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The kinetics of the photoreduction of four benzopire derivatives by isopropyl alcohol was
examined in acetonitrile, namely tetra-meta-trifmethyl-, di-para-trifluoromethyl-, di-para-
methoxy benzophenone and for comparison the unsutbst molecule itself. The basic
spectroscopic (absorption and phosphorescenceapant photophysical (quantum yields,
excited state energies) properties were establisimetithe key kinetic parameters were
determined by the laser flash photolysis transaésbrption technique. The rate coefficients of
both the primary and secondary photoreduction i@ashow remarkable dependence on ring
substitution. This substantial effect is causedhgyconsiderable change in the activation energy
of the corresponding process. The experimentalteeas well as DFT quantum chemical
calculations clearly indicate that these benzopherderivatives all react asri-excited

ketones, and the rate as well as the activatiorggrad the reduction steps change parallel with

the reaction enthalpies, the determining factondpéne stability of the forming aromatic ketyl
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radicals. The secondary photoreduction of benzamienby the aliphatic ketyl radical formed
in the primary step occurs via a hydrogen bondedptex. The binding energy of the hydrogen
bonded complex between the aliphatic ketyl radieattant and a solvent molecule is a critical

parameter influencing the observable rate of ticersgary photoreduction.

INTRODUCTION

The investigation of the photoreactions of benzophe, especially the photoreduction by
aliphatic alcohols is of historic importance. Tlalest studies of the reaction served as a basis
for the foundation of modern molecular photocheryidn his pioneering work Giacomo
Ciamician explored the basic photochemical featofése benzophenone — ethanol system. He
found that after a few days of solar irradiationaémost quantitative amount of benzopinacol
was crystallized from the self-deoxygenated etharsalution of benzophenone. He also
identified the oxidized side product, acetaldehyde.

Using 2-propanol as reducing agent, the dimethyd @diaryl ketyl radicals (semipinacol and
semibenzopinacol, respectively) are formed in equadunt, and they are consumed by self- and
cross termination reactioR$Moreover, it was recognized quite e&rliyat a radical
transformation reaction may convert the primargrmtediate, the aliphatic ketyl radical to the
aromatic one, resulting in a benzophenone consemgtiantum yield of almost two (and
accordingly, in benzopinacol formation yield of rigane) in ideal circumstances. This
metathesis reaction makes the system an exceendidate for photochemical preparation of
benzopinacol and related compounds.

Numerous properties of the primary photoreductimtess, hydrogen abstraction by tripleft n-
state ketones are well known and have been distirsstetail®*? The n7t triplet state was

found to behave as a 1,2-biradical in several tgiehemical reactior*? A notable number of



studied dealt with the nature of the primary photochemjrakcess of i excited aromatic
carbonyls, mostly focusing on the dependence ofdteeparameters on the chemical nature of
the reaction partnér:’**In reactions with hydrocarbons or alcohols thelétiexcited ketones

are consideréd to behave like radicals, although the possibéitpartial charge transfer
character of the process has also been mentfofied.remarkable difference in the room
temperature photoreduction rate was explained ebdasis of the bond strength of the C-H bond
broken in the reactiohThe possibility of hydrogen atom tunneling hasdlsen suggestéd.

Less attention has been paid to the dependenbe ghiotoreduction rate on the chemical nature
of the ketones themselves. It is commonly accetptadfor hydrogen abstraction reactionsrn-
excitation is much more favorable thasTe* excitation. For ring-substituted acetophenone
derivatives a large variance in photoreductiontresig was observed. The tendencies were
proposed to result from the changes of the reaetmhalpy, and partly from and the changing
magnitude of mixing of the nearbymi-and =1t excited state§:*? In addition, the lifetime of

the triplet state as a measure of the photoreductite was determined in cyclohexane solvent at
room temperature for various ring substituentsesfzanphenone and acetophenone. Good
correlation was found between the reaction ratetb@dHammett parameter of the
substituenf®**

The character of the secondary photoreduction(seghe radical conversion, reaction (5) in
Scheme 1), although is very exciting from the tleioal point of view, is much less
documented. The early experiments addressing tieendi@ation of the rate parameters were
indirect and their results show high scatter (sefsRL2, 13 and references therein). The first
direct measurement of the rate parameter was mauier laboratory® Some controversy arose

concerning the nature of the process. Naguib Htsalggested that the reaction takes place via



concerted, spatially separated electron-protorsfeanOur earlier resuftSindicate that, instead
of such a special mechanism, the reaction shoutbsidered to be a regular hydrogen atom
metathesis process that takes place through a ¢sdmonded precursor complex.

The primary aim of this study is to identify the jorefactors determining the rate of the
secondary photoreduction steps in the most cldgsiodel system, the photoreduction of
benzophenone by 2-propanol. We also intend to staled details of the mechanism of the
reaction, such as the role the unavoidable hydrdgewled complex formation as well as the
possibility of spatially separated electron-protansfer. To this end, we studied a series of
derivatives of the parent ketone, benzophenonehiohwing substitution was applied to control
the reactivity, in particular, the Arrhenius paraens of the H atom transfer rate coefficients.
Both electron donating and electron withdrawingssibents, methoxy and trifluoromethyl,
were applied in para position, having Hammett camtstof -0.54 and 1.07, respectively.
Furthermore, to generate a more profound effecsymthesized 3,5,5-
tetrakis(trifluoromethyl)benzophenone (CFBp, Schéntr which the cumulative Hammett
constant iy = 1.72. This derivative proved to be a versasibsy to prepare aromatic ketone that
has several promising features for use in furthet@chemical kinetic studies. (We note that
trifluoromethyl-substituents have been recently destrated to be simple, cheap small-
molecular-weight phase labels that facilitate #gagation of a reagent or catalyst from the
reaction mixturée?)

The reaction mechanism

The observations made in this study can be intexgria terms of the simplified reaction

mechanism presented in Scheme 1 for the benzoplen@propanol systeii:'®



Scheme 1.
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After absorbing a photon, triplet benzophenon@imid in a very efficient intersystem crossing

(ISC) process with a quantum vyield of unity (with characteristic time of 6-10 T

Accordingly, no fluorescence is observed. The étipixcited benzophenone may disappear in the

energy dissipative processes (1): the first-ordessphorescence (1a) and ISC (1b), as well as

the second-order triplet-triplet annihilation reant(1c). The primary photoreduction step (2)

produces an equal amount of the aliphatic and arorkatyl radicals, which disappear in the

second order self- (3 and 6) and cross termingddpmeactions. Reaction (6) is predominantly a

combination process; (3) and (4) have several mtodmannels® In this study our interest is

focused on the kinetic features of the photoreduacgirocesses, in particular the secondary step

(5). Thus only the reactant sides of the radiceddical termination reactions are considered in

the mechanism.



In the first step the spectroscopic propertiehefriew derivatives were measuradiexane and
acetonitrile were used as aprotic apolar and psérents, respectively. Studies in the former
solvent allow us to characterize the substitueféceéfon hydrogen bond complexation of
benzophenone derivatives with isopropanol and, foore expressed effects, with
hexafluoroisopropanol (HFIP). In the reaction kioexperiments, acetonitrile was chosen as an
almost ideal solvent. The primary photoreductiepstreaction 2) was studied separately from
the other processes via measuring the phosphoiEsdecay rates.

