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ABSTRACT: Chlorine radicals readily activate C−H bonds, but the high
reactivity of these intermediates precludes their use in regioselective C−H
functionalization reactions. We demonstrate that the secondary coordina-
tion sphere of a metal complex can confine photoeliminated chlorine
radicals and afford steric control over their reactivity. Specifically, a series
of iron(III) chloride pyridinediimine complexes exhibit activity for
photochemical C(sp3)−H chlorination and bromination with selectivity
for primary and secondary C−H bonds, overriding thermodynamic
preference for weaker tertiary C−H bonds. Transient absorption
spectroscopy reveals that Cl· remains confined through formation of a
Cl·|arene complex with aromatic groups on the pyridinediimine ligand.
Furthermore, photocrystallography confirms that this selectivity arises from the generation of Cl· within the steric environment
defined by the iron secondary coordination sphere.

■ INTRODUCTION

Direct functionalization of C−H bonds embodies the cleavage
of the most prevalent, yet one of the most unreactive linkages
in organic molecules.1−5 To overcome the challenge that the
reticent C−H bond presents, research has focused on strategies
to generate and control high-energy intermediates that are
sufficiently reactive to activate C−H bonds.6−12 In particular,
chlorine radicals have been employed as powerful hydrogen-
atom abstraction reagents for nearly a century5,13,14 and, more
recently, in the rapidly growing field of photoredox
catalysis.12,15,16 Photogenerated chlorine radicals have been
identified as key intermediates in photoredox methods for the
alkylation,17−20 alkenylation,21 arylation,22−24 acylation,22,25

and amination26,27 of C(sp3)−H bonds. However, catalyst-
controlled selectivity in chlorine-radical-mediated C−H
activation reactions has remained a significant challenge that
has not yet been achieved.12,15

Driven by the thermodynamically favorable formation of the
H−Cl bond (BDE = 103 kcal/mol), chlorine radicals readily
cleave aliphatic C−H bonds, including the strong C−H bonds
of primary carbons (BDE = 101.1 kcal/mol for ethane) and of
methane (BDE = 105.0 kcal/mol).5 This inherently high
reactivity, however, leads to nearly indiscriminate activation of
substrates with different C−H bonds. Indeed, the selectivities
of chlorine radicals in hydrogen atom transfer reactions show
low sensitivity to relative C−H bond strengths, favoring
substrate-controlled activation of weaker 3° C−H bonds over
1° and 2° C−H bonds (Scheme 1).14 As a consequence,
chlorine-radical-mediated C−H functionalization reactions

often require careful selection of feedstocks or energy-intensive
separation of complex product mixtures.5

Unlike metal complexes and organic reagents developed for
selective C−H functionalization reactions,28−37 chlorine
radicals lack direct structural handles to tune their reactivity.
In the presence of aromatic solvents, however, these radicals
can form Cl·|arene charge-transfer complexes. These com-
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Scheme 1. Proposed Strategy for Selective C−H Activation
Using Photoeliminated Chlorine Radicals
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plexes exhibit increased selectivity toward the weakest C−H
bonds in radical chlorination reactions (Scheme 1) due to
electronic stabilization of Cl· by the aromatic ring (∼3 kcal/
mol for Cl·|benzene with respect to Cl· in solution).22,38,39 In
general, electron-donating substituents on the arene of these
complexes improve site selectivity for the weakest C−H bond,
while electron-withdrawing groups decrease selectivity.39

Cl·|arene adducts can also form upon association of
photoeliminated chlorine radicals with aromatic substituents
in the secondary coordination sphere of a metal chloride
complex.40−42 In these systems, excitation of the ligand-to-
metal charge-transfer (LMCT) bands of the metal complex
results in cleavage of a M−Cl bond with concomitant
reduction of the metal center and dissociation of Cl·, which
can then associate to an aromatic group on the ligand to form a
Cl·|arene adduct. We recently investigated the trajectory of a
chlorine radical eliminated from an iron(III) pyridinediimine
(PDI) complex and unveiled that the formation of a Cl·|arene
adduct guides the radical toward activating specific C−H
bonds in the solid state.42 Building upon this work, we
envisioned that arene−Cl· interactions could be leveraged to
confine a photoeliminated chlorine radical within the
secondary coordination sphere of a metal complex, thereby
affording structural control over its reactivity (Scheme 1). To
this end, we synthesized a series of iron(III) PDI complexes
featuring aromatic groups that define a steric environment for
photoeliminated chlorine radicals. As a result, we show here
that these complexes enforce steric selectivity for more
accessible C−H bonds over weaker C−H bonds in chlorine-
radical-mediated C−H functionalization reactions.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Iron(III) PDI

