"X”] (Scheme 2b, red pathway) may
remain paired with the negatively charged counterions during
escape of PR, from the solvent cage [E*PR;X"]. Thus, if the
association equilibrium of the benzhydrylium salt E*X™ is
favorable enough and X~ is a weakly nucleophilic counter-ion
(e.g, SbF¢™), photolysis of [E-PR;*X "] yields long-lived ion pairs
[E*X7].

Figure Sb shows that the absorption maxima of the
carbocations in CH,CI, vary slightly with the counter-anions.
The absorption maxima A, of the benzhydryl cations E12*
which were generated from the phosphonium halide precursors
are at slightly higher wavelengths (4,,,, & 450 nm, Figure Sb, red
and green curves) than those of the benzhydrylium ions
generated from the phosphonium tetrafluoroborate or hexa-
fluoroantimonate precursors (A, & 443 and 445 nm, Figure Sb,
black and blue curves). It has previously been reported that the
absorption maxima of the paired benzhydrylium tetrachlorobo-
rates [E(3—8)"BCl, ] are at ~2 nm shorter wavelengths than
those of the free ions.’> Thus, the lower A, of the
benzhydrylium ions E12" which were generated from BF,” or
SbF¢™ salts are in agreement with the presence of benzhydrylium
ion pairs. The same 4,,,, as shown in Figure Sb (determined with
10 ns gate width) are also observed by the ultrafast measure-
ments after ~1 ns and then remain constant during the whole
lifetime (ys time scale) of E12* (see Figure S7 in the Supporting
Information). As the diffusional approach of external anions is
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comparably slow, the paired benzhydrylium ions observed after
~1 ns must originate from paired phosphonium salts.

The higher 4, for the benzhydryl cations E12" obtained from
the halide precursors (Figure Sb, red and green curves) can be
explained by the fact that carbocations which originate from the
paired fraction of the phosphonium halide precursors are
immediately trapped by the halide anions. Thus, the carbocations
which we can observe spectrophotometrically on the >10 ns time
scale® are only the free (unpaired) benzhydrylium ions E12*
which are obtained from the unpaired fraction of the
phosphonium halides. External halide ions subsequently
consume the unpaired benzhydrylium ions in a diffusion-
controlled reaction (see below) which does not affect 4, of
the remaining unpaired benzhydrylium ions but only reduces the
signal intensity.

In CH;CN, the precursor salts as well as the benzhydryl
cations are mostly unpaired in the concentration range employed
in our experiments, and we observe the unpaired carbocations
E12" predominantly. Thus, the absorption bands of E12* feature
identical absorption maxima (A, &~ 436 nm) irrespective of the
counterions in this solvent (Figure Sa).

Counterion Effects in the Photochemistry of Other Onium
Salts. The counterion effects discussed in the preceding
paragraphs should also be relevant for the photochemistry of
other onium salts. For example, we have previously shown that
one can generate E12* in CH,Cl, by laser flash photolysis of the
quaternary ammonium tetrafluoroborate E12-DABCO'BF,~
(DABCO = 1,4-diazabicyclo[2.2.2]octane) but not from the
corresponding quaternary ammonium bromide.'* Benzhydryl
trimethylammonium iodide has also been used as photo-base-
generator because irradiation of E12-NMe; T~ yields trimethyl-
amine but not the benzhydryl cation E12* which would trap the
amine.”” To account for the formation of NMe; and the absence
of E127, Jensen and Hanson discarded the PET mechanism and
favored a photo-Sy1 reaction in CH;CN and CH;0H which
involves photoheterolysis of the precursor with subsequent
trapping of the benzhzrdryl cations E12" by the I” anions or the
nucleophilic solvent.””® Our results with the phosphonium
analogues suggest that the PET mechanism may well be a
relevant pathway for the generation of tertiary amines in less
polar solvents.

