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SUMMARY

The selective transformation of hydrocarbons into more chemically complex materials is an
evergreen challenge in chemistry and catalysis. This report finds the dianion
hexachlorotitanate (TiCle?”) catalyzes the C-H activation of saturated hydrocarbons under
390 nm light irradiation. Investigations into the mechanism of this reaction are detailed. The
photolysis event affords formation of a chlorine radical and a mixture of TillCls(NCMe)2~
and Ti""Cls(NCMe)?". The Ti"Clx species were characterized by spectrophotometry,
electrochemistry, and X-ray crystallography. Alkyl radicals generated by these means were
trapped by a range of alkene acceptors. Notably, the Ti"'Clx species are shown to be more
reducing (AEps = 0.72 V) than related Ce!''Clx species, enabling access to more electron-rich
acceptors by facilitating reduction of the alkyl radical trapped intermediate. DFT calculations
correctly identify the reactivity of alkene substrates using the CeCls2™ and TiCls2™ photoredox
catalysts. The results herein demonstrate the impact of metal identity on C=H activation.
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INTRODUCTION

Selective functionalization of alkane substrates has proven to be difficult as their C—
H bonds have bond dissociation energies (BDE) as high as 105 kcal mol-! in the gas phase.” One
of the earliest reported methods of functionalizing methane and other hydrocarbons was the
use of radical species, notably chlorine radical (BDE of H—Cl 103 kcal mol-').23 The chlorination
of methane has been performed using chlorine gas and ultraviolet light, a process which
generates many industrially relevant chlorinated solvents. However, due to high concentrations
of chlorine radicals generated, the use of chlorine gas is unselective and results in mixtures of
CH4.xClx x = 1 — 4 species.5 Recent studies in C—H activation have used photocatalysis to produce
catalytic amounts of chlorine radicals. Photoredox catalysis uses light to perform the oxidation
of chloride anion to chlorine radical, estimated at +1.63 vs. Fc/Fc*,$ enabling control of the
concentration of chlorine radicals and facilitating selective chemistry.”-10 This approach has been
developed using outer sphere charge transfer mechanisms with Ir'' photoredox notably by
Barriault and co-workers.!! Alternatively, inner-sphere ligand to metal charge transfer (LMCT)
mechanisms have been investigated by Doyle using Ni'"-Cl species,'2'3 Rovis using Cu'—Cl
species,' and our groups and Zuo using CeV—Cl species (Figure 1a).'5-17 Additional recent
reports from Rovis, Jin and Dual have also demonstrated the abilities of Fe'lCl3 species to
engage in similar chemistry.!8-20 The realization that chlorine radicals can be easily generated
under photochemical conditions through LMCT prompted us to consider alternative metal chloride
species that could offer distinct benefits. Notably, the chemistry with alkene radical acceptors
involves a formal H atom transfer event, which can be deconvoluted as proton transfer from
acid and electron transfer from the reduced metal species. Our efforts were then focused on
metal cations that would 1) enable a broader scope of radical acceptors and 2) employ
abundant and less expensive metal sources. Based on these characteristics, we identified TiV
complexes as potentially suitable catalysts.

Prior catalytic photochemical reactions driven by titanium have been limited to solid
phase titanium chromophores.2-23 Stochiometric photoreactivity of titanium species has been
previously observed towards the production of Til species and oxidized ligands.24-2¢ More
recently, the groups of Gansduer and Flowers reported use of Cp2TiCl2 in a photoredox reaction
to perform the ring opening of epoxides employing a weak amine sacrificial reductant (Figure
1b) avoiding the use of strong heterogenous reductants like Zn® or Mn©.27:28 With this success,
and the similarity of the available redox states between titanium and cerium, we hypothesized
that the CeCle?~ mediated system described by Zuo, Schelter, and Walsh could be translated
intfo an analogous TiCls2- system with added benefits.

Figure 1. Photoredox reactions.
A. Examples of reported systems that used SET and LMCT transitions to generate chlorine radicals. B. Reported

photocatalytic TilV species. C. This work, which uses photolytic breaking of titanium chloride bonds to enable the C—
H bond alkylation of unactivated hydrocarbons towards the hydroalkylation of electron poor alkenes.
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Figure 1. Photoredox reactions.