Complexes. Recognizing that PDI ligands situate N-aryl
ortho substituents near the axial sites of their corresponding
metal complexes,43 we designed the PDI ligand (dpb)2PDI-
(CF3) (Scheme 2) to form an iron(III) chloride complex with

phenyl substituents proximate to its apical Fe−Cl bond, from
which Cl· elimination occurs.42 Reaction of this ligand with 2
equiv of FeCl3 in dichloromethane at 25 °C yields the
[FeCl4]

− salt of the cationic complex [Fe((dpb)2PDI(CF3)-
Cl2]

+ ([1]+), which was isolated as a dark red crystalline solid.
Characterization of [1][FeCl4] by single-crystal X-ray
diffraction reveals that the PDI complex adopts a distorted
square-pyramidal geometry with two chloride ligands occupy-
ing the apical and basal sites of the iron center (Figure 1). Two
phenyl substituents surround the apical chloride ligand,
creating a pocket in which photoeliminated chlorine radicals
can reside. To tune the steric and electronic environment of

this pocket, additional analogues of [1]+ (Figure 1 and Figure
S1) were prepared using PDI ligands bearing −OPh, −Ph, and
−CF3 substituents on their aromatic rings (Scheme 2). The
PhO- and CF3-functionalized analogues ([1−(OPh)4]

+ and
[1−(CF3)8]

+) feature structures similar to [1]+, whereas the
Ph-functionalized complex ([1−Ph8]+) exhibits a trigonal-
bipyramidal geometry with two equatorial chloride ligands.
Only one aromatic ring was located next to each of the
chloride ligands in [1−Ph8]+, which suggests that the steric
bulk of the phenyl substituents prevents two rings from
approaching the same face of the complex.

Time-Resolved Photochemistry. Solution-phase transi-
ent absorption (TA) spectroscopy experiments were per-
formed to probe for the formation of the Cl·|arene adduct.
Because [FeCl4]

− can photoeliminate Cl· under the laser
wavelength of the TA experiment (λexc = 360 nm), the
counteranion of [1][FeCl4] was replaced with [B(C6F5)4]

−.
Femtosecond-resolved TA measurements on a solution of
[1][B(C6F5)4] in nitromethane show the prompt formation of
two broad signals with maxima at ∼435 nm and ∼620 nm after
laser excitation (Figure 2A). Based on previous work following
the formation of a similar adduct after Cl· elimination from a
cationic iron(III) PDI complex,42 we assign the peak at ∼435
nm to arise predominantly from the Cl·|arene adduct and the
peak at ∼620 nm to the iron(II) complex formed after Fe−Cl
bond cleavage (Figure S12). Single-wavelength kinetics
measurements monitored at 410 and 650 nm reveal that the
two processes contribute to the decay of both signals (Figure
2B). The first process is consistent with the rapid
recombination of iron(II) with Cl· that does not form an
adduct (τFe(II) = 1.1(1) ps; λdet = 650 nm), while the slower
process is ascribed to decay of the Cl·|arene adduct (τCl·|arene =
70(30) ps; λdet = 410 nm). Both signals eventually decay to
zero, indicating that the two processes result in regeneration of
the initial iron(III) PDI complex. These experiments reveal
that the photoeliminated chlorine radical either undergoes
rapid back reaction with iron(II) or associates with the
secondary coordination sphere to form a Cl·|arene adduct,
which is then poised to react with substrate molecules
proximate to the complex.

