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Radical Ion Pairs Hot Paper

Homolytic C� H Bond Activation by Phosphine� Quinone-Based
Radical Ion Pairs

Christoph Helling, Lars J. C. van der Zee, Jelle Hofman, Felix J. de Zwart, Simon Mathew,
Martin Nieger, and J. Chris Slootweg*

In memory of Edgar Niecke

Abstract: Herein, we present the formation of transient
radical ion pairs (RIPs) by single-electron transfer
(SET) in phosphine� quinone systems and explore their
potential for the activation of C� H bonds. PMes3
(Mes=2,4,6-Me3C6H2) reacts with DDQ (2,3-dichloro-
5,6-dicyano-1,4-benzoquinone) with formation of the
P� O bonded zwitterionic adduct Mes3P� DDQ (1),
while the reaction with the sterically more crowded
PTip3 (Tip=2,4,6-iPr3C6H2) afforded C� H bond activa-
tion product Tip2P(H)(2-[CMe2(DDQ)]-4,6-iPr2-C6H2)
(2). UV/Vis and EPR spectroscopic studies showed that
the latter reaction proceeds via initial SET, forming RIP
[PTip3]

*+[DDQ]*� , and subsequent homolytic C� H
bond activation, which was supported by DFT calcu-
lations. The isolation of analogous products, Tip2P(H)-
(2-[CMe2{TCQ� B(C6F5)3}]-4,6-iPr2-C6H2) (4, TCQ= tet-
rachloro-1,4-benzoquinone) and
Tip2P(H)(2-[CMe2{oQ

tBu� B(C6F5)3}]-4,6-iPr2-C6H2) (8,
oQtBu=3,5-di-tert-butyl-1,2-benzoquinone), from reac-
tions of PTip3 with Lewis-acid activated quinones,
TCQ� B(C6F5)3 and oQtBu� B(C6F5)3, respectively, fur-
ther supports the proposed radical mechanism. As such,
this study presents key mechanistic insights into the
homolytic C� H bond activation by the synergistic action
of radical ion pairs.

Electron donor� acceptor systems, like the ubiquitous
frustrated Lewis pairs (FLPs), have been widely employed
for the activation and functionalization of a plethora of
small molecules, including H2 and CO2.

[1] The common

activation mechanism involves polarization of the substrate
in the pocket of a weakly associated encounter complex
containing both the Lewis acid and Lewis base components,
which induces heterolytic bond cleavage via polar, two-
electron processes.[2] In contrast, recent studies have shown
that radical species are accessible from closed-shell FLP
systems by single-electron transfer (SET), which offers the
potential for the complementary homolytic bond activation
of substrates.[3] This is particularly appealing for the rather
inert and difficult to polarize C� H bonds.[4] Indeed, the
design and development of suitable radical pathways of
FLP-derived systems for the selective activation of C� H
bonds is highly desirable, yet only limited examples are
reported to date. The first example is reported by Stephan
and co-workers, who observed the formation of [Nap3PR]-
[(μ-OH)(Al(C6F5)3)2] (B) (Nap=1-naphthyl; R=CH2Ph,
C6H4Br), when exposing a 1 :2 mixture of Nap3P and
Al(C6F5)3 to N2O in either toluene or bromobenzene, and
explained its formation via homolytic C� H bond activation
of the solvent by the transient radical ion pair (RIP)
[Nap3P]

*+[(μ-O)(Al(C6F5)3)2]
*� (A) (Scheme 1a).[5] This
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Scheme 1. C� H bond activation by (a) a transient in situ generated RIP,
(b) an O-centred radical anion, and (c) a N-centred radical anion. (d)
Reactivity of the FLP Mes3P/B(C6F5)3 towards TCQ.
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finding was supported by the characterisation of the
phosphine radical cation [Mes3P]

*+ when using Mes3P
(Mes=2,4,6-Me3C6H2). Our calculations confirm that ther-
mal SET is only feasible from the phosphine donor towards
N2O when two equivalents of Al(C6F5)3 are coordinated
(electron affinity (EA) increases from � 2.07 eV for N2O to
� 4.97 eV for (μ-ON2)(Al(C6F5)3)2).