A. Examples of reported systems that used SET and LMCT transitions to generate chlorine radicals. B. Reported
photocatalytic TiV species. C. This work, which uses photolytic breaking of titanium chloride bonds to enable the C—
H bond alkylation of unactivated hydrocarbons towards the hydroalkylation of electron poor alkenes.

Herein, we report the use of the simple titanium chloride salt [PPh4]2[TiCle] in the
photolytic cleavage of C—H bonds in hydrocarbon substrates. Hydrocarbons, including methane,
are functionalized through hydrogen atom transfer processes (Figure 1¢). We demonstrate that
the substrate scope of radical acceptors is broader using TiCls2™ compared to the cerium based
(CeCl6?7) system. The expanded scope of the titanium system is rationalized through comparison
of the redox potentials of the Ce'lClx and Ti'lClx intermediates, where the Ti'lClx species are
more strongly reducing. Relevant Ti" species were isolated and identified by X-ray
crystallography, as well as observed in the reaction media using UV-vis spectroscopy. The
excited state of the photocatalyst was interrogated by TD-DFT and the reaction coordinate was
modeled using DFT. The findings support the hypothesis that the reduction of the radical
intermediate is integral to formation of the product of alkyl radical trapping.
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RESULTS

Initial discovery of TiCls2™ photolytic sp? C-H activation

Based on the recent implementation of the cerium photoredox catalyst CeCl¢2-, and
similarities in electronic states between CeV and TiV, we envisioned the use of TiCl¢2~ as a
starting point for new catalyst discovery. The TiCls2~ dianion was selected because a homoleptic
complex was expected to provide the most straightforward electronic states and spectroscopic
signature, and would be the least likely to undergo ligand decomposition. The complex
[PPh4]2[TiCle] (1) was easily synthesized from commercially available precursors TiCls and
PPh4Cl (Figure 2a), which reduced the number of synthetic steps and increased the yield
compared to the previous method using [NH4]2[TiFs].2? The resulting complex was easily
recrystallized from acetonitrile and obtained in 93% yield. Compound 1 was significantly more
stable toward air and water than TiCls, as TiCls fumes upon exposure to air, while solutions of
1 in acetonitrile do not fume and were stable for hours under air. The UV-Vis of 1 revealed a
single peak at wavelengths higher than 300 nm, centered at 318 nm. This broad peak shows
trailing intensity into the visible region, resulting in the compound’s yellow color. Expecting that
this absorption would comprise CI~ — TiV LMCT character similar to the CeCls2” anion,3° we
investigated the ability of [PPh4]2[TiCls] to activate C—H bonds through the formation of Cl
radicals.

Toluene (2a) was chosen as a model substrate due to its relatively weak benzylic C—
H bonds (89.7 kcal mol-1).3! Irradiation of a suspension of [PPh4]2[TiCl¢] in acetonitrile (MeCN)
with 10 equiv toluene using a light source centered at 390 nm (containing light between 370 nm
and 420 nm, see Sl for details) over 22 h resulted in a pale blue solution (Figure 2b). UV-Vis
analysis revealed a new transition at 685 nm, which accounted for the blue color. Exposing this
solution to air regenerated the yellow solution of TiCls2™ with disappearance of the peak at 685
nm. Performing this same reaction in an air-free NMR tube in MeCN-d3 solvent afforded
detection of benzyl chloride (2a-Cl) and bibenzyl (2a2) as the organic products of the reaction
ina 1: 3 ratio. The appearance of these products indicated that, upon photoirradiation, toluene
underwent HAT to generate a benzyl radical. The benzylic radical gave rise to the dimerization
product, bibenzyl, and benzyl chloride, presumably by reaction with CI*. We rationalized that
the blue color of the solution was likely a Ti' species based on 1) its formation upon oxidation
of toluene and 2) its sensitivity to air. The nature of this Till species is discussed further below.
Having demonstrated that TiCle¢?- is capable of activating sp® C—H bonds, we next focused on
determining if TiCls?~ could perform alkane functionalizations under catalytic conditions.
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Figure 2 Initial discovery of TiCls2™ photoreactivity