Photohalogenation Experiments. Metal chloride com-
plexes that undergo chlorine photoelimination have been
exploited as reagents in C−H functionalization reac-
tions.15−18,21,22,24−27,44−51 In general, these reactions remain
governed by the thermodynamic preference of chlorine radicals
for weaker C−H bonds, which leads to site selectivities that
follow the trend 3° > 2° > 1°.14 We anticipated that steric
hindrance around the photoeliminated chlorine radical would
favor activation of more accessible 1° and 2° C−H bonds.32,35

Conversely, the absence of a steric environment would
manifest as increased selectivity for 3° C−H bonds due to
stabilization of the radical by arene−Cl· interactions.38,39 Thus,
the iron(III) PDI complexes were evaluated in the photo-
chlorination of 3-methylpentane (2)a substrate with 1°, 2°,
and 3° C−H bondsto probe for selective C−H activation by
photoeliminated chlorine radicals. Photochlorination reactions
were conducted using 440 nm light in nitromethane with an
excess of substrate (25 equiv) to avoid formation of
dihalogenated products. Reactions using [1][FeCl4], [1−
(OPh)4][FeCl4], [1−Ph8][FeCl4], and [1−(CF3)8][FeCl4]
yielded monochlorinated products (entry 1, Table 1 and Table
S3) as determined by gas chromatography (GC). No
chlorinated products were observed in a control reaction

Scheme 2. Chemical Structures of the PDI Ligands
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conducted in the absence of light (entry 4, Table 1),
confirming that C−H activation occurs photochemically. The
PDI complexes exhibit higher 2°/3° and 1°/3° selectivity as
compared to FeCl3 and [(Ph3P)2N][FeCl4] (entries 2 and 3,
Table 1), which give product distributions close to that of free
chlorine radicals. These results suggest that the iron(III) PDI
complexes generate chlorine radicals within an environment

that confers steric selectivity for less hindered 1° and 2° C−H
bonds. Expecting that the addition of benzene would liberate
Cl· from the PDI complex through competitive formation of
Cl·|benzene adducts, we performed a photochlorination
reaction using [1][FeCl4] in a 1:1 (v/v) solution of benzene
and nitromethane (entry 5, Table 1). The presence of benzene
shifts selectivity toward 3° C−H functionalization, corroborat-
ing the role of arene−Cl· interactions in confining chlorine
radicals within the secondary coordination sphere. These
results also suggest that C−H activation is not mediated by the
iron center or other radical intermediates, as these species
should exhibit similar selectivity in the presence of exogenous
benzene.
The formation of each chlorinated product molecule

requires two chlorine-atom equivalents, one to abstract a
hydrogen atom from the substrate and another to add onto the
resulting carbon-centered radical.52 Thus, we surmised 1 mol
of [Fe(PDI)Cl2][FeCl4] to afford 1 equiv of chlorinated
product along with the reduction of two iron(III) centers to
iron(II), assuming that the cationic iron(III) PDI complex
generates one chlorine atom equivalent, while the [FeCl4]

−

counteranion provides the second equivalent. Several photo-
chlorination reactions, however, yielded more than 1 equiv of
chlorinated product for each mole of [Fe(PDI)Cl2][FeCl4]. To
determine the origin of the excess product, photochlorination
reactions were conducted in different solvents using FeCl2 as a
reagent (Table S14). Chlorinated products were observed in
the reaction performed in nitromethane, while only trace
amounts were obtained from reactions conducted in either
α,α,α-trifluorotoluene or acetonitrile. These results suggest
that the additional chlorinated products stem from regener-
ation of iron(III) chloride species through reoxidation of
iron(II) in the presence of nitromethane and not chlorine
photoelimination from iron(II) chloride species, which should
occur in other solvents. Comparison of the reduction
potentials of the iron(III) complexes (E°Fe(III)/Fe(II) = 0.2−
0.47 V vs Fc/Fc+; Fc = ferrocene; Figure S14) with that of
nitromethane (E° = −1.3 V vs Fc/Fc+)53 indicates that
oxidation of iron(II) intermediates by nitromethane is
thermodynamically uphill by ∼1.5−1.8 V. To demonstrate
that this oxidation can occur photochemically, a mixture of
FeCl2 and (dpb)2PDI(CF3) was photolyzed in nitromethane
using 440 nm light. Monitoring the reaction by UV−vis
spectroscopy (Figure S13) confirmed the formation of the
iron(III) complex [Fe((dpb)2PDI(CF3)Cl2]

+, which was also

Figure 1. Solid-state structures of [1][FeCl4], [1−(OPh)4][FeCl4], [1−Ph8][B(C6F5)4], and [1−(CF3)4][FeCl4] as determined by single-crystal
X-ray diffraction at 15 K. Orange, green, light green, red, blue, gray spheres represent Fe, Cl, F, O, N, C atoms, respectively. Counteranions, solvent
molecules, and hydrogen atoms are omitted for clarity.