Our interest is focused on reaction (5), the seapndeduction of the aromatic ketone by
aliphatic ketyl radicals formed in the primary hgden atom transfer. The rate coefficient of
reaction (5) was determined in a two-step procedtrst we measured the rate of the radical-
radical reaction (4) at high light intensity andvi@etone concentration by laser flash photolysis
— transient absorption, then the conditions werangkd to values more optimal for the
determination the rate of the radical conversiarcess (5), i.e. at high ketone concentration and
at low excitation light intensity. We explored tependence of the observable rate coefficient
for reaction (5) on the alcohol concentration @& folvent, from which we expect to learn about
the role of hydrogen-bonded complexes in the reactFor additional information on the
reaction, and to understand how the newly prepdeztvatives can be used in photochemical
kinetic studies, we determined the rate coefficiehtthe photoreduction by an agent with
reduced hydrogen atom donor capability, gamma-wvkdetone. The experimental studies of
spectroscopic properties and the kinetic processae supplemented by electronic structure
theory calculations.

In the rest of the paper we first present the spscbpic and photophysical properties of the

benzophenone derivatives including experimental éledtronic structure data, followed by the



results on the rates of the primary and secondhogopeduction reactions. Finally we analyze
the effect of the polarity of solvent and the natof the reactant on the kinetic features of the
system.

EXPERIMENTAL AND THEORETICAL METHODS

Experiments. The absorption spectra were recorded on a thermlateg Unicam UV500
spectrophotometer with a resolution typically & @m. When necessary, correction was made
for dilution caused by the addition of alcohol afod density change due to variation in
temperature. The corrected phosphorescence spesteaobtained on a Jobin-Yvon Fluoromax
photon counting equipment with 0.5 nm resoluticghyell as on a quantum corrected Shimadzu
RF-5000PC spectrofluorimeter. Excitation wavelengts in the range of 330-366 nm. The
calibration of the wavelength scale was made justr go the measurements with a medium
pressure mercury arc comparing the measured dabathe values of the NIST data bake.
Room temperature phosphorescence quantum yields determined relative to that of quinine
sulfate in h H2SO: (@ = 0.546)2 In all measurements (except some absorption ones}d-
pump-thaw degassed samples were used in 1x1x4 prastiuquartz cells.

The triplet yields @s) of the new benzophenone derivatives were measwelhder flash
photolysis using the energy transfer method wittylpee as energy accepf8rThe excitation
wavelength was 308 nm from a XeCl exciplex lasanfbda Physik Compex), or 355 nm from
a frequency-tripled Nd:YAG laser (Continuum Surbtlg The measurements were made relative
to the triplet yield of benzophenone in acetortr{sc = 1.00)!*# The molar extinction
coefficients of the different transient species avdetermined relative to that of benzophenone
triplet (6600+100 moldm’cm™ at 525 nm’f®measured at the same optical density (around 0.5)

in acetonitrile at 22 °C. The repetition rate ok tlkexcitation in the transient absorption



measurement was less than a quarter of a Hereydia the bias of the signal at higher pulse
frequency.

Scheme 2.
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3,3',5,5'-tetrakis(trifluoromethyl)benzophenone g(Bj5-bis(trifluoromethyl)phenyljmethanone,
CFBp), 4,4'-di(trifluoromethyl)benzophenone (dpCEFBR = CE) and 4,4-dimethoxy-
benzophenone (MeOBp, R = G@B)

Benzophenone (Bp) and 4,4'-dimethoxybenzophenore©O@p) was received from Aldrich and
were recrystallized from hexane, while 4,4'-diltrdromethyl)benzophenone (dpCFBp) and
3,3',5,5'-tetrakis(trifluoromethyl)-benzophenone is{B,5-bis(tri-
fluoromethyl)phenyllmethanone, CFBp} was synthedifar this study from ethyl formate and
from the corresponding aril bromide. The detailesatiption of preparation, purification and
characterization of the compounds can be foundhénSupporting Information. The n-hexane,
acetonitrile (MeCN), and 2-propanol (IPA) were oéidk Uvasol quality, while the fluorinated
alcohol (i.e. 1,1,1,3,3,3-hexafluoropropan-2-ol (Plff were purchased from Fluorochem Ltd.
and were used without further purificatiopValerolactone was Sigma-Aldrich, while other
solvents, perfluoromethylcyclohexane (pfmch), pamabenzene, EPA components (n-pentane,
diethyl ether and ethanol), triacetin, and butyrdei (PrCN) were received from Merck, and

purified on a combined activated charcoal — aluncmlamn before use.



Electronic structure calculations The structures and energies of the species jpatiicg in the
secondary photoreduction of the four benzophenoeevatives were studied by density
functional theory (DFT) using the B3LYPand BB1K? combination of functionals. The species
studied are: ketones, ketyl radicals, van der Waalsplexes formed by ketones and ketyl
radicals, as well as the transition structuresasponding to the H atom transfer reaction (5).
The structures were fully optimized. Due to thegéarcharges in the GFand methoxy-
substituted structures, there are numerous vai@ats minima on the potential surfaces of the
bimolecular complexes involving such species, @moading to several conformations
involving hydrogen bonding. When reporting datawan der Waals complexes, the lowest-
energy structures we found are considered. Theitiam structures corresponding to the saddle
point of the PES of the H-transfer reactions araratterized by a well-defined imaginary
frequency which shows clearly that the motion ineal in the reaction is mostly the breakage of
one O-H or C-H bond and formation of a new H-O hohdthe calculations the B3LYP
functionals were combined with the 6-31G* basisfeeexploratory calculations and the BB1K
functional with the cc-pVDZ basis set to get morxuaate energies and geometries. The
substituent effect on the absorption spectra of kdtene was studied by getting the singlet
excited state energy by time-dependent B the equilibrium geometry of the ground state of

each ketone. The calculations were performed ubimg@aussian 03 suite of programs.

RESULTS

The absorption and phosphorescence spectra of rirgibstituted benzophenone derivatives
The absorption spectra of the four examined comgeum-hexane are shown in Figure 1. Here
only the shape of the lowestai-transition is given together with an approximatéronic

resolution; the full spectra can be seen in Figiteof the Supporting Information. The position



of the 0-0 transition is the measure of the enarfgthe singlet excited state at the ground state
geometry. Both the structural and solvent relaxatoe expected to be small for the excited
benzophenone derivativésespecially in the apolarhexane. The energy of the 0-0 transitions
of the absorption spectrum (see Table 1) decreateshe increase of the electron withdrawing
ability of the substituent on the phenyl group, ¢ap being the lowest for dpCFBp, where the
trifluoromethyl groups are in the para position.