A. Synthesis and UV-Vis spectra of [PPhs]2[TiCle] in MeCN 1. B. Photolysis experiments of 1 with 2a with the identity
of the organic products, benzyl chloride (2a-Cl) and bibenzyl (2a2), produced in a 1 : 3 ratio. The UV-Vis analysis
of this reaction is additionally shown. Pictures of the air-free cuvette during this analysis are provided.

TiClé?>~ as a photoinduced C-H activation catalyst

For the catalytic studies we chose to use [PPh4]2[TiCl¢] with a prototypical alkane
substrate, cyclohexane (BDE C—H: 100 kcal mol-'; 2b).32 Using 2.5 mol% [PPh4]2[TiCls] with an
excess of cyclohexane (3 equiv), dimethyl fumarate (3a) as the radical acceptor, and 24 h
irradiation at rt, an 88% AY (AY = assay yield, as determined by integration of the product 'H
NMR against an internal standard) of the hydroalkylated alkene was obtained (Table 1, entry
1). Conducting the reaction in the absence of light resulted in no observable product and
recovery of most of 3a (Table 1, entry 2). Attempts to thermally promote the reaction by heating
the catalyst and coupling partners to 80 °C did not generate any detectable product but
resulted in near complete recovery of 3a (Table 1, entry 3). Replacing the 390 nm light with a

5

¢? CellPress




Chem

longer wavelength of light (467 nm) did not form product nor result in consumption of starting
material (88% recovery of 3a, Table 1, entry 4). Additionally, replacing the 390 nm light with
a shorter wavelength of light (370 nm) resulted in reduced amounts of 4ba produced (Table
S1). Attempting the reaction without [PPh4]2[TiCls] or replacing the [PPh4]2[TiCls] with
[PPh4]2[CeCle] resulted in no product. The catalyst free conditions resulted in near complete
recovery of 3a (91%, entry 5). In the case of the cerium catalyst a small amount of 3a was
consumed (68% recovery of 3a, entry 6). When optimizing the reaction, increasing the molarity
of the reaction or decreasing the amount of cyclohexane resulted in a lower reaction yield. Use
of acetone in place of acetonitrile resulted in a significant decrease in yield, while using DMF
completely halted the reaction (Table S1). A light on/light off experiment provided evidence
that constant irradiation from the 390 nm light was necessary for formation of the product
(Figure $10). With the optimized reaction conditions (Table 1, entry 1), we proceeded to
investigate the scope of the hydrocarbon and radical acceptors. To investigate the
scope of liquid alkanes, we focused on a series of cyclic hydrocarbons (Figure 3). Cyclohexane
(2b), cycloheptane (2¢), and cyclooctane (2d) all react similarly with 3a resulting in 74% 4ba,
74% 4ca, and 79% 4da isolated yields, respectively. Using three equiv cyclopentane (2e)
resulted in incomplete conversion of 3a to the hydroalkylated product (4ea). Increasing the
amount of cyclopentane to 4.5 equiv resulted in complete consumption of 3a and an isolated
yield of 84% of the addition product 4ea.

Table 1. Control reactions of the photolytic C-H activation of cyclohexane with [PPh4]2[TiCls].

Cy-H 3equiv
2b
_ foaMe [PPh,J,TiClg 2.5 mol % ©. £OzMe
1
Me0,C 3a 390 nm, MeCN, 0.05 M, L
i 30°C, 24 h
1 equiv

Entry Deviation 4ba (%) 3a (%)
1 None 88 (74) [}
2 No light 0 90
3 No light 80 °C 0 94
4 Use 467 nm light instead of 390 nm 0 88
5 No 1 0 91
[ Use [PPh4]2[CeCle] instead of 1 0 68

Standard reaction conditions: 0.2 mmol of 3a, 0.6 mmol of cyclohexane 2b, 0.005 mmol of [PPh4]2[TiCls] 1 in 4 mL
of MeCN irradiated by 390 nm light. Assay yields were determined by 'H NMR integration of the crude reaction
mixture as compared to 0.1 mmol of CH2Br; internal standard added after the reaction. Values in parentheses are
isolated yields.