Figure 2. (A) Evolution of the TA spectra of a solution of
[1][B(C6F5)4] in nitromethane (red to blue lines) after excitation
with a 360 nm laser pulse. (B) Single-wavelength kinetics traces
monitored at 410 nm (light blue circles) and 650 nm (light blue
circles) fit (blue and red lines, respectively) with a biexponential
lifetimes.
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detected by high-resolution mass spectrometry (Figure S16).
Moreover, photochlorination of 3-methylpentane using a
mixture of FeCl2 and (dpb)2PDI(CF3) in the presence of
CCl4 also shows selectivity for 2° and 1° chlorinated products
(Table S14). Together, these experiments demonstrate that
photochemical oxidation of iron(II) intermediates by nitro-
methane regenerates the iron(III) PDI complex, leading to
catalytic turnover of the photochlorination reaction.
The photochlorination activity of [(Ph3P)2N][FeCl4]

indicates that the [FeCl4]
− counteranion can undergo

undesired chlorine radical elimination and lower the overall
photochlorination selectivity. Comparison of the UV−vis
absorption spectra of [(Ph3P)2N][FeCl4] with the spectra of
the [FeCl4]

− and [B(C6F5)4]
− salts of the iron(III) PDI

complexes (Figure S11) show that [FeCl4]
− absorbs much less

light from the 440 nm LED used in the photochlorination
reactions. To further interrogate the influence of irradiation
wavelength on photochlorination, [1][FeCl4] was evaluated in
reactions using 390, 456, and 467 nm LEDs (Table S15). The
reaction performed under a 390 nm LED result in poorer
selectivity but higher yields, which is in line with the greater
absorbance of both [1]+ and [FeCl4]

− at this wavelength.
Conversely, reactions using wavelengths longer than 440 nm
gave higher selectivities but lower yields due to weaker
absorption by [1]+. These observations reveal that the
[FeCl4]

− salts of the iron(III) PDI complexes maintain
photochlorination selectivity when irradiated with ≥440 nm
light due to stronger absorption by the PDI complexes at these
wavelengths compared to [FeCl4]

−.
To circumvent the generation of free Cl· from [FeCl4]

− and
improve C−H activation selectivity, photochlorination reac-
tions were performed using the [B(C6F5)4]

− salts of the
iron(III) PDI complexes ([Fe(PDI)Cl2][B(C6F5)4]). Under
the same reaction conditions employed for [1][FeCl4],
[1][B(C6F5)4] in the absence of a secondary functional
group donor showed low activity and selectivity (entry 6,
Table 1), suggesting that [1]+ cannot efficiently chlorinate the
substrate radicals formed after C−H activation. Anticipating

that the carbon-centered radicals combine to form C−C
coupled products, we analyzed the products for the
functionalization of toluene using either [1][B(C6F5)4] or
FeCl3 under the same conditions (Table S4). The reaction
with [1][B(C6F5)4] gave rise to both the homocoupled
product, bibenzyl, and the chlorinated product, benzyl
chloride, with a product ratio of 53:47 bibenzyl to benzyl
chloride. In contrast, photolysis of toluene with FeCl3
predominantly yielded benzyl chloride. These results revealed
that an external Cl-atom donor was necessary to trap carbon-
centered radicals formed after C−H activation by Cl·
eliminated from the [Fe(PDI)Cl2][B(C6F5)4] complexes.
Accordingly, addition of the Cl-atom donor CCl4 (550
equiv), which forms trichloromethyl radicals (Cl3C−H BDE
= 93.8(6) kcal/mol54) too weak to activate strong C−H
bonds, enabled [1][B(C6F5)4] to perform the highly selective
C−H photochlorination (entry 7, Table 1 and Table S5).
We note that selectivity decreases as the reaction approaches

and exceeds one turnover (Figure S15), as a result of the loss
of PDI ligand from the complex over the course of the
reaction. This result also suggests that unselective photo-
chlorination in the absence of CCl4 (entry 6, Table 1) arises
from formation of free FeCl3, which can both eliminate Cl· and
chlorinate carbon-centered radicals. Recognizing that photol-
ysis of CCl4 can also generate Cl·, we performed a control
photochlorination experiment with CCl4 and unmetalated
(dpb)2PDI(CF3) (entry 8, Table 1). These conditions favored
chlorination of 3° C−H bonds, showing that radical species
derived from photolysis of CCl4 cannot account for the
observed steric selectivity.
Photochlorination reactions using the [Fe(PDI)Cl2][B-