3.6. Laser Flash Photolytic Generation of Highly
Electrophilic Benzhydrylium lons. The information on the
influence of photo-nucleofuges (PAr;) and counter-ions X~ on
carbocation yields derived in the previous sections have
subsequently been used to generate highly reactive carbocations
in order to study their reactivities in bimolecular reactions on the
>10 ns time scale. For these investigations, we were restricted to
the solvent CH,Cl,, because CH3CN reacts fast with highly
electrophilic benzhydrylium ions such as E(14—20)" (see
below). In section 3.3 we have already demonstrated that the
use of P(p-Cl-C4H,); as photo-nucleofuge gives higher yields of
carbocations than when PPh; is employed. Figure 7a shows the
transient spectra obtained by irradiating solutions of the
phosphonium salts E18-P(p-CI-C4H,);*X~ with different
counter-anions X~ in CH,Cl, with a 7-ns laser pulse (A =
266 nm). As discussed in section 3.3, the phosphonium
tetrafluoroborate E18-P(p-Cl-C¢H,);"BF,” gave a moderate
yield of E18" along with significant amounts of E18° (Figure 7a,
black curve). In view of the results presented in section 3.5 it is no
surprise that we could not observe any carbocation E18* but only
the radical E18° when we irradiated the phosphonium bromide
E18-P(p-CI-C¢H,);"Br~ (Figure 7a, red curve).

AA -

Alnm—

Figure 7. Transient spectra obtained after irradiation of CH,CI,
solutions of benzhydryl tris(p-chlorophenyl)phosphonium salts with
different counter-anions with a 7-ns laser pulse (4., = 266 nm, gate
width: 10 ns): (a) E18-P(p-Cl-C¢H,);"X™ with X~ = BF,” (black,
Asgsom = 1.0), X~ = SbF¢™ (blue, Ayggpm = 1.0) and X~ = Br™ (red, Asggum
=1.0); (b) E20-P(p-Cl-C¢H,); "X~ with X~ = BF,~ (black, Ayssm = 1.0)
and X~ = SbF,~ (blue, Ay m = 0.9).

When we irradiated CH,Cl, solutions of the phosphonium
hexafluoroantimonate E18-P(p-Cl-C¢H,);"SbF,~, however, the
intensity of the cation band was doubled compared with that
obtained from the corresponding BF,” salt, while that of the
radical band remained virtually unchanged (Figure 7a, blue line).

Similarly, the absorbance of E20* more than tripled when we
used the hexafluoroantimonate E20-P(p-Cl-C4H,);*SbF,~
(Figure 7b, blue curve) instead of the corresponding
tetrafluoroborate (Figure 7b, black curve), while the yield of
the benzhydryl radical E20° was unaffected. The combination of
the P(p-Cl-C¢H,); photo-leaving group and the SbF¢~ counter-
ion hence finally allowed us to generate E20" in sufficient
concentrations to study its kinetics with nucleophiles in CH,Cl,.
Similarly, we could also obtain the highly electrophilic 4,4
bis(trifluoromethyl)benzhydrylium ion E19* from E19-P(p-Cl-
CgH,);*SbF~ (Figure S8 in the Supporting Information).

Apparently, the BF,™ anions trap a significant portion of the
carbocations E(18—20)" within the [E*BF,”] ion pairs that are
generated by the laser pulse. This is not the case for the parent
benzhydryl cation E12" which was obtained in similar
concentrations from the hexafluoroantimonate and the tetra-
fluoroborate precursor (Figure Sb, black and blue curves); on the
microsecond time scale we also see a faster decay with the BE,~
counterion than with SbF¢~ (see below). The trapping of the
carbocation by BF,” within the ion pair becomes less efficient as
the electrophilicity of the carbocations is reduced. The higher
reactivity of BF,” compared to SbF¢™ is in agreement with the
calculated enthalpies of fluoride abstractions in the gas phase,
which are 151 kJ mol™' more exothermic for BF,” than for
SbF,~.>* Furthermore, the photoinitiation efficiencies of onium
salts in cationic polymerizations generally depend on the nature
of the anions and decrease in the order SbF;~ > AsF,~ > PF,~ >
BE,”.*® This is usually explained by the different nucleophilicities
of the anions which are considered to be relevant for the stability
of the active center in the propagation step of cationic
polymerizations.*®
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3.7. Lifetimes of Benzhydrylium lons in CH,Cl,, CH;CN,
and CF3;CH,0H. Not only the yields of the carbocations E* on
the <10 ns time scale but also their lifetimes on the ys time scale
depend greatly on the experimental conditions. Figure 8 shows
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Figure 8. Time-dependent absorbances of E12" obtained after 7-ns
irradiation of E12-PPhy"X™ (A nm = 0.5, (1.0—1.2) X 107* M) with
different counter-anions X~ = BF,” (black), SbF¢~ (blue), Br~ (red) or
Cl™ (green) with a 7-ns laser pulse: (a) in CH;CN and (b) in CH,Cl,
(inset: enlarged decay curves for E12* from precursors with halide
counterions).