Aromatic ketones can form hydrogen-bonded complexis alcohols, the proton acceptor
being the C=0 group which is also the chromophdtes equilibrium constantkgy) and the
concomitant spectral changes can shed light onirtfigence of the ring substituent on the
chromophore in the ketone. To investigate this ctffeve selected HFIP as a very strong
hydrogen bond donor at 298 Kmhexane and determinédq and the spectra of the complexes
(with the methodology we used before for the HFUR-(dimethylamino)pyridine systef. The
equilibrium constants for the formation of a H-beddcomplex between HFIP and the four
benzophenone derivatives were determined from lb@hal concentration dependence of the
spectra and are shown in TableKlq gradually increases with increasing electron danality

of the substituent of the aromatic ring: IRgkchanges linearly with the Hammett constant of the
substituent. The absorption spectra (shown in Eidyrshift to the blue when the complex is
formed, at the same time the oscillator strengtieiases as it has been seen before with other
molecules® Upon complexation, the singlet energy increaseagproximately 12 kJ mdlfor

all compounds. The hypsochromic shift observed ha &bsorption spectrum of themh-
excitation of a carbonyl molecule is due to theustihn of the electron density on the oxygen

atom with excitation.
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Table 1. Selected Photophysical and Spectroscopic Parametetee Four Benzophenone

Derivatives.
Compounds: | CFBp | dpCFBp | Bp | MeOBp
n-hexane
'E(0-0) / cni” 26075 25940 26435 27005
1 1b 314
E / kJ mol 309.5 308.5 (311 321
1 meas. 350.5 352.5 347.0 328.0
van{max) /nm =i, 3477 352.2 346.1 339.4
Lendmax) / dnimol*cm™ 101.3 99.0 103.0 335
1 meas. 0.355 0.345 0.347 0.59
| "M | g/ Debyel~ 21 0.33 0.32 0.31 0.49
Keq/ dnPmol™? 1.9 11.2 40 140
280.5 286.5 289.5
3E / kJ mol*® 283.5 (276')1 (287f (293
(287.7+0.45 | (288.9+0.8§
°Ecac / kJ mol* 261.3 258.8 266.4 275.6
MeCN
1 1b 319 325
E / kJ mol 316.5 313 (316} (328
1 meas. 341.7 345.5 339.0 332.3
var{max) /nm =ote. 3395 346.4 337.0 330.3
! endmax) / dmimolcm? 105.8 103.5 141.0
1 meas. 0.34 0.35 0.385 0.7
| "M | g/ Debye =21 0.34 0.31 0.31 0.55
3 1b,c 284.5 281.5 289.5 292.5
E / kJ mol (289 (293
Don 0.004 0.005 0.006 0.007
*n/ us 28 20 36 86
Kon/ S 145 240 170 86
|°M | 4/ Debye 0.0051 0.0067 0.0053 0.0037
3MXTT) [ nm 537 540 52% 547
3"TT) / dnPmolcm™ 6350 7100 6600 6870
v"™Kketyl) / nm 564 565 540 560
£ (ketyl) / dnPmol*cm™ 4880 5800 3540 3140

Y2 with HFIP, ¥ corrected for Stokes shift, see tektTjiplet energy at -45C, ) Ref 21a, §
Ref 21b in ethyl acetatd, different vibronic band, see tex{,éstimated from the
calculated wavelength by the theory-experiment $bifBp, see text,")Ref. 16b

11



The complete absorption spectra are shown in Fi@lréSupporting Information) both im
hexane and in the polar acetonitrile solution. Bindering of the energy of the intenser*
transitions are more or less opposite to what senled for the lowest excitednfi-state, in case
of MeOBp the separation becomes relatively low.Wifitcreasing polarity of the solvent — as it
is expected for an n* transition — the energy of the first singlet statcreases by about 6 kJ
mol? (cca. 8 nm), while the energy of the highen* states (corresponding to a symmetry
allowed transitions) decreases.

The transition dipole moments were derived as dstdiin the paper of Lewis and Maronc&lli
(using Bakhshiev's effective field correction) tenating the integration at the minimum of the
absorption curve. The transition dipole moment bé tna* absorption band is almost
independent of the nature of the substituents dmed sblvent polarity as well (Table 1);
significant deviation from the others can be sedy m case of MeOBp. (It should be noted that
the uncertainty of the determination pfM | 4. of MeOBp in acetonitrile is much larger than
the corresponding data for the other moleculeglypaecause here no minimum can be found on
the absorption curve, allowing only an approxinsgparation of the n* andz-n* bands.)

The phosphorescence spectra of the four benzopheateivatives are depicted in Figure 2. The
shapes are similar for all compounds, and the ordef the energy of the triplet state (from the
vibrationally resolved 0-0 band) is the same as $eethe singlet energy. The phosphorescence
guantum vyield and the lifetime of the triplet statepend very much on the purity of the
acetonitrile solvent as well as on the circumstanck sample preparation. For example, the
minor LAT photoproduct (the “light-absorbing-traest”, a long lived transient combination
product of the reaction (4), resembling Gombergysirbcarbon) quenches the triplet with a

diffusion controlled raté®® Consequently, the relevant data are the phosptenes rate
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coefficients kyn), or even more the corresponding transition dipatenents (see Table 1). These
properties do not show any remarkable influenceuddstitution and are similar to what was
published before for other benzophenone derivafiVes

The triplet state energies (corresponding to thpetrvs. ground state energy difference at the
excited state geometry) derived from the maximurthefdeconvoluted 0-0 vibronic band of the
phosphorescence spectra are given in Table 2.rifhemnce of the environment is small, as it is
expected when the dipole moment change is smathéntransitiorf> However, it is well
observable that the data determined in EPA glasdaager than expected from the polarity of
the solvent mixture.

Table 2. The Emission Energy of the Triplet Benzophenoneivaéves Derived from the

Maximum of the Deconvoluted 0-0 Phosphorescencel Bader Different Conditions.

Solvent Temperaturg Energy of the 0-0 emission of the triplet /'tm
°C MeOBp Bp dpCFBp CFBp
pfmch 25 -2 23800 23300 23515
n-hexane -90 24022 23771 € - --¢
paraffin -100 24198 23833 23375 23613
benzene 25 24010 2381% ° - --¢
triacetin -50 24050 23820 23255 2354(
acetonitrile 25 24097 23890 23280 23525
acetonitrile -45 24198 23938 23270 23525
butyronitrile -140 24214 23998 23280 23583
EPA -192 24423 24194 23710 24200

)2 perfluoromethylcyclohexané’ insoluble,  no signal

Absorption spectra and quantum yields of the shortived transient species
For the characterization of a kinetic system, tinst fstep is the description of the transient

species: the triplet excited Bp derivatives, théylkeadicals formed from them via hydrogen

atom abstraction from the alcohol.
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Triplet benzophenone in acetonitrile is one of mhest studied and best known photochemical
transients:'® The formation vyield of 1.00 is well establish®f* and widely accepted. The
molar absorption coefficient of 6600 rmam®cm™ at the 525 nm maximum of the triplet-triplet
(TT) absorption spectrum is the most universallyedusstandard value in the relative
determination of molar absorban®®?*In this study as well, the parameters of the other
benzophenone derivatives were determined relativineé corresponding dataic, €™ of
unsubstituted benzophenone.

The triplet quantum yields were determined in Me@hth the energy transfer method using
perylene as energy acceptor and Bp as referencallRbree Bp derivatives the triplet yield was
found to be unity within the experimental uncerti@is (1.01+0.02, 0.99+0.02 and 1.01+0.02 for
CFBp, dpCFBp and MeOB7? respectively). The transient absorption spectréhefaromatic
ketyl radicals were recorded in acetonitrile samtcontaining 1.306 mol dfi(10v%) propan-2-

ol after the very quick decay of the triplet. Whdariving the absorption coefficients, the
formation yield of the aromatic ketyl radical waen to be 1.00. The absorption of the aliphatic
ketyl radical formed in the same reaction is neblegin the examined spectral ran§eThe
spectrum of the ketyl radical of MeOBp was measuredieat IPA as solvent, where the
competition between the reactive and nonreactivaylehannels of triplet was more favorable
for ketyl formation than in acetonitrile dilutedlgent mixture.