The scope of the radical acceptors was examined next. We found a comparatively
large scope of electron-deficient alkenes were hydroalkylated under the reaction conditions
compared to reactions using CeCls?~. The reaction was also viable with alkenes bearing nitriles,
sulfones, and imides. With N-phenyl maleimide (3e) as the radical trap, significant amounts of
side products were observed and the desired adduct 4be was obtained in 43% yield. This result
could be due, in part, to the known photo reactivity of malimides.33 The reactions using methyl
atropate (3d) and benzylidene malononitrile (3g) (products 4bd and 4bg) were not completely
consumed under the standard conditions. Using either a higher loading of catalyst (5 mol% for
4bd) or a longer reaction time (48 h for 4bg) resulted in complete consumption of the alkene
with isolated yields of 63% and 86%, respectively. Using dimethyl 2-(trichloromethyl)fumarate
(3h) with cyclohexane resulted in chloride elimination and the formation of a dichloromethylene
containing product 4bh in 30% yield. Limitations of the scope are outlined in Figure S4.

While liquid hydrocarbons had proven to be suitable substrates, it was unknown if
[PPhs]2[TiCle] (1) could activate gaseous hydrocarbons. Such reactions are inherently more
difficult due to the higher BDE’s and lower solubility of light hydrocarbons in polar solvents like
acetonitrile. Under an atmospheric pressure of ethane (2f) and using 5 mol% of 1,
hydroalkylated products with radical acceptors 3¢ or 3g resulted in 50% and 71% isolated
yields, respectively. We found that while 3g was successful at accepting ethane radicals, longer
reaction times were necessary for the complete consumption of 3g. Methane (2g), due to its
lower solubility and reduced reactivity, required a pressure of 50 atm for reasonable
conversion. Due to the difficulty associated with using methane additional optimization was
required. We found that decreasing the concentration of radical acceptor from 0.05 M to 0.01
M, and using a combination of 10 mol % TiCl4(MeCN)22MeCN and 20 mol % PyrHCI as the
source of the TiCls2™ anion for methane conversion. However, isolation of methylated product
4gc by chromatography proved to be challenging due to its similarities with the hydrogenated
alkene byproduct. We hypothesized that the hydrogenation results from protons derived from
the HCI generated in the reaction media and electrons originating from Ti" species in solution.
However, the isolation of the product 4gg via column chromatography proved to be much easier,
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despite the presence of hydrogenated species. With the scope of the reaction outlined, we
shifted our attention to the mechanism of the reaction.

R-H 3 equiv
2b-2g
EWG [PPh,],TiClg 2.5 mol% R EWG
— 1 > EWG/H
390 nm light, MeCN,
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Figure 3. Substrate scope of the [PPh4]2[TiCls] mediated hydroalkylation of electron deficient alkenes.

lel 4.5 equiv of alkane. 1 5 mol % of [PPh4]2[TiCls]. [! 48 h. [d] 1 atm of ethane, 5 mol % of [PPh4]2[TiCls]. [¢] 1 atm
of ethane, 5 mol % of [PPh4]2[TiCls], 48 h. [l 50 atm of methane, 10 mol % of TiCls(MeCN)2*MeCN, 20 mol %
PyrHCI, 0.01M, Yield determined by 'H NMR integration vs an CH2Br; internal standard. (6] 50 atm of methane, 10
mol % of TiCls(MeCN)2*MeCN, 20 mol % PyrHCI, 0.01 M, 48 h.