the time-dependent absorbances of the parent benzhydrylium
ion E12%, which we observed when we generated this
carbocation from precursors E12-PPh;*X™ with different
counter-anions (X~ = BF,~, SbF,~, Br~, or Cl7) in CH;CN or
CH,CL,. The lifetime of E12* depends on the decay mechanism
of the carbocation, which can be (i) recombination with the
photo-leaving group PPh,, (ii) reaction with the counter-anions
X" of the phosphonium salt precursor, or (iii) reaction with the
solvent.

Recombination with the Photo-nucleofuge. A general
limitation of the laser flash photolysis technique is entailed by
the recombination reactions of the carbocations with the free
(diffusionally separated) photo-nucleofuges. Photo-nucleofuges
(e.g, Hal™, NR;, PR;, RCO,") typically undergo diffusion-
controlled recombination reactions with highly electrophilic
carbocations (E > 0) in solvents of low nucleophilicity.>
Exceptions to this rule are anionic photo-leaving groups in
fluorinated alcohols which stabilize anions very well (e.g., acetate
or p-cyanophenolate in CF;CH,OH).® In our case, the
triarylphosphines (N > 12.58, sy = 0.65)*” undergo diffusion-
controlled or almost diffusion-controlled reactions with the
benzhydrylium ions E(1—20)*.

The blue curve in Figure 8b shows that the recombination
reaction with PPh; can be observed when E12" is generated by
irradiation of E12-PPh;"SbF,~ in CH,Cl,. Since E12* and PPh,
are generated in equimolar amounts by the laser pulse, the
observed decay of the absorbance is not mono-exponential.
Using the software Gepasi,* we could fit the observed decay to a
kinetic model which takes into account the second-order
recombination reaction with PPh; and a general first-order

reaction which summarizes all (pseudo-)first-order reactions
which may occur (Figure 9). Details and more examples of such
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Figure 9. Decay of the concentration of E12* observed after irradiation
of E12-PPhy*SbFs™ (A6 nm = 0.53, 1.03 X 107* M) in CH,Cl, with a 7-
ns laser pulse: Superposition of experimental data (O), an exponential fit
(black), and a fit calculated by Gepasi (red) according to the kinetic
model with variable [PPh;] shown in this Figure (kppy, = (1.31 + 0.003)

x 10" M~ s7" and ky = (6.49 + 0.02) x 10> s7").

fits can be found in section S9 of the Supporting Information. As
expected, second-order rate constants kpp, ~ 1 X 10° Mt 57!

are found for the combinations of E8*, E9", and E12" with PPh,,
indicating diffusion-controlled reactions. The obtained rate
constants k, (s™') for the first-order background decay reactions
agree with the trends discussed below.

At typical concentrations of the photofragments E* and PAr;
in our experiments (~107°—10"° M), we find such non-
exponential decay kinetics for all systems in which the
benzhydryl cations E* have lifetimes >10 ys. The recombination
reaction with the photo-leaving group thus sets a lower limit for
measuring pseudo-first-order kinetics of the benzhydryl cations
E" with external nucleophiles: Only pseudo-first-order rate
constants larger than (1—5) X 10° s™! can be determined reliably
by fitting the data to an exponential decay curve; otherwise the
decay kinetics will be dominated by the second-order reaction
with the photo-leaving group.

Reaction with the Counter-anion of the Precursor
Phosphonium Salt. When precursors E-PPh;"*X™ with halide
counter-anions were used for the generation of benzhydryl
cations E*, we observed exponential decays of the carbocations
which were significantly faster than the decays of carbocations
generated from phosphonium salts with X~ = BF,~ or SbF4~
(Figure 8). Halide ions undergo diffusion-controlled reactions
with reactive carbocations (E > —2) in aprotic solvents’ and the
reactions follow pseudo-first-order kinetics since [E*] < [X7]
(only a small fraction of Ar,CH-PPh;*X™ is cleaved to the
carbocations). For example, irradiation of 1.2 X 10~* M solutions
of E12-PPh;*X "~ with X~ = Br~ or Cl~ in CH;CN (Figure 8a, red
and green curves) gave pseudo-first-order rate constants k& 6
X 10° s7! for the decay of E12". Irradiation of 1.0 X 10™* M
solutions of the same precursors in CH,Cl, (Figure 8b, red and
green curves) yielded similar rate constants (ky, &~ 7 X 10°s71).
These values correspond to second-order rate constants of k, = 5
x 10°°M™' s (CH,CN) and k, ~ 7 X 10" M~ s! (CH,Cl,)
for the diffusion-controlled reactions of E12* with Br~ and CI".