The spectra of the radical anions, the de-protan&dems of the aromatic ketyl radicals were
also recorded (in the presence of 0.1 moPdBCO, see Figure 3) for comparative purposes.
The spectra of the three types of short-lived s=efor the four derivatives are shown in Figure
3 (the absorption curves of the triplet ketone adthe ketyl radicals of unsubstituted

benzophenone are from our earlier wéjk The features of the spectra of the transientndd
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from substituted Bp derivatives are similar to tha$ the corresponding species derived from
benzophenone itself with some moderate shift. Trig @xception is the triplet-triplet absorption
spectrum of MeOBp, where a strong peak can be ae@bout 430 nm and the absorbance

remains relatively strong above 600 nm (see below).

The primary photoreduction of the benzophenone deviatives by 2-propanol in acetonitrile

The most conspicuous feature of the photochemddttyiplet benzophenone derivatives is that
the phosphorescence decay gives us an accuratetoease tool to follow the kinetics of the
primary photoreduction. Based on Scheme 1, at ight Intensity the phosphorescence decay is
expected to be single exponential, and the recgbrietime (the sum of the first order rate
coefficients of channels (1a), (1b) and the psefudt orderk’; = k; [IPA] of channel 2) to
depend linearly on the quencher concentration. iBhghat we observe with laser energ®.1
mJ). The slope of #As. [IPA] line (Figure S2 showing, as an examfie, relevant data on the
CFBp — IPA — MeCN system) gives us the value ofkkheate coefficient. We also derived the
Arrhenius parameter&, andE, for the four derivatives were obtained from meaments ok;
between -50 and 8% (Figure 4).

As it is demonstrated in Table 3, the substitutbdrthe aromatic rings induces a remarkable
change in the reactivity of triplet benzophenongawals the alcohol (the primary photoreduction
step). Inspection of the Arrhenius parameters sltbatsthe preexponential factors are very close
to the expected value of d@nmol’s™ for all four derivative¥, and the difference in reactivity
is due to the monotonous change of the activatiergy with the Hammett parameter of the

substituent.
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Table 3. The 298 K rate coefficients and the Arrhenius peaters of the primary photoreduction
reaction (2) in acetonitrile as well as the secopngédotoreduction step (5), the radical — radical

reactions (4) and (6) in 1.31 mol diPA — MeCN mixture

Compound: CFBp dpCFBp Bp MeOBp

ko/ dmPmol's™ | (5.44+0.11%10" | (1.45+0.05%10" | (2.320.3x10° | (2.83+0.15%10°
lg(Az/dm’® mol's™) 8.30+0.02 8.03+0.07 7.61+0.05 7.57+0.07
E,/ kJ mol 3.18+0.07 5.18+0.36 7.03+0.28 12.54+0.41
ks / dn? mol's® 6.4x10° 3.2x10° (8.0+0.4x10° | (8.9+0.7)x10°
lg(A4/dm’® mol's™) 10.60+0.3 10.22+0.23 10.14+0.15 10.740.2
E4/ kJ mol” 45+1.5 4.1+1.3 7.1+0.8 10.4+0.7
ks/ dm® mol's® | (2.20+0.34%10" | (3.15+0.85%10° | (4.67+0.21¥10° | (2.02+0.17¥10°
lg(As/dm’® mol's™) 8.09+0.13 7.94+0.22 7.84+0.10 8.22+0.16
Es / kJ mol* 4.3+0.7 8.2+1.2 12.4+0.7 16.6+0.9
Ko / dn? mol's™ 3.8x10° (3.8#1.1x10° | (5.9+0.1x10" | (1.5+0.2x1C°
Ig(As/dm® mol's™) 9.65+0.3 9.5+0.2 10.05+0.25 10.4+0.2
Es/ kJ mol* 6.0+1.8 5.1+1.1 13.1+1.4 13.0+0.9

The reactions involving the aromatic ketyl radicals

In our earlier study it was shown that at very low excitation lightensity, the rate coefficient
of the radical transfer reaction (5) can be reliadetermined in direct measurements by
monitoring of the decay of the absorption of thenaatic ketyl radical if relatively high ketone
concentration is used. When the benzophenone ctyatien is large, the metathesis reaction (5)
{being in the pseudo first order regime wih=ks[ketone]} is the dominant process consuming
the dimethyl ketyl radical, because the relativiuence of the second order radical — radical
reactions is suppressed by the purposeful reduofidime excitation light intensity. Moreover, at

low light intensity the uncertainty of the determuiion ofks is smaller than at larger intensities
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when the radical-radical reactions need to be takienaccount when modeling the decay curves
and the error of their rate constants is propagatechat ofks.

At normal laser light intensities (50 — 100 mJdsth) when the concentration of the formed
aromatic ketyl radical is larger, its transient @psion (monitored at 540 nm) decays
monotonously®'®® The decay of the absorption signal at the begmnn relatively quick,
because not only reactions (5) and (6) but alsontloee efficient reaction (4) consume the
aromatic radicals. After the aliphatic radicals aoenpletely consumed in reactions (3), (4) and
(5), the decay of the aromatic ketyl radicals beessirictly second order. The corresponding set
of differential equations cannot be integrated wiGlly. Instead, the decay curves were
simulated by numerical integration and the ratestamtsks, ks andks were optimized to fit the
calculated time resolved transient signal to theasueed. As it was shown befdf@,it is
essential to keep the rate parameter of reactipfixgd in the fitting procedure. Fortunatek,
can be determined directly in the acetone — 2-prolpa acetonitrile system at the same solvent

composition as the target syst&nf°

The rate parameters of the radical — radical reastivere determined separately to minimize the
uncertainty of the determination of the rate cag#t of reaction (5). The characteristic increase
of the rate coefficients of radical — radical réaas$ (4) and (6) observed when the reacting ketyl
radicals are substituted with electron-withdrawgmgups is due to the decrease of the activation

energy (see Table 3).

The reliability of the measured valueskefind its increase with tetra-metaabstitution was
checked in direct transient absorption measurenmantso systems under conditions when no

cross reactions (4) are possible. The second-aitdeay of the aromatic ketyl radical was
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monitored in the Bp - benzhydrol - acetonitrile anth the CFBp -
tetra(trifluoromethyl)benzhydrol (i.e. bis[3,5-is{luoromethyl)-phenyllmethanol, CFBH) —
acetonitrile system, where in the primary photootidm step both the ketone and the alcohol
yields the same aromatic ketyl radical. The derieedhlues are 5210" and 3.&10° dnv mol's

! respectively, in excellent agreement with thosgveid from the photoreduction experiments
by IPA. It should be mentioned that in the phototieam of CFBp with CFBH (in contrast to Bp
with benzhydrol), the absorbance was found to emeewith the duration of irradiation in the
290-350 nm range. The absorbance decreased whaarimde was saturated by air, indicating
the formation and loss of an oxygen-sensitive, {bwed intermediate photoproduct

characterized by maximum absorption at 318 nm.