[6] Similarly, when using
metallocenes as single-electron donors, Severin et al. showed
that the putative oxyl radical anion in [Cp*2Fe]

+[(μ-O)(Al-
(C6F5)3)2]

*� (C, Cp*=C5Me5) is able to effect C� H bond
activation of the cyclopentadienyl methyl-substituent form-
ing [Cp*2Fe][(μ-OH)(Al(C6F5)3)2] (D) and Cp*2Fe-derived
dimer E (Scheme 1b).[7] Using the more potent metallocene
electron donor Cp*2Co and the thermally unstable diazo-
methane� borane adduct Ph2CNN� B(C6F5)3, Stephan et al.
postulated single-electron transfer to occur generating the
transient radical ion pair [Cp*2Co]

+[Ph2CNN� B(C6F5)3]
*�

(F), which undergoes an analogous hydrogen atom abstrac-
tion reaction forming [Cp*2Co][Ph2CNN(H)B(C6F5)3] (G)
and the cobaltocene C� H activated species (H)
(Scheme 1c);[8] only when using 9-diazofluorene and Al-
(C6F5)3 the corresponding radical anion [(C12H8)CNN� Al-
(C6F5)3]

*� could be detected by EPR spectroscopy.[8] In these
studies, the postulated radical ion pair intermediates were
not observed spectroscopically, and the radical nature of the
C� H bond activations was thus only supported by detection
of the above mentioned paramagnetic species.[9] Moreover,
SET reactions between N-heterocyclic carbenes and triar-
ylcarbenium ions as electron acceptors resulted in C� H
bond activations due to the highly reactive nature of
carbene-derived radical cations.[10]

In a seminal study, Stephan and co-workers treated the
FLP system Mes3P/E(C6F5)3 (E=B, Al) with the tetra-
chloro-1,4-benzoquinone (TCQ) electron acceptor and ob-
tained the zwitterionic adduct [Mes3POC6Cl4OE(C6F5)3]
(J);[3c] only the Mes3P

*+ radical cation intermediate was
observed by EPR spectroscopy. Subsequent mechanistic
investigations from our group revealed that this reaction
proceeds via thermally-induced SET[11] from PMes3 to the
Lewis acid-activated substrate TCQ� B(C6F5)3 affording the
transient RIP [Mes3P]

*+[TCQ� B(C6F5)3]
*� (I), which sub-

sequently undergoes radical coupling by P� O bond forma-
tion to afford J (Scheme 1d).[12] Based on these studies, we
reasoned that steric frustration in phosphine� quinone
systems offers the potential for the detection of reactive
RIPs by thermal SET. Herein, we report on the steric and
electronic factors influencing the formation of transient
RIPs, generated by SET from sterically demanding triar-
ylphosphines to (Lewis acid-activated) quinones, and inves-
tigate their potential for C� H bond activation reactivity.

First, we set out to explore the redox chemistry of bulky
triarylphosphine electron donors PMes3 (ionization energy
(IE)=5.16 eV) and PTip3 (IE=4.83 eV; Tip=2,4,6-
iPr3C6H2) with the strongly oxidizing quinone 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ; EA= � 5.18 eV), as
our DFT calculations at the SCRF(DCM)/(U)ωB97X� D/6-
311+G(d,p)//(U)ωB97X-D/6-31G(d) level of theory indi-
cate thermal SET to be feasible (ΔE= � 0.02 eV and
� 0.35 eV, respectively). Treatment of PMes3 with DDQ in

DCM at ambient temperature resulted directly in a light
brown solution, which after work-up afforded 1 (84%,
δ31P{1H}=70.7 ppm; Scheme 2) as a yellow crystalline solid.
Single-crystal X-ray diffraction analysis unequivocally estab-
lished the formation of a 1 :1 adduct, Mes3P� DDQ
(Scheme 2).[13] Electron donor� acceptor adduct 1, with its
P� O bond length of 1.6030(10) Å and typical metrics for a
reduced DDQ moiety,[14] is structurally similar to Stephan’s
compound J (P� O 1.606(3) Å, δ31P{1H}=70.8 ppm),[3c] yet
due to the increased electron accepting capability of DDQ
no Lewis acid activation is required (cf. EA(TCQ)=