An almost mono-exponential decay of E12* was also observed
in CH,Cl, when we irradiated E12-PPh;*X~ with X~ = BE,~
(Figure 8b, black curve, kp, & 2.6 X 10° s™*). This decay is much
slower than the decays for X~ = CI™ or Br™ but significantly faster
than the non-exponential decay observed for X~ = SbF,~ (Figure
8b, blue curve) indicating that E12" reacts with BEF,”. Similar
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mono-exponential decays were found for the benzhydrylium ions
E(10—17)* which were generated from the phosphonium
tetrafluoroborates E(10—17)-PAr;*BE,”; the decay rate con-
stants increase with the electrophilicities E of the carbocations
(see section S10 in the Supporting Information for details). As
the yields of the more reactive benzhydryl cations E(18—20)"
obtained from the BF,” salt precursors were lower than those
from the SbF,~ salt precursors (see above), one can conclude
that the reactions of E(18—20)* with BF,~ already occur on time
scales <10 ns. For the highly reactive carbocations E(18—20)*
we also observed mono-exponential decays when they were
generated from the corresponding hexafluoroantimonate salts
E(18-20)-P(p-Cl-C4H,);"SbF,~. As the background decay
rates k, of the carbocations E(18—20)* observed on the >10
ns time scale after irradiation of E(18—20)-P(p-Cl-C¢H,); X~
with X~ = BF,” and SbF4~ also become similar (Figure $10.2 in
the Supporting Information), we assume that now the reactions
of E* with solvent impurities such as residual water in CH,Cl, are
dominating.

We have already discussed in section 3.5 that the
benzhydrylium tetrafluoroborates E*BF,” predominantly exist
as ion pairs in CH,Cl, solutions (in the presence of ~1 X 10™*M
phosphonium tetrafluoroborate). Accordingly, a further increase
of the concentration of BF,™ has little effect on the kinetics. Thus,
the decay rate constant of E18" increased only slightly (factor
1.5) when we irradiated CH,Cl, solutions of E18-P(p-Cl-
C¢H,);"BE,” in the presence of 1.4 X 10> M KBF,/18-crown-6.
The high concentration of BF,” ions reduced the initial
absorbance of E18" by less than 30%, ie., the effect is much
smaller than when exchanging 5.7 X 107> M SbF,~ for the same
concentration of BF,~ (Figure 7a).

Reactions with the Solvent. In CH,CN or 2,2,2-trifluor-
oethanol (TFE), which are typical solvents for the laser-flash-
photolytic generation of carbocations," the characterization of
highly electrophilic carbocations is hampered by the nucleophil-
icity of these solvents. In CH;CN, for example, the parent
benzhydryl cation E12* decays mono-exponentially with a first-
order rate constant of k; = 2.52 X 10° s when it is generated
from E12-PPh;*BF,” or SbF,~ (Figure 8a), that is, it decays at
least 1 order of magnitude faster than in CH,Cl,. A slightly larger
value (k; = 3.21 X 10°s™") was observed for the decay of E12* in
trifluoroethanol (TFE). These rate constants are independent of
the choice of the photo-leaving groups (Table 3). As solvation
effects have a relatively small influence on the reactivities of
carbocations,*® the ~440-fold increase of the decay rate of E12*
in CH,CN and TFE compared with CH,Cl, (k, =~ 6.5 X 10*s7%,
Figure 9) must result from reactions of E12* with these
solvents.>”*

The most reactive benzhydryl cations of this series, E18",
E19, and E20", decay too fast in CH;CN or TFE (7 < 10 ns) to
be observed with the nanosecond laser flash photolysis setup. It is
possible, however, to generate the acceptor-substituted benzhy-
drylium ions E(14—17)" in these solvents and to follow the
exponential decays of their UV/vis absorbances. Since the first-
order rate constants for their reactions with CH;CN and TFE are
>1 x 107 s7' (Table 3), it is difficult to characterize the
electrophilic reactivities of these benzhydrylium ions toward
other nucleophiles in these solvents, because only nucleophiles
that react with rate constants close to the diffusion limit can
efficiently compete with these solvents.