CFBp and dpCFBp show the typical features of seagnketyl radical formation even at high
laser light intensity (Figure 5a), contrary to BpdadvieOBp for which the secondary increase in
the time resolved signal of ketyl radical absonmptc@n be observed only at low excitation light
intensity and at relatively large ketone concermdratWhen the light intensity is reduced, the
kinetics of the secondary formation of the absagbspecies exhibits an almost perfectly
exponential build-up (pseudo first order formatiprocess of the aromatic ketyl, Figure 5b).
Plotting the derived pseudo first order rate caoedfit, ksm = ks [ketone] as a function of the
ketone concentration (see as an example, theq@l@/FBp in Figure S3 of Supporting Material)
the second-order rate coefficidatan be easily derived. The Arrhenius parametetiseofadical
transfer reactions were determined by repeatingptioeedure at different temperatures and
considering also that the concentration of thetesdds changing with the change of solvent
density (Table 3 and Figure 6). The influence & #ryl substitution — similarly to the rate

constant of the primary step (2) — is remarkaliheré is an almost two order of magnitude
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difference between the room temperature values kef of dimethoxy- and the
tetra(trifluoromethyl) derivatives. The increasaedctivity with the electron-withdrawing nature
of the substituent is due to the decrease of ttieadion energy, since the preexponential factors

are all around fadnPmol’s® (what it is expected for a hydrogen transfer psey@é

In Figure 5b, the transient absorption curves mealsat 565 nm and 810 nm in the CFBp — 2-
propanol — acetonitrile system are shown. The tetecwavelengths correspond to the

absorption maxima of ketyl radical and the radai@bn, respectively (see Figure 3a). The shape
of the build-up curves is similar, the ratio of thlesorbance is constant, around 45, indicating
that the both signals belong to the ketyl radicadl @#hat anion radical formation, if any, is

negligible (see below in the discussion). From,tbise can conclude that in neutral solution
direct electron transfer does not have a significale in the photoreduction of benzophenone

derivatives.

The effect of solvent composition and polarity onlte hydrogen atom transfer rate
coefficientsk, and ks

The discrepancy dfs for photoreduction of Bp measured in 1.31 and 2@ dm?® 2-propanol

in acetonitrile indicates that the solvent compositinfluences the rate of the reaction (data at
the latter concentration are from Ref. 13). To@etearer pictureg. andks were determined in
benzene, an apolar solvent in which the effectyafrdgen bond interactions is expected to be
stronger than in acetonitrile. The Arrhenius plotshe rate constants of the two reduction steps,
reaction (2) and (5) are shown in Figure 4S inSk@porting Material. The rate parameters of
the primary photoreduction process (2) are venilaimfkz(25 °C) = 2.210° dnt’mol™s?, Ig(A2/

dmPmol's?) = 7.8,E2 = 8.5 kJ motl} to those measured in acetonitrile (Table 3). Intremt, for
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the metathesis reaction (5) an almost sevenfoldease can be observed in the room-
temperature rate coefficienk{25 °C) = (3.45+0.4210° dnPmol’s’} in benzene, compared
with the value derived in MeCN. The increase canatigbuted more to the change of the

preexponential factor {lg§s/ dnPmol’s?) = 9.0+0.2 Es = (14.0+1.1) kJ md}}.

The influence of the solvent composition on thenay and secondary photoreduction rate was
explored in more detail in 2-propanol — acetoratritixtures. The mixing ratio hardly influences
ke, in agreement with the earlier observatitighe room-temperature, in contrast, decreases

by almost a factor of two when the alcohol concidn increases (Figure 7).
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Photoreduction of triplet Bp derivatives byy-valerolacton, a slowly reacting substrate

The relative importance of the secondary photorgoliceaction with respect to the primary
step can shed light on the factors determiningaitis coefficient. To study such effects, we
changed the nature of the hydrogen do@@mmmavalerolactone (GVL) was chosen as a
reductant for several reasons. First, it has divelst weakly bound H atom that can be
abstracted by the triplet ketone. Second, the pylaf GVL is relatively larged = 36,n =

1.432), and the increase of GVL concentration gashange notably the polarity of the
solvent when added in significant amounts to agetlen Third, we are interested in studying

the relative rate of abstraction of its differenatdms using deuterium labeling for which we
need an appropriate reactant that reacts slowlygimto allow the distinction of various
abstraction sites. This will be useful in underdiag the behavior of GVL which is proposed as
a "green"” liquid fue’. Here we report the observations of the primax secondary
photoreduction of Bp and CFBp by GVL.

The Arrhenius plots of rate coefficients of thenpairy photoreduction step by GVL as reactant
are shown in Figure 8. Using triplet benzophenabyalrogen acceptor the reaction is slow, its
rate constantrimany(25 °C) = 1.5¢10° dnPmol’s?, is at the limit of reliable measurements. This
means that if the rate decreases further when digntésotope substitution is applied, it will not
be accurately measurable. The enhanced reacti¥ityriplet CFBp promises more reliable
determination of rate coefficients of various chelsrof photoreduction of GVL, the measured
rate coefficient for H atom transfer beikgmay(25 °C) = (1.13+0.05¥10¢° dnmol’s’. This is
large enough to allow convenient rate measurementn at lower than 2 % reactant

concentration.
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Concerning the secondary photoreduction reactiomdication was found for the occurrence of
the radical transfer process analogous to reacdyrin the CFBp — GVL — MeCN system.
Furthermore, we found no example of such metathegtdving any aliphatic radical that is not
able to form a hydrogen bonded complex with th@hket This indicates that the radical-transfer

reaction (5) can take place only via a hydrogendedncomplex.

Electronic structure calculations

Our theoretical studies are focused on structuatd,dJV absorption spectra and the kinetics of
reaction (5), the secondary photoreduction of the benzophenone derivatives. The calculated
vertical excitation energies of the first five ah#eon bands in vacuumn-hexane and
acetonitrile as well as the corresponding oscitlastrengths for the four benzophenone
derivatives are summarized in Table S1 in the SapgpMaterial. The agreement between the
measured and calculated wavelength data is geyeely good (the difference is considerably
less than 1%, see Table 1) except for MeOBp-iiexane. From the experimental data shown in
Figure 1 one can see that, because of the strahghi#t of the intense, allowed * band, the
fourth vibronic band becomes the band maximum.tkRermaximum of the third vibronic band
341.2 nm is obtained, in excellent agreement withdalculations (339 nm). The calculated and
measured transition dipole data for the criticedtfband also agree well (Table 1), regarding that

the calculation was made at a relatively simplelev
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Table 4. The Enthalpies of the Reactant and Product vdW @lexes, the Transition Structures and the ProcufdReaction (5) with

Respect to the Ketone + Dimethyl Ketyl ReactantdléBB1K/cc-pVDZ Data, kJ md) in Silico Vacuum and MeCN.

Compound: acetone MeOBp Bp dpCFBp CFBp
vacuum MeCN | vacuum MeCN | vacuum MeCN | vacuum MeCN | vacuum MeCN
reactant complex -29.9 18.86 -30.y6 -23.226.70| -13.18 -24.26 | -12.26 -20.02| -8.60
H*eac (TSY 37.89 | 53.86 8.44| -392 138 -10,149.18 | -13.72 -12.94| -15.81
Hcompi(TS) 67.79 | 72.72 39.20 19.35 28.09 3.04 15,08 -1.46 7 7,0-7.21
product complex| -29.9 -18.8679.86| -78.48 -87.98 | -82.37 -104.4| -95.28 -120.4 | -104.9
AH(reac,5) 0.0 0.0 | -49.15 -59.49-60.50| -65.09 -70.92 | -77.96 -73.21 | -79.64
vdWoprod vs. prod. -29.9 | -18.8§ -30.7 | -19.0| -27.5| -17.3 -33.% -17{3 -47|2 -25.
AH(compl,5) 0.0 00 | -49.1| -55.2 -61.3 -692 -80{1 -83.0 -10046.2
AHscaic 75.46 17.68 11.46 7.88 5.7
Ez from this work 12.5 7.0 5.2 3.2
Es from this work 16.6 12.4 8.2 4.3

)? with respect to reactants

)° with respect to the reactant complex

15
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Table S2 shows selected bond lengths in singlettgoiét benzophenones and at the transition
structure for reaction (5) for the four Bp derivas and, for comparison, acetone. Table 4

summarizes the relevant enthalpies; Figure 9 pteslea enthalpy profile of the reactions (5).