� 4.55 eV, EA(TCQ� B(C6F5)3)= � 5.61 eV). In situ NMR,
EPR and UV/Vis spectroscopic studies yielded no definite
proof for radical ion pair intermediates, apart from a weak
EPR signal assigned to [DDQ]*� next to an unidentified
radical in a flash frozen solution (Figure S49), as well as UV/
Vis spectroscopic indications for the presence of [DDQ]*�

(λmax=461, 547, and 587 nm; Figure S50).[15] 1 is thermally
stable, both in the solid state and in solution, and a
reversible dissociation into the corresponding RIP [Mes3P]

*+

[DDQ]*� by homolytic P� O bond cleavage, even at elevated
temperatures (100 °C), was not observed.

Next, in an attempt to prevent P� O adduct formation,
we resorted to the sterically more encumbered and stronger
electron-donating phosphine PTip3.

[16] Interestingly, dissolv-
ing a solid mixture of PTip3 and DDQ in DCM at ambient
temperature afforded immediately an intense deep purple
colour that quickly decolourized in minutes yielding a red
solution, which after work-up provided 2 as yellow crystals

Scheme 2. Synthesis of compounds 1 and 2 (top) and molecular
structures of 1 and 2 (bottom). Hydrogen atoms (except P� H in 2) and
co-crystallized molecule of chlorobenzene (1) were omitted for clarity.
Displacement ellipsoids are drawn at 50% probability level. Selected
bond lengths [Å] for 1: P1� O1 1.6030(1). 2: P1� H1 1.34(3), O1···H1
2.011(5), C7� O1 1.491(3).
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(85%; Scheme 2). 1H and 31P NMR spectroscopic analysis
revealed 2 to be diamagnetic with a distinctly different 31P
chemical shift (δ31P= � 28.7 ppm) than 1, the presence of a
P� H moiety (δ1H=9.74 ppm, 1JHP=510.5 Hz) and inequiva-
lent CH(CH3)2 resonances, indicative of C� H bond activa-
tion of a single iPr group. Indeed, the molecular structure of
the zwitterionic Tip2P(H)(2-[CMe2(DDQ)]-4,6-iPr2-C6H2) 2
in the solid state (Scheme 2)[13] confirmed C� H bond
activation of an ortho-iPr group and its connection to the
quinone moiety via the newly formed C7� O1 bond (1.491-
(3) Å).[17] Interestingly, there is a short P� H···O contact
between the hydrophosphonium and hydroquinone moiety
via hydrogen bonding (P1� H1 1.34(3) Å, O1···H1 2.011
(5) Å). Although at ambient temperature 2 is thermally
stable in the solid-state, freshly prepared, yellow solutions of
2 in DCM decompose with colour change to red and
formation of free PTip3 and DDQ*� as well as another
unidentified species (δ31P{1H}=19.8 ppm) as detected by
NMR, UV/Vis and EPR spectroscopy (Figures S54–56),
indicating a potential reversibility of the reaction.

To shed light on the origin of the deep purple colour
that could be indicative for the formation of the RIP
[Tip3P]

*+[DDQ]*� , we resorted again to in situ EPR and
UV/Vis spectroscopy. Indeed, X-band EPR analysis at
170 K of a flash frozen sample of the reaction mixture taken
immediately after addition of DCM to solid PTip3 and DDQ
confirmed the formation of PTip3

*+ (axial four-line signal
simulated with S=1/2, g?=2.0060, gk=2.0016, a31P?=

381.2 MHz, a31Pk=1168.4 MHz),[18] but also showed a small
signal (S=1/2, giso=2.0049) that we attribute to [DDQ]*�

(Figure 1a, Figure S53). The low EPR signal intensity of
[DDQ]*� is likely due to aggregation to the corresponding
[DDQ]2