Dichloromethane is considerably less nucleophilic than
CH,CN or TFE. First-order decay rate constants of ~2 X 10°
s7! (E18") and ~3 x 10°s™! (E20") were measured when these

Table 3. First-Order Rate Constants k; (s™') for the Decay of
Benzhydryl Cations E" in CH;CN and 2,2,2-Trifluoroethanol
(TEE) at 20 °C

4

AN ki (CH,CN)  k (TFE)
x v /s /st
E X Y E*

E10* 4.F 4F 501 1.1x10°%  582x10°°¢
E1l"  4F H 520  1.8x10°%°? d
E12* H H 547  252x10°%¢  321x10°%
E13* 4l 4-Cl 548 28x10°%  147x10°°
E14* 3-F H 623 1.00x107° 1.29x10°°
E15° 4CF;) H 670  3.8x10"° d
E17" 3-F 3-F 687 349x107°  46x107°¢

“Electrophilicity parameters E of the benzhydryl cations E*; see Table
1 for references. “Photolysis of E-Cl in CH,CN.* “Photolysis of E-
PPh,"BF,”, this work. “Not determined. “Photolysis of E12-Cl in
CH;CN gave a value of 2.5 X 10° s71.* fPhotolysis of benzhydryl p-
cyanophenyl ether in TFE gave a value of 3.2 X 10° s™.®

carbocations were generated from E(18,20)-P(p-Cl-
Cg¢H,);"SbFs~ (Figure S10.2 in the Supporting Information).
However, these values are probably due to impurities and do not
reflect the reactivity of CH,Cl, (see above). They just represent
an upper limit for the nucleophilic reactivity of CH,Cl,. Anyway,
the lifetimes of the benzhydrylium ions in highly purified CH,Cl,
(see Experimental Section) are much longer than in anhydrous
CH;CN and TFE and allow us to study the electrophilic
reactivities of E(14—20)" toward a variety of nucleophiles.

3.8. Counter-ion Effects on Bimolecular Reactions. As
discussed in section 3.5, the usual assumption that only free ions
are observed in nanosecond laser flash photolysis experiments'*"
does not hold when the carbocations are generated by photolysis
of certain onium salts with low-nucleophilicity counter-ions (e.g.,
BF,”, SbFs"). Consequently, the question arises whether
bimolecular reactions of the photolytically generated carboca-
tions are affected by the nature of the counter-anion in the
precursor salt. Previous results already showed that the rate
constants for the reactions of moderately stabilized benzhy-
drylium ions such as methoxy- or methyl substituted
benzhydrylium ions E(3—9)" with neutral nucleophiles like 7-
nucleophiles®**®*” or hydride donors®® in CH,CI, are
independent of the nature of the counter-anion and the degree
of ion pairing. We now investigated the influence of the counter-
anion on the reactions of the considerably more electrophilic
benzhydrylium ions E12* and E18" with z-nucleophiles (Table
4).

When we generated the benzhydrylium ions E* from different
precursors E-PAr;*X™ with different counter-anions X~ in the
presence of a large excess of m-nucleophiles, we observed
exponential decays of the UV/vis absorbances of the benzhydryl
cations E* from which we obtained the pseudo-first-order rate
constants k., (s7'). Plots of k, versus the nucleophile
concentrations were linear in all cases, as exemplified in Figure
10 for the reaction of E12" with allyltrimethylsilane.