Investigation of the selectivity of the reaction

To identify the species responsible for the C-H activation, the reactivity of
[PPh4]2[TiCls] (1) with n-pentane and 2,3-dimethyl butane, which contain 1° and 2°, and 1° and
3° C—H bonds, respectively was investigated. Of the alkenes employed in the investigation of
catalysis, the 1,1-disulfonyl alkene 3f was chosen due to its reduced steric effects during C—C
bond formation. The reaction with n-pentane gave a 1° to 2° selectivity activation ratio of 28 :
72 (Figure $5-7). The reaction with 2,3-dimethyl butane gave a selectivity of 42 : 58 for
activation at the 1° versus 3° C—H bonds. These selectivity ratios are consistent with reported
values for CI* radicals in acetonitrile.’> Based on the similarities of C—H HAT selectivities with
those known for CI* and the formation of benzyl chloride and bibenzyl upon reaction with toluene
(Figure 2b), we propose that Cl* is generated upon irradiation of TiCls?~. Upon dissociation of
CI, a blue intermediate, presumably Ti", was formed. We next investigated possible Ti"
intermediates in this process.

Investigation of the Ti! species present in the reaction

The reduced form of the catalyst plays an important role in product formation and
catalyst turnover. To test our hypothesis that the Ti''Clx species in solution would be more reducing
than the related Ce!'Cly species, we turned to electrochemical analysis. Cyclic voltammetry of
[PPh4]2[TiCle] (1) in MeCN using NEt4Cl as the electrolyte revealed a quasi-reversible wave with
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Epc =—=0.99 V and Eps = —0.68 V versus Fc/Fc* (Figure 4a). This cathodic potential is significantly
more reducing than the analogous conditions with CeCls2-; CeCl¢2~ has a reversible wave
centered at Ei/2 = +0.03 V vs Fc/Fc* (Figure 4a).30 The observed redox potentials support our
hypothesis that Ti'lCl species are more reducing than Ce'Cly species under identical conditions.
This observation allows the TiCl¢2~ catalyzed system to more easily reduce the radical-based
intermediates formed from radical addition to electron poor alkenes, thereby enabling TiCl¢2-
catalysis to have a broader radical acceptor scope than CeCls2- mediated catalysis. We then
turned our attention to spectroscopic observation, isolation and characterization of the TillCl.
intermediate.

To investigate the identity of the blue species observed in the stoichiometric reactivity studies
(Figure 2b), we monitored Ti' speciation in the presence of varying amounts of chloride in
acetonitrile by electronic absorption spectroscopy (Figure 4b). Using the Ti' starting material
TiCl3(THF)334 dissolved in MeCN, we titrated the titanium complex with ["BusN]CI to investigate
its speciation. Structural studies to determine (Ti''Cl.)"™ species in weakly coordinating solvents
including DCM have been previously investigated, resulting in multimetallic species with bridging
chlorides.3536 We expected these studies were not relevant to our catalytic system, as the
strongly coordinating acetonitrile will likely cause different behavior. Addition of the first equiv
of chloride to TiCl3(THF)3 resulted in a color change from purple (Anax = 589 nm) to blue (Amax
= 685 nm) with an isosbestic point at 634 nm (Figure S13). The two species from this set of data
were expected to be the Ti'lCI3(NCMe)sz and Ti'"Cl4(NCMe)2. Continuing the titration to 30 equiv
CI- produced a green solution, with a new peak growing in at (Anax = 430 nm) over the course
of the titration, and an isosbestic point was observed at 607 nm. We expected the relevant
species over these concentrations of chloride to be TillCl4(NCMe)2~ and Ti'lCls(NCMe)?~. The
observed isosbestic point allowed the quantification of the equilibrium constant of the two
species identified as Keqg = 0.88 using the intensities of the peaks at 685 nm and 430 nm. We
then set out to isolate relevant Ti'lCl, species and characterize them by X-ray crystallography.

Treating TiCl3(THF)3 with 1.33 equiv of PPh4Cl in acetonitrile resulted in the isolation of blue
crystals (76% yield) that were identified as trans-[PPh4][TiCl4(MeCN)2] (Figure 4c¢, 5a).
Increasing to 5 equiv of PPh4Cl resulted in a green solution that, upon diethyl ether vapor
diffusion, produced vyellow crystals (80% isolated yield), which were identified as
[PPh4]2[TiCls(MeCN)] (5b). Both complexes have longer Ti-Cl bonds than the reported distances
for the TiCls?™ (Ti~Cl average bond distance: 2.342 A).2 These observations strongly support a
Ti" oxidation state.