2� dimer at low temperature as observed by Kochi
et al.[15] Ambient temperature UV/Vis spectroscopy supports
the formation of RIP [Tip3P]

*+[DDQ]*� as it clearly shows
the presence of [DDQ]*� in the reaction mixture (λ=461,
540 and 584 nm; Figure 1b),[15] as well as a broad, low-
intensity absorption band (λmax=713 nm) indicative of the
dimer [DDQ]2

2� .[15] The phosphoniumyl radical cation
[PTip3]

*+ could not be unambiguously identified due to its
broad absorption at λmax=525 nm,[18] which is obscured by
the intense absorptions of [DDQ]*� . Unfortunately, due to
the short-lived nature of RIP [Tip3P]

*+[DDQ]*� , crystalliza-
tion attempts were unsuccessful.

To further support the experimental observation of RIP
[Tip3P]

*+[DDQ]*� and investigate its role in the formation
of the C� H bond-activated 2, we performed calculations at
the SCRF(DCM)/(U)ωB97X� D/6-311+G-
(d,p)//(U)ωB97X� D/6-31G(d) level of theory (Figure 2).
According to these calculations, PTip3 and DDQ form an
electron donor� acceptor (EDA) complex [PTip3,DDQ]
(ΔG=5.1 kcal ·mol� 1) via a slightly endergonic process, after
which SET affords the thermodynamically favoured open-
shell singlet RIP 1{[Tip3P]

*+[DDQ]*� } (ΔG=

� 8.7 kcal ·mol� 1). Intersystem crossing (ISC) may afford
triplet RIP 3{[Tip3P]

*+[DDQ]*� } (ΔG= � 9.3 kcal ·mol� 1) and
subsequent dissociation gives the separate [PTip3]

*+ and
[DDQ]*� radicals (ΔG= � 12.1 kcal ·mol� 1). Alternatively,
the open-shell singlet 1{[Tip3P]

*+[DDQ]*� } can directly

engage in homolytic C� H bond activation. This process
proceeds via hydrogen atom transfer of the ortho-CH(CH3)2
atom from carbon to phosphorus (TS1OS; ΔG‡=

19.3 kcal ·mol� 1) and affords the fleeting hydrophosphonium
RIP intermediate INT (ΔG=7.6 kcal ·mol� 1). Subsequent
radical coupling with C� O bond formation (TS2OS; ΔG‡=

5.8 kcal ·mol� 1) furnishes a rotamer of product 2 (2rot, ΔG=

� 7.7 kcal ·mol� 1), which is of comparable stability as RIP
1{[Tip3P]

*+[DDQ]*� } underlining its thermal lability. Rota-
tion about the CAr� CMe2(DDQ) bond to establish the O···H
contact observed in the X-ray structure yields compound 2,
which was calculated to be 6.1 kcal ·mol � 1 and 14.8
kcal ·mol � 1 lower in energy compared to 1{[Tip3P]

*+

[DDQ]*� } and the starting materials, respectively. Since
[PTip3]

*+ is thermally indefinitely stable,[18,19] our findings
fully support the cooperative action of both [PTip3]

*+ and
[DDQ]*� in the facile formation of 2 by homolytic (radical)
C� H bond activation. Contrastingly, a high-energy, two-
electron pathway connecting EDA complex [PTip3,DDQ]
directly with 2 was also found, yet the calculated barrier
(TS1CS; ΔG‡=37.3 kcal ·mol� 1) contradicts the experimental
reaction conditions (20 °C, t<10 min).