(C6F5)4] salts demonstrate enhancement of the C−H
activation selectivity of Cl· by factors of 130 for 1°/3° and
by 60 for 2°/3° (Figure 3 and Table S5). Moreover, when
normalized to the number of C−H bonds, [1][B(C6F5)4]
shows higher 1°/3° and 2°/3° site selectivities of 22(8) and
40(14), respectively, as compared to that of a previously
reported amidyl radical35 (3.5 and 2.2, respectively) though

Table 1. Photochlorination of 3-Methylpentane Using [1][FeCl4], [1][B(C6F5)4], FeCl3, and [(Ph3P)2N][FeCl4]

aAll product ratios and turnover numbers were determined by GC analysis. bAll product ratios are normalized with respect to the number of 1°, 2°,
and 3° C−H bonds. cFor reactions with CCl4, turnovers are reported as moles product per mole Fe(III) (entry 7) or mole PDI ligand (entry 8).
For reactions without an external functional group donor, turnovers are reported as moles product per 2 mol of Fe(III). Values obtained as an
average of three replicates are reported with the standard deviation enclosed in parentheses.
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slightly smaller 1°/2° site selectivities (1.6 for amidyl radicals
vs 0.55 for [1][B(C6F5)4]). The overall selectivity of these
compounds follows the trend 2° > 1° > 3°, which arises from a
combination of the steric selectivity against 3° C−H bonds
afforded by the PDI complexes and the inherent preference of
Cl· for weaker C−H bonds. The relative selectivities of these
complexes depend on the substituents on their aromatic rings,
further supporting that selective C−H activation proceeds
through a Cl·|arene intermediate. Of the four complexes, the
PhO-functionalized compound, [1−(OPh)2][B(C6F5)4],
shows the least pronounced steric selectivity, which is
consistent with increased electronic stabilization of photo-
eliminated Cl· by the electron-rich rings on the ligand.39 The
complex [1−Ph8][B(C6F5)4] also exhibits lower selectivity
against 3° C−H bonds compared to [1][B(C6F5)4], which is
attributed to the complex having only one aromatic ring
situated close to the apical Fe−Cl bond (Figure 1 and Figure
S1). [1−(CF3)8][B(C6F5)4] maintains selectivity against 3°
C−H bonds while displaying the highest activity and a
turnover number exceeding one. These results suggest that the

electron-withdrawing CF3 groups of [1−(CF3)8]
+ destabilize

the Cl·|arene complex to increase reactivity, while providing
additional steric bulk to bolster selectivity (Figure S1).
The PDI complexes [1][B(C6F5)4], [1][FeCl4], [1−

(CF3)8][B(C6F5)4], and [1−(CF3)8][FeCl4] maintain en-
hanced C−H activation selectivity over FeCl3 in the photo-
chlorination of a range of substrates (Table 2 and Tables S7−
S13). Site specificity for chlorination of the 1° C−H bonds in
2,3-dimethylbutane (3) increases from 26% for FeCl3 to 97%
for [1][B(C6F5)4], highlighting the steric preference of these
complexes for more accessible C−H bonds. The PDI
complexes also shift reactivity toward 1° C−H bond
functionalization compared to FeCl3 in the photochlorination
of n-hexane (4) and 2,2-dimethylbutane (5). The steric bulk of
the phenyl ring in ethylbenzene (6) results in a more
pronounced increase in 1° selectivity (up to 90%) despite
the presence of weak 2° benzylic C−H bonds. Adamantane
(7) features a constrained ring structure with 3° C−H bonds
that are more exposed than its 2° C−H bonds.36 As a result,
the PDI complexes display a greater preference for the
activation of the 3° sites over the 2° sites of 7. In general, [1−
(CF3)8]