Measuring the solution UV-Vis spectra of the catalytic C—H functionalization with dimethyl
fumarate revealed a peak of increasing intensity centered at 685 nm. This peak matched the
signal observed in the stoichiometric C—H activation study, the UV-Vis titration, and corresponds
to trans-[PPh4][TiCl4(MeCN)2] (5a, Figure 4d). The concentration of trans-[PPhs][TiCl4(MeCN)2]
increased over the course of the reaction from 1.1 mM after 1 h to 2.1 mM after 5 h. These
timepoints account for 51% to 84%, respectively, of the Ti species present in the reaction mixture
(total 2.5 mM). Having established the probable speciation of the catalyst, computation was
used to probe the working mechanistic hypothesis.
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Figure 4. Determination of Tilll species

A. Cyclic voltammetry of [PPh4]2[TiCl¢] (blue) and [PPh4]2[CeCls] (orange). Solvent = MeCN, v = 100 mVs-!, [Sub] =
0.001 M, [EtsN]CI = 0.1 M. B. UV-Vis titration of TiCl3(THF)3 with ["BusN]Cl in MeCN. The reduction of the peak at
635 nm corresponds to TiCls(MeCN)2- and the growth of a peak centered at 430 nm corresponds to TiCls(MeCN)2.
Keq = 0.88. C. The syntheses and thermal ellipsoid plots of 5a and 5b at the 30% confidence level with selected
bond lengths. Cations and interstitial solvent removed for clarity. D. Monitoring the catalytic C=H functionalization
via UV-Vis spectroscopy and comparison of the visible light portion of the spectra with the UV-Vis spectrum of 5a.

Computational assessment

Computational studies were initiated using the M06-2X functional and Dunning’s correlation
consistent triple zeta basis sets with diffuse function augmentation to evaluate the reaction
path.37.38 First, we calculated the energy of the vertical excitation corresponding to the
absorption of light in [PPhs]2[TiCle] (1). We determined that, in an octahedral geometry, the first
vertical excitation with significant oscillator strength is an excitation from the t1, HOMO-1 orbital
(comprising 3 % Ti character and 97 % CI character) into the t2g LUMO orbital (comprising 84
% Ti character and 16 % Cl character; Figure $52). The energy of the associated primarily
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LMCT band is at 297 nm (4.17 eV; 96.3 kcal mol-') and matches well with the experimentally
determined Amax of TiCle2~ at 318 nm (3.90 eV; 89.9 kcal mol-'). This energy difference is quite
small and often observed in TD-DFT calculations.3? Additionally, calculations of the first singlet
vertical excitation and lowest triplet state are 83.4 kcal mol-' and 48.7 kcal mol-' higher
respectively than the ground state singlet of TiCls2". The relevant absorption band, first singlet
excited state, and triplet state are all higher in energy than the sum of Ti"Cls(MeCN)- + CI*
(39.4 kcal mol! higher than ground state TiCl¢2” and MeCN). The relative energy differences
indicated that these excited states may be species along a pathway of chlorine radical
elimination. Following our investigation into the excited state species, we focused on a probable
mechanism of the reaction.

We followed the general mechanism for photocatalytic C—H activation as a starting
point to study the reaction mechanism computationally (Figure S48). First, there is the
photoexcitation of TiVCle2- (l) into its excited state (ES). Upon vibronic relaxation, this excited
state generates Ti''Cls(MeCN)2- and *Cl (ll). Cl radical promotes the HAT from the C—H bond of
the hydrocarbon substrate (TS 1) to produce HCl and a carbon-centered radical (lll). Here the
radical can be intercepted by the electron poor alkene through radical addition (TS Il) to
generate a new radical species (IV). Radical IV is then reduced by Til. It is noteworthy that
Ti"Cls(MeCN)2- is in equilibrium with Ti'lCls(MeCN)2~ and chloride; however, we expect that
Ti"Cls(MeCN)2- is a superior reductant. Thus, Ti''Cls(MeCN)2- reduces the radical to generate an
anionic organic species and TiVCls(MeCN)~ (V). The organic anion is protonated by HCI to
generate product (VI) and the remaining chloride is intercepted by TiVCls(MeCN)- regenerating
TiVCle2= (VII). With this probable mechanism established computationally, we examined the
energy profile of different hydrocarbon substrates and electron deficient alkenes.