The intercepts of these plots vary with the counter-anion X~ of
the phosphonium salts and correspond to the rate constants k,
for the background decay reactions discussed in section 3.7. For
X~ =Br~ and CI”, we find quite large intercepts of ky &~ 7 X 10°
s~! due to the diffusion-controlled reactions of E* with the halide
anions. For X~ = BF,™ and SbF,", the intercepts are substantially
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Table 4. Second-Order Rate Constants k, (M ' s') for the
Reactions of 7z-Nucleophiles with Benzhydryl Cations E*
Obtained from Different Precursors E-PAr;"X™ in CH,Cl, at
20 °C

precursor E-PAr;" X"~

E* PAr, X ky/M ' s7!
E12* Reaction with allyltrimethylsilane
PPh, BF,” 1.60 X 10’
PPh, SbF¢~ 143 x 107
PPh, Br~ 142 x 107
PPh, cr- 1.53 X 107
E18" Reaction with 2,3-dimethyl-1-butene
PPh, BF,” 822 X 107
P(p-Cl-C4H,), BF,” 8.24 X 107
P(p-Cl-C¢H,)5 SbF¢~ 8.27 X 107
Br~
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Figure 10. Plots of the pseudo-first-order rate constants k, (s™') for the
reactions of E12" with allyltrimethylsilane in CH,Cl, when E12* was
generated by irradiation of 1.0 X 10™* M solutions of the precursors E12-
PPh,X~ with different counter-anions X~ = BE,~ (black squares), SbF,~
(blue squares), Br~ (red squares), or Cl~ (green squares) against the
concentration of allyltrimethylsilane. The small graphs show the
absorbance decays of E12* in presence of 5.4 X 1072 M
allyltrimethylsilane (black curve, X~ = BF,”; red curve, X~ = Br").

lower and their origin has been discussed above. The slopes of
the four plots are independent of the counter-anion and provide
the second-order rate constants k, (M~ s™') for the reaction of
E12" with allyltrimethylsilane listed in Table 4. We thus
measured the same rate constants within experimental error
for the reactions of E12* with allyltrimethylsilane when E12* was
generated from different precursors E12-PPh;"X™ with X~ =
BF,”, SbF¢~, Br~, or Cl~ (Table 4). As discussed in section 3.5,
the benzhydryl cations obtained from precursors with halide ions
are the free (unpaired) cations because [E12* Hal | pairs
collapse to covalent E12-Hal in less than 10 ns. Since E12*BF,~
and E12*SbF," are significantly paired, on the other hand, we can
conclude that paired and unpaired benzhydrylium ions E12*
react with the same rate constants in bimolecular reactions and
can be characterized by an anion-independent electrophilicity
parameter (E = 5.47).

The same situation has been observed for the reactions of 2,3-
dimethyl-1-butene with E18*, which is the most electrophilic

carbocation (E = 7.52) in our series that could be obtained from
precursors with different counterions. When we generated E18*
from either E18-P(p-Cl-C4H,);"BF,” or E18-P(p-Cl-
CgH,);*SbF¢~, we again measured the same rate constants
within experimental error (Table 4). Moreover, we also obtained
the same rate constant when we used E18-PPh;*BF,” as
precursor, which shows that the photo-leaving group does not
have any effect on the carbocations’ reactivities either. As
discussed in section 3.6, we could not generate E18" from the
phosphonium bromide precursor in CH,Cl, (radical formation),
and therefore we cannot compare the reactivities of free and
paired carbocations in this case. The counterion independence of
the experimental rate constants for carbocation alkene
combination reactions implies that ion pairing stabilizes the
transition states to about the same extent as the reactant
carbocations.

4. CONCLUSION

The efficiencies of the photo-generation of benzhydrylium ions
and benzhydryl radicals from phosphonium salts E-PAr;"X~
depend not only on the photo-electrofuge (E*) and the photo-
leaving group PAr;, but also on the counter-ion X7, the solvent,
and the concentration of the precursor molecules. Depending on
the reaction conditions, benzhydryl radicals E* or benzhydryl
cations E* may be obtained almost exclusively. The results
presented in this work should also be relevant for the
photochemistry of other onium salts. Spectroscopic investiga-
tions on the fs to ps time scale like those performed in this and
related work*>'®** provide a complete microscopic under-
standing of the photo-generation and the dynamics of reactive
intermediates in the geminate solvent cage. With the knowledge
of phosphonium salt photochemistry acquired from the present
study, we can now select the proper precursor salts for the
efficient generation of highly reactive carbocations which are not
easily accessible by conventional methods. The method
described in this work will subsequently be used to characterize
the electrophilic reactivities of the acceptor-substituted benzhy-
drylium ions E(14—20)" in CH,Cl, at 20 °C, which provides a
further extension of our long-ranging electrophilicity scale.*'
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