+ exhibited selectivities similar to [1]+, but with slightly
higher activities (Tables S7−S13). For example, [1−(CF3)8]-
[B(C6F5)4] showed over twice the activity of [1][B(C6F5)4] in
the photochlorination of cyclohexane (8) to chlorocyclohexane
(Table S12). Reactions with cyclohexene (9) yielded trans-1,2-
dichlorocyclohexane in addition to chlorocyclohexene (Table
S13). The PDI complexes favor chlorine addition to the
cyclohexene double bond over C−H activation. This reactivity
has been reported for Cl· adducts with Cl− and alcohols,26

corroborating that photochlorination using the PDI complexes
proceeds through the formation of a Cl·|arene adduct. In
contrast, reactions with FeCl3, which can only generate Cl·,
were more selective for C−H chlorination.
To expand the scope of selective C−H functionalization

reactions, CCl4 was replaced with BrCCl3 (20 equiv) as a
radical trap. Notably, reactions with the [Fe(PDI)Cl2][B-
(C6F5)4] salts favored C−H bromination over chlorination
with selectivity for more accessible C−H bonds (entry 1, Table
3 and Table S6), whereas control experiments with FeCl3 and
[(Ph3P)2N][FeCl4] yielded considerable amounts of chlori-
nated products (entries 2 and 3, respectively, Table 3 and
Table S6). These results demonstrate that the PDI complexes
participate primarily in C−H activation of the substrate and
allow for independent functionalization of the resulting carbon-

Figure 3. Comparison of 1°/2° and 2°/3° C−H chlorination
selectivities of [1][B(C6F5)4] (blue), [1−(OPh)4][B(C6F5)4] (or-
ange), [1−Ph8][B(C6F5)4] (green), [1−(CF3)4][B(C6F5)4] (red),
[(Ph3P)2N][FeCl4] (yellow), FeCl3 (violet), and Cl· (gray). With the
exception of Cl·, all selectivities were determined from the
photochlorination of 3-methylpentane. Error bars correspond to the
standard deviation obtained for three replicates.

Table 2. Substrate Scope for Photochlorination Using [1][B(C6F5)4] and FeCl3
a

aNormalized product ratios are shown on top, while turnover numbers are shown at the bottom. All product ratios and turnover numbers were
determined by GC analysis. All product ratios are normalized with respect to the number of 1°, 2°, and 3° C−H bonds. For reactions with CCl4,
turnovers are reported as moles of product per mole of Fe(III). For reactions without an external functional group donor, turnovers are reported as
moles product per 2 mol of Fe(III). Values obtained as an average of three replicates are reported with the standard deviation enclosed in
parentheses.
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centered radical by different functional group donors such as
BrCCl3.
Photocrystallography Experiments. Photocrystallo-

graphic experiments provide structural insight into the
mechanism of C−H activation and confirmed that photolysis
leads to activation of the apical Fe−Cl bond. X-ray diffraction
data were collected as a single crystal of [1][FeCl4]·(DCE)
(DCE = 1,2-dichloroethane; space group Pbca) was exposed to
450 nm light at 15 K. The structure obtained after 83 min of
irradiation reveals that both [1]+ and [FeCl4]

− undergo
chlorine photoelimination (Figure 4 and Figure S7).
Specifically, the apical Fe···Cl distance of [1]+ increases from
2.1520(3) to 2.67(2) Å, while the Fe···Cl distance of one of
the chloride ligands of [FeCl4]

− lengthens from 2.1851(4) to
3.44(13) Å. These large Fe···Cl separations exceed the sum of
the ionic radius of high-spin iron(II) and the van der Waals
radius of Cl (2.53 Å),55 consistent with photocleavage of the
apical Fe−Cl bond of [1]+ and one of the Fe−Cl bonds of
[FeCl4]

−. The chlorine atom eliminated from [1]+ was located
at relatively long distances (C···Cl ≥ 3.433(12) Å) away from
the aromatic rings of the PDI ligand, precluding assignment of
the photoinduced structure as the Cl·|arene adduct. Instead,
the chlorine atom engages in a close contact (C···Cl = 3.08(2)
Å) with the carbon atom of a nearby DCE solvent molecule.
Similarly, the chlorine atom eliminated from [FeCl4]

− also

displays a close contact (C···Cl = 2.972(13) Å) with one of the
carbon atoms of the solvent molecule. These short C···Cl
distances, which are well within the sum of the van der Waals
radii of C and Cl (3.45 Å), indicate that the photoeliminated
chlorine radicals have activated the C−H bonds of DCE to
yield HCl and carbon-centered radicals, which remain in
contact through hydrogen bonding.42 The photoinduced
structures gradually increased in occupancy as the crystal was
irradiated, reaching occupancies of 4.9(4)% and 6.34(9)% for
the elimination products of [1]+ and [FeCl4]