The O-H bond dissociation enthalpy calculated ftbmenthalpies of the ketones and their ketyl
radicals are 132.7, 144.1, 154.5 and 156.8kl", respectively, for MeOBp, Bp, dpCFBp and
CFBp. This indicates that the ketyl radical is 8taéd by CF substitution by about 10 kJ miol
while the bis(para-methoxy) substitution destabsizt by approximately the same amount. The
effect is carried over to the enthalpy of the Hnatwansfer reaction (5) which changes from -

70.9 kJ mol for Bp by the same amount as the ketyl bindingaip .

The reactants of reaction (5), the ketyl radicahadtone and of each derivative of benzophenone

form a complex held together by a hydrogen bond/éen the two carbonyl-type O atoms. The
binding energy of the compIeQCHg)ZCOH—OCArz (expressed as enthalpy of dissociation) is

(18.9 for acetone), 23.3, 13.2, 12.1 and 8.6 kJ'nfof MeOBp, Bp, dpCFBp and CFBp,
respectively, decreases monotonously. The prodacttpne and the ketyl radical of the ketone
also form a strongly bound (GHCO-HQaArz van der Waals complex, the binding energies of
which do not show a clear trend (19.0, 17.3, 1h@ 26.1 kJ mol in the same order as above).
The substitution of the methyl groups of acetonthemacetone — dimethyl-ketyl radical complex
by phenyl rings influences the binding energy lés the substituents of the aryl groups. The
energy of the O-H-O hydrogen bond is strongerefithatom is on the aliphatic carbonyl oxygen
for MeOBp, while for Bp and the GBubstituted derivatives the aromatic ketyl is m&irengly

bound to acetone than the dimethyl ketyl to theesponding aromatic ketone.
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The enthalpy barrier for H atom transfer with retpe the complex varies significantly from
28.1 kJ mol of Bp with substitution of the aromatic rings. Mexy substitution results in the
increase of the barrier height, £substitution decreases it. The tendency is ineagest with

that of the reaction enthalpies, but the free gnegtationship is not linear.

DISCUSSION

Substituent effect on the photophysical propertiesf benzophenone derivatives

All four derivatives we studied have qualitativeiynilar absorption spectra mhexane: there is

a well resolved symmetry forbiddenrti-transition in the near UV spectral region follaivby
more intense bands peaking around 250 nm correspprid the allowedrete* transitions
(Figure 1). The methoxy derivative deviates frone thther studied ketones: the oscillator
strength of the m¢ band is slightly larger than that for the othbree compounds, and at the
same time the higher energy intense peak is shift¢kde red (see Figure S1 and Table S1). The
increase of solvent polarity results in the expecedfect: the rR* state has a moderate
hypsochromic, thaett* state a bathochromic shift (or nothing as cansbe in Figure 1S for
CFBp). In the case of MeOBp the energy differenegviben the m¥* and re1* bands decreases
so much in MeCN that the maximum of the absorphiand of the lowest excited state can not
be separated. Furthermore, thatntransition gains further intensity from the uppstates
resulting in an additional increase of the corresjing transition dipole moment (see Table 1

and Table S1).

In luminescence spectroscopy, the usual way taméte the thermodynamic singlet-singlet and
singlet-triplet energy gap is that the respectivgoaption and emission spectra normalized to the

maximum (more properly to the maximum of the 0-8ds are plotted together and the crossing
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point of the two curves is taken to be the groumdirst excited singlet or triplet energy
difference (data listed in tabulations are alsceeined using this procedure). However, for
benzophenone derivatives this method can not be iseause, concerning the singlet-singlet
gap, the fluorescence, and for the singlet-trighgt, the triplet—- ground state absorption spectra
are not available. Kearns and Caseeasured the phosphorescence excitation spectBpfand
MeOBp in EET glass with so high sensitivity tha¢ tibronic structure of the triplet singlet
absorption was also resolved. A 570 and 330 6r0 peak separation was observed for Bp and
MeOBp, respectively. Adopting their data we inceey 3 kJ mot (approx. half of the Stokes
shift) the 0-0 Franck-Condon triplet energy of ghlasrescence in polar solvents and by 2 kJ
mol™* in alkanes to get the data appropriate for furttmmnpilation (see Table 1). In a similar
way, the FC 0-0 data of singlet absorption wereehlsed by the same amount to derive singlet
energies comparable to the thermodynamic valuestexpin compilations (see Table 1). These
corrected triplet data show good agreement (coriagl¢he unavoidable uncertainties increased
by the correction mentioned before) with tripleteagies given for Bp and MeOBp in ethyl

acetate in the recent comprehensive compilatidvierkel and DinnocenZ¥.

The change of the triplet emission spectra andithglet-triplet energy gap derived as described
above with variation of the substituent and theapty of the solvent is similar to that observed
for the nit* absorption, as expected. It is worth noticingwkeer, that in EPA glass matrix at
-192 °C one can observe an additional blue shift compwiid butyronitrile, as large as 200 —
600 cnt (see Table 2) as if EPA glass represented anmegtyepolar environment. This is,
however, not so: the reason for the hypsochroniecefs that in EPA glass not the ketone itself

but its hydrogen-bonded complex absorbs light. Rétenes form hydrogen bonded complexes
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with the ethanol molecules of the frozen solventdél our experimental conditions most of the
hydrogen bond acceptor molecules are compféfedtwo reasons: the alcohol concentration is
high, and at the very low temperature the equuiriconstant of complexation is relatively

large. The hydrogen-bond complexation induces @ngtblue shift, larger than the most polar
solvent we studied. This indicates a caveat idangoconcerning the reliability of triplet energies
derived from measurements made in alcohol-contgigilasses such as EPA or EET (ether /

ethanol / toluene).

The location of the m# absorption maximum as well as the singlet enemggreases
monotonously in the sequence of dpCFBp, CFBp, BpMeOBp, and the same applies to the
triplet energy (Table 1). This order does not caetgdy match that of the Hammett parameters,
dpCFBp and CFBp being interchanged. Hammett'siogiatwere applied successfully several
times?**to account for the substituent effect on the #isoence behavior. Moreover, Leight and
coworker$® studied the dependence of reduction potentialteptkt energy of benzophenone
derivatives on the chemical nature of ring-substits, and found good Hammett correlations for
half-wave reduction potential¥. They explained the tendency in what they call
merostabilization by the change of Hammett pararadieth for reduction potential and triplet
energy. However, inspection of the correlationhef triplet energy with the Hammett parameters
shown in their paper indicates it is rather pootafining our data one can conclude that the
para-substituted benzophenones more or less falh@wexpected tendency; however the bis-
meta substituted CFBp is definitely out of the jctstl order. From the Hammett relationship
one can expect a much larger blue shift for CFy tlor dpCFBp (th&o parameters are 1.856

or 1.72° and 1.16* or 1.07%, respectively) contrary what was observed expertaily. A
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possible explanation could be that the effect ofesd substituents is not perfectly additive.
However, as it will be shown below, the additivilgsumption works quite well in other
contexts. This suggests that the behavior of tleegetics of the me singlet state is determined

by factors other than those accounted for by thardatt constants.