We investigated the impact of the radical acceptor using a model isopropyl radical.
We examined three groups of alkene substrates. The first is an alkene substrate that did not
produce the radical addition products with either CeCl¢2- or TiCls2: methyl cinnamate, 3i. Next
were a pair of substrates that perform well with TiVCl¢2~ but were not viable using CeVClg2:
dimethyl fumarate and methyl atropate, 3a and 3d. Lastly, trimethyl ethylenetricarboxylate, 3;j,
in which products with both CeVCls2~ or TiVCl¢2~ were formed (Figure 5). We observed the
peaks of the energy landscape following the excited state (TS ll) and intermediate (V), there
are three groups of energy regimes which correspond to the three previously stated alkene
categories. The highest energy state being the formation of the methyl cinnamate anion from
Ti"Cls(MeCN)2- (AG = 50.4 kcal mol-!, intermediate V). With the substrates that perform with
TiCle2~ but not CeCls?- the reduction event occurs at AG = 39.4 — 40.6 kcal mol-!, and triethyl
ethenetricarboxylate based reduction occurs at AG = 23.2 kecal mol-!. This observation agrees
with our hypothesis that the ability of the catalyst to turn over the substrate is dependent on its
ability to reduce the radical intermediate to the anion.

Figure 5. Energy profile of the catalytic reaction.
Radical traps: methyl cinnamate 3i, 3a, 3d, and trimethyl ethylenetricarboxylate 3.
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Figure 5. Energy profile of the catalytic reaction.
Radical traps: methyl cinnamate 3i, 3a, 3d, and trimethyl ethylenetricarboxylate 3.

Discussion
We have demonstrated the ability of the earth abundant and inexpensive TiCle2 to

activate the C—H bonds of unactivated hydrocarbons, including methane, under light irradiation.

Photoexcitation into the LMCT band of TiCls2- results in the release of chlorine radical, which can
activate the bonds of these hydrocarbon substrates. We found that where CeCl¢2- did not

promote addition of radicals to alkenes that are only moderately electron poor, TiCle2~ was
successful, resulting in an increase in the scope of radical acceptors in this process. We
determined that this broader scope was due to the more negative reduction potential of
Ti' species in solution, compared to the analogous Ce!' species under the same conditions. This
observation was verified by electrochemical measurements and the isolation and detection of
these species in the reaction media. Finally, the excited states and the reaction coordinate further
establishes that the photoexcited state produces chlorine radical and that the reduction potential
of the Til species is integral to the formation of product and turnover of catalyst.

EXPERIMENTAL PROCEDURES

Standard catalytic procedures for condensed matter substrates.
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In a N2 filled glovebox, 0.2 mmol (1 equiv) of the unsaturated substrate was added to an 8
mL vial equipped with a Teflon coated stir bar. Subsequently, 4 mL of a 0.00125 M stock
solution of 1 (0.025 equiv, 0.005 mmol, 5.3 mg) was added to the scintillation vial. Next, 0.6
mmol of alkane was added to the vial. The vial was capped and sealed with tape. The vial
was removed from the glovebox and irradiated for 24 h using a Kessil PR160L-390 at 30 °C
(provided by the heat of the lamp) with fan cooling. After irradiating, the reactions were
exposed to air, quickly quenched by the addition of 4 drops of deionized water, and diluted
with 4 mL of EtOAc. The mixture was passed through a silica plug and eluted using 3 x 2 mL
of EtOAc. The volatile materials were removed using rotary evaporation and the resulting
material subjected to silica gel column chromatography.

Resource Availability

Lead Contact
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Materials Availability
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