−, respectively
(Figure S8). These results suggest that irreversible reaction
between the photoeliminated chlorine radicals and DCE leads
to accumulation of the photoproducts over the time scale of
the experiment, which ultimately enables observation of
chlorine photoelimination. Accordingly, no photoinduced
changes were observed for a polymorph of [1][FeCl4]·
(DCE) (space group P21/c) with no DCE solvent molecules
proximal to the Fe−Cl bonds of [1]+ and [FeCl4]

− (Figure
S2). These photocrystallographic experiments further support
that the iron(III) PDI complexes generate Cl· within the steric
environment defined by the iron secondary coordination
sphere, which in turn imparts selectivity in chlorine-radical-
mediated C−H activation reactions.
Taking the spectroscopic, photochemical, and photo-

crystallographic experiments into account, Figure 5 shows

Table 3. Photobromination of 3-Methylpentane Using the [1][B(C6F5)4], FeCl3, and [(Ph3P)2N][FeCl4] with BrCCl3 as Br
Atom Donor

aAll product ratios and turnover numbers were determined by GC analysis. bProduct ratios are normalized with respect to the number of 1°, 2°,
and 3° C−H bonds. cTurnover numbers are reported as moles product per mole Fe(III). Values obtained as an average of three replicates are
reported with the standard deviation enclosed in parentheses.

Figure 4. Photocrystallographic characterization of chlorine photoelimination in a single crystal of [1][FeCl4]·(DCE) (Pbca) as determined from
X-ray diffraction data collected at 15 K. The Cl atoms of HCl molecules formed after C−H activation were located at sites close to the carbon
atoms of DCE; the H atoms of these molecules were not located in the electron density difference map. Instead, dashed lines are drawn between
the Cl atoms and the H atoms on DCE. Orange, green, light green, blue, gray, and white spheres represent Fe, Cl, F, N, C, and H atoms,
respectively.
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the proposed mechanism for selective C−H functionalization.
Irradiation of the iron(III) PDI complex results in cleavage of
its apical Fe−Cl bond to give an iron(II) center and a chlorine
radical. Upon elimination, Cl· subsequently forms a charge-
transfer complex with an aromatic ring in the iron secondary
coordination sphere. The resulting adduct either rapidly
recombines with the iron center or abstracts a hydrogen
atom from a nearby substrate molecule. Although backreaction
of Cl· in the absence of substrate decreases the photo-
chlorination quantum yields (Table S16), this process prevents
escape of the radical from the iron coordination sphere and, as
a result, ensures that the PDI complex controls the selectivity
of chlorine-radical-mediated C−H bond activation. Selective
activation of the substrate yields HCl and a hydrocarbon
radical, which is ultimately functionalized by a radical trap such
as [FeCl4]

−, CCl4, or BrCCl3. Photochemical oxidation of the
iron(II) PDI complex by CH3NO2, along with addition of a
chloride ligand, regenerates the initial iron(III) complex and
closes the catalytic cycle.

■ CONCLUSIONS

The foregoing results demonstrate that the secondary
coordination sphere of a metal complex can enforce steric
control over C−H activation by photoeliminated chlorine
radicals. Specifically, a series of iron(III) chloride PDI
complexes exhibit steric selectivity in photochemical C(sp3)−
H chlorination and bromination reactions, favoring more
accessible 1° and 2° C−H bonds over weaker 3° C−H bonds.
Transient absorption spectroscopy confirms that these iron
complexes stabilize photoeliminated Cl· through formation of a
Cl·|arene complex with aromatic substituents on the PDI
ligand. Moreover, photocrystallography experiments unveil
that confinement of Cl· within the iron secondary coordination
sphere gives rise to the observed selectivity in chlorine-radical-
mediated C−H activation reactions.
Altogether, these results outline a secondary coordination

sphere strategy to control the reactivity of chlorine radicals,
which have long been regarded as potent yet unselective
hydrogen-atom abstraction agents. This approach provides a
path forward for the integration of Cl· and other highly reactive
radical intermediates in catalyst- or reagent-controlled selective
C−H functionalization reactions, expanding the scope of new
and existing methodologies in organic photocatalysis.
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