The aromatic ketones undergo hydrogen bonded conigtmation in the presence of aliphatic
alcohols. The equilibrium constant increases witie telectron donating strength of the
substituent (which enhances the electron densittheroxygen atom) from CFBp to MeOBp as
it is shown for the case of a good hydrogen bondodoHFIP inn-hexane (Table 1). The
complex formation causes an approx. 1000 tiypsochromic shift of the m* absorption band
of all four compounds. This means that the equilior constants of complex formation are
approx. 160 times smaller in the singlet excitedesthan in the ground state, inducing a driving
force for dissociation of the excited ketone — HFE@mMplex:® Using isopropyl alcohol as
hydrogen bond donor in MeCN, the corresponding ldgjisim constants must be at least two
orders of magnitude lower than those for HFIPhihexane, although qualitatively the effect
probably remains similar. The reduction of the &gdum constant of complex formation is
manifested in a slight but well recognizable blugftsof the absorption maximum by
complexation (1.2 nm, corresponding to approx. 30eidrease of the equilibrium constant in the

singlet state compared to the ground state).

The ketyl radical — ketyl radical reactions
The effect of the substituents on the rate parametesecond order radical — radical reactions
(3), (4) and (6) (see Table 3) at first sight istesurprising. From the previous studies of the

triplet unsubstituted benzophenone — 2-propanatetoaitrile system the following qualitative
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picture has arisen: the aromatic ketyl self-reac(®) is an activation controlled combination
whose rate constant at room temperature is an ofdaagnitude lower than that of the aliphatic
ketyl self- (3) and cross-reaction (4), both bedaninated by the disproportionation process.
For both trifluoromethyl-substituted aromatic ketglicals, reaction (6) proved to be faster by
an order of magnitude than the reference self coatioin of the unsubstituted diphenyl ketyl
radical (see Table 3), despite the fact that bbthese radicals are the most stable (see Table S3
and Figure 9). One may find a reasonable explamdtiothis contradiction by considering that
the ketyl radicals of the fluorinated derivativesnmh hydrogen-bonded complexes less readily.
The consequence is that most of them are freedanatietonitrile — isopropyl alcohol solvent
mixture, contrary to the unsubstituted benzopheraty radicals. The uncomplexed radicals
are expected to be more reactive than the compl@xed because in the latter case the radical
center is shielded by the hydrogen bond donor. Hgisothesis is supported by our earlier
observatioff® that the rate coefficient of the combination react(6) of the aromatic ketyl
radical derived from benzophenone increases carditye with the decrease of the alcohol
concentration when the latter is low (see Figune t&ference 16a). This effect is especially well
expressed when the hydrogen donor is benzhydrothwhas a larger steric hindrance (and
shielding effect) and forms a more stable comphMareover, from the measurements made in
the benzophenone — benzhydrol system one can amdlat in the case of the tetra-
trifluoromethyl substituted derivative new combipatchannels (such as LAT formation) open

in the aromatic ketyl self-reaction process, wrgarely increases the overall rate conskant

The rate coefficient of the cross-combination reas is expected to be twice as large as the
geometric mean of the rate constants of the twatedl self-termination process@g-or the

cross-reaction (4) this relation applies only iseaf MeOBp. For the other derivativesis
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subsequently larger than twice the geometric méada andks, and the deviation increases with
increasing electron withdrawing strength of thegrigubstituents. This is not surprising,
considering that reaction (4), contrary to the cabiself termination processes, has more
channels, such as disproportionation or the efficiAT forming reactions, whose rate certainly

depends on the nature and position of the ringtgubsts.

The hydrogen atom transfer reaction (5)

The hydrogen atom metathesis reaction is charaetkhy a preexponential factor of around 10
dm’mol's* which is typical for this type of reactidh.Naguib and coworkets proposed a
“spatially resolved electron — proton transfer” macism for this kind of reaction, involving a

polar transition state. There are several factsuhdermine such a mechanism.

1) The magnitude of the measured preexponentitdifaoes not support such a model (note that

the derivation of the preexponential factor in Ref.proved to be incorredy

2) Even stronger evidence against the participatiba polar transition state is the effect of
solvent polarity on the rate constant of reactidn A dipolar transition state corresponding to
simultaneous electron — proton transfer would bBbikted more efficiently by polar solvents, so
that the rate should increase with increasing swlyeolarity. According to our previous

experiments? (as well as shown in the present work) howekeonsiderably decreases with

increasing solvent polarity, discrediting the hypestis of a polar transition state.

3) According to our electronic structure calculatipthe transition state is very similar to those
of other H-atom transfer reactions between twocaldj it shows no sign of simultaneous
electron — proton transfer and its charge distidouts very similar to those of the reactant Bp

derivatives. Thus, one can not expect extra solgattilization of the TS with respect to the
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reactants. Inspecting the transition structures #ed van der Waals complexes formed by
aliphatic ketyl radicals and Bp or its derivativesie can see that it is hard to imagine how
electron transfer could take place. The possibigeteof an electron to be transferred can be one
of the aromatic rings (in addition to the carbooxygen, but then the proton and electron are not
transferred separately but together as a H atoar)af electron-transfer pathway separate from
that of the proton, there should be a bridge wihentwo reactants are close. The aliphatic ketyl
radical, in addition to the OH group participatimgthe reaction, has only methyl groups, which
in principle could serve as an electron-transfedd®, but it is hard to find a driving force for an

electron to hop from a spatially separatecs @rdup to an aromatic ring.

As mentioned above, the quantum chemical calculatigelded transition state structures for
reaction (%) typical to H atom abstraction reactions. In theaations of substituted
benzophenones with the aliphatic ketyl, the hydnogéom is closer to the oxygen of the
aliphatic ketyl radical than to that of the arorodtetone, i.e. the reactions are characterized by
an early barrier as expected for exothermic reastitn agreement with Hammond’s principle,
the barrier height for reaction (5) decreases agkothermicity increases (see the inset in Figure

10).

The electronic structure calculations also show tha secondary hydrogen atom transfer (5)
involves formation of a hydrogen bonded complexudithe rate coefficient and Arrhenius
parameters of reaction (5) we measured are “virtdata, because they correspond to a
combination of several elementary steps. Furthenpticates the kinetics that both species
involved in the reaction, in particular, the alifib&etyl radical can also form complexes with

IPA and CHCN, both present in large concentration. Based lan ibformation from the
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guantum chemistry calculations, in addition to thdisted in Scheme 1, reactions shown in
Scheme 3 are also possible in the Bp — aliphatig kadical — 2-propanol —acetonitrile system,

and can have a role in determining the measuraile=\ofks.
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Scheme 3.

PhCO + (CH)n0H <= [PhCO-HQu(CHs)]
[PhCO-H@(CHs)2] — [PhnOH-OC(CH)]
[PhnOH-OC(CH)2] <> PhanOH + (CH:).CO
(CHs)2CHOH + PhCO <> [(CHs).CHOH-OCPH|

CH:CN + (CH):00H <> [CH:CN-HOn(CHs)7]

H
(CH3)2CHOH + (CH)200H <~ [(CH3):CHO< . ]
HOC(CH,),

H-NCCH,
[CHsCN—HOHC(CH)z] + (CHs):00H <= [(CH3)2CHO< .
HOC(CH,),

CHsCN + (CHs)2CHOH <~ [CHsCN-HOCH(CH)]

H
2 (CH)2CHOH <« [(CHs3).CHO<

HOCCH(CH,),

(9)

(5ii)

(5ii)

(7)

(8i)

(8ii)

(8iii)

(9)

(10)

Let's first consider the equilibrium determiningettconcentration of the Bp reactant, the

complexation of Bp by the alcohol, reaction (7). Weasured its formal equilibrium constant in

acetonitrile solution and founiz(MeCN) = 0.038+0.005 dfmol*. This low value means that

the ground-state ketone is essentially in the umpdexed form in the IPA — CN solvent

mixture, so that the influence of reaction (7) ba kinetics may be disregarded. (The forikal

value is low because the concentration of benzapieeis four orders of magnitude lower than
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that of acetonitrile, and as a consequence masieo2-propanol molecules are complexed not to

benzophenone but to the solvent according to i@a¢8) and (10).)

The other reactant, the aliphatic ketyl can alsonfbydrogen-bonded complexes not only with
BP but also with both constituents of the 2-propanoacetonitrile solvent mixture. Our
measurements of the rate coefficient of reactigrin(&cetonitrile with varying amounts of IPA
are instructive in this respect: the measured cagfficient, ks is relatively large at low IPA
concentration, and decreases to a limiting valudigher [IPA]. This can be explained by
considering that the aliphatic ketyl radical, ifdbnates the H atom of its OH group to form a
hydrogen bond with IPA or MeCN, is not apt for reag with Bp. Then, the rate is determined
by the concentration of the ketyl-Bp complex, whishn equilibrium with the benzophenone
and free aliphatic ketyl radical.

R == L2 = K, [(CHy), COHI ™ [e] (1)

where [Bp] and {CH3)2C':OH]free stand for the concentration of the (bare or stiistl) Bp and

the free aliphatic ketyl radical. The concentratairthe latter is what is left from the nominal
ketyl radical concentration reduced by the fractitwound in the complexes with MeCN, IPA,
[MeCN-IPA] and Bp. Taking into account the simukans equilibria (8, (8i) and (5)
influencing the concentration of the aliphatic kefdical, one gets

= Ks [BP] :
R =K T4 K, [MeCNT+ Ky, [IPA] + KK, [IPATTMeCN] + K, [ | @20 42

and the measurable rate coefficient is
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ke = Ksi Ks ] (13)
1+ Kg[MeCN] + Kg; [IPA] + KKg; [IPA][MeCN] + K [Bp]

The last term in the denominator is negligible lsea[Bp] is small, so the net order of the
reaction in fact is two. In the limit of small alool concentration, the measurable rate coefficient
is

W= KaKe (14)
1+K,[MeCN|

and from this value it decreases when [IPA] incesa3 he other limiting case is when [IPA] is
very large. Formally, in that limit formula (13) widl yield zero for the rate coefficient. This
limit, however, can not be achieved, because thectbhcentration is limited by its value in neat
IPA. In fact, the model foks could include the complexation of IPA by MeCN doyl IPA
(reactions (9) and (10)), and consider [MeCN] smdathat it would not change due to
complexation. That model yields a finite virtuakerecoefficient in the limit of high alcohol
concentration, but the low-[IPA] limit would be essially the same as in (14). The conclusion is
that the exact shape of tkecurve as a function of [IPA] is described by atekly complicated
equation, but the accuracy of the measurements mimewarrant an attempt to derive the rate
coefficients and equilibrium constants by fittifge tformula to experimental data. Equations (13)
and (14) indicate that the rate coefficient is mmptex function involving several rate coefficients
and equilibrium constants (even in the small [IR#)it), each having its own temperature
dependence. Accordingly, the activation energy nmnegsforks will not be directly connected to
the activation enthalpy calculable from the pararsetf the potential barrier corresponding to
the transition structure of reaction (5). The quamtthemistry calculation on the energetics of

complex formation allows us to conjecture about rtegnitude of the difference between the
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calculated activation enthalpy and the measured/adicin energy. The calculated reaction
enthalpy of complex formation in reactions)(g§8ii) and (8ii) is -13, -21.6 and -26.9 kJ mol
respectively (Table S3). This means that the dmulm constant for complexation of the
aliphatic ketyl with 2-propanol is more than a miagghe larger than that with the solvent
acetonitrile. At the concentration of the rate ficefnt measurement, [IPA] = 1.31 mol dpthe
ketyl radical tends to be complexed more by thetat and the alcohol-acetonitrile complex
than by acetonitrile (whose concentration is al8itmol dn¥). To simplify the picture, we
assume that there is a single term in the denooninait Eq. (13) that represents all three
complexes, and that the temperature dependencehisf térm is determined by, as a
representative value, the reaction enthalpy oftr@@a8i). At a given solvent composition the
denominator of Eq. (13) is the same for all beneoime derivatives, so that the contribution of
complex formation to the activation energy of react5) is independent of the substitution of
benzophenone. Figure 10 shows the correlation leetwlee calculated activation enthalgils”,
shifted by AHs = 21.6 kJ mot and the measured activation enekgyith the overall Hammett
parameter of the substituent. The applied shifpkap to yield very good agreement between
AHs" andEs, indicating that the suggested picture is nofriam reality. The Hammett parameter
proves to be a good measure of the substituentteffehis case: the activation parameters show

a good linear correlation with it.
CONCLUSIONS

The measurements and calculations of the specpimscphotophysical and photochemical
properties of the substituted benzophenones yiettkstk tendencies and monotonous changes.

The reaction and activation energies correlate wih the overall Hammett parameter of the
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substituents of the aromatic ring. The photoreducteactions (2) and (5) are characterized by
linear free energy relationships: the measured/aobn energy as well as the calculated barrier
height and location correlate very well with thaaeon enthalpy. The driving force, the enthalpy
of the reaction depends essentially on the stalbitim energy of the ketyl radical compared with
the ketone it is derived from. The trifluorometisylbstituted ketyl radicals are much more stable
than those containing electron donor substituemdsaecordingly their photochemical reactions
are faster. Concerning electron-donor substituemis,studies show that, contrary to what is
suggested in the literatuteeven MeOBp behaves and reacts as anexcited keton@ (which

is supported by the properties of its phosphoreseepectrum), and the smaller reaction rate in

its photoreduction steps is caused by their lowaction exothermicity.

The experimentally measurable activation energype@slly that of the secondary

photoreduction step (5) can not be assigned tosargte elementary step, because in the polar
acetonitrile solvent, containing a large amounttted hydrogen-bond donor alcohol reactant,
multiple complex formation equilibria are estabéghthat mask the activation energy of the

actual hydrogen atom transfer step.
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Figure 1. Absorption spectra of the lowest transition of @F@\), dpCFBp (B), Bp (C) and
MeOBp (D) inn-hexane at room temperature. An approximate fithefvibronic bands (dotted
line), as well as the spectra of the 1:1 complefethe Bp derivatives with HFIP (dashed line)

are also indicated.
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Figure 2. Phosphorescence spectra of CFBp (red), dpCFBe)bBp (black) and MeOBp

(green) in MeCN at 2%C together with the corresponding absorption spgdashed line).
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Figure 4. Arrhenius plot of the reaction rate coefficienttbé primary photoreduction reaction
(2) of benzophenone derivatives (CFBp: circle. dB@Fdiamond, Bp: square, MeOBp: star) by

propan-2-ol in acetonitrile.
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Supporting Information . Synthesis methods, details of spectrum, ratdicoaft measurements
and of electronic structure calculations. This malés available free of charge via the Internet

at http://pubs.acs.org.
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