To prove the generality of the cooperative homolytic
C� H bond activation between PTip3 and quinones, we
focussed on using other quinones as electron acceptors. As
observed for PMes3,

[3c] no direct reaction between PTip3 and
TCQ (EA= � 4.55 eV) in DCM was detected, even at 50 °C,
which supports the relevance of matching electron donating

Figure 1. (a) X-band EPR spectrum (170 K) of a flash frozen reaction
mixture of PTip3 and DDQ in DCM. [Experimental details: microwave
frequency=9.642632 GHz, power=0.6325 mW, modulation ampli-
tude=1.000 G. Simulation parameters: [PTip3]

*+ : S=1/2, g?=2.0060,
gk=2.0016, lwpp=1.11 mT (Lorentzian), a31P

?=381 MHz,
a31P

k=1168 MHz; [DDQ]*� : S=1/2, giso=2.0049, lwpp=1.01 mT
(Gaussian); ratio [PTip3]

*+ : [DDQ]*� =1.0 : 0.0037]. (b) UV/Vis
spectrum of the initial reaction mixture of PTip3 and DDQ in DCM.
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and accepting capabilities of phosphine and quinone,
respectively. On the other hand, in the presence of one
equivalent of B(C6F5)3 (EA(TCQ� B(C6F5)3)= � 5.61 eV),
upon mixing TCQ with PTip3, immediately a persisting deep
red colour was obtained at ambient temperature. After
work-up, thermally stable deep red crystals of 3 (69%;
Scheme 3) were obtained from chlorobenzene that were 31P
NMR silent. Indeed, the molecular structure of 3 in the
crystal confirmed the formation of the paramagnetic
phosphoniumyl radical salt [PTip3]

*+
2[(F5C6)3BOC6Cl4OB-

(C6F5)3]
2� (3; Figure S67);[13] its structural features of the

[PTip3]
*+ radical cation and the [(F5C6)3BOC6Cl4OB-

(C6F5)3]
2� dianion are similar to those previously

reported.[3c,e,18] Since only 0.5 equivalents of TCQ is incorpo-
rated in 3, we also performed the reaction of equimolar
amounts of PTip3, TCQ and B(C6F5)3 in DCM at 50 °C.
Interestingly, a gradual decolouration of the deep red
solution was observed yielding a colourless solution after
7 days, from which 4 was obtained as colourless crystals
(59%; δ31P= � 28.5 ppm, 1JPH=507.8 Hz; Scheme 3). Its
molecular structure firmly established 4 being the C� H
bond activation product Tip2P(H)(2-[CMe2{TCQ� B-
(C6F5)3}]-4,6-iPr2-C6H2) (Scheme 3),

[13] structurally analogous
to 2. The formation of 4 indicates that under the reaction
conditions small amounts of the radical ion pair [Tip3P]

*+

[TCQ� B(C6F5)3]
*� are available that can undergo C� H bond

activation similar to [Tip3P]
*+[DDQ]*� .

Next, we reasoned that by using sterically more demand-
ing quinones, the persistency of the RIP intermediates could

be improved by suppressing the P� O adduct formation or
C� H activation. For this, we selected the commercially
available tBu-substituted quinones 2,6-di-tert-butyl-1,4-ben-
zoquinone (pQtBu; EA= � 3.63 eV) and 3,5-di-tert-butyl-1,2-

Figure 2. Computed relative Gibbs free energies ΔG (SCRF(DCM)/(U)ωB97X� D/6–311+G(d,p)//(U)ωB97X� D/6–31G(d); in kcal ·mol� 1) for
closed-shell and open-shell pathways for the formation of 2 from PTip3 and DDQ.

Scheme 3. Synthesis of compounds 3 and 4 (top) and molecular
structure of 4 (bottom). Hydrogen atoms (except P� H) were omitted
for clarity. Displacement ellipsoids are drawn at 50% probability level.
Selected bond lengths [Å] for 4: P1� H1 1.32(2), C7� O1 1.482(3),
O2� B1 1.508(3).
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benzoquinone (oQtBu; EA= � 3.81 eV). To enhance their
electron affinity, B(C6F5)3 was used as activator (EA-
(pQtBu� B(C6F5)3 (5))= � 4.74 eV; EA(oQtBu� B(C6F5)3 (6))=

� 4.81 eV) to facilitate thermal SET.[20] Both Lewis acid-
activated quinones pQtBu� B(C6F5)3 (5; 71%; δ11B=5.5 ppm)
and oQtBu� B(C6F5)3 (6; 70%; δ11B=11.1 ppm) were ob-
tained simply by mixing the quinone with one equivalent of
B(C6F5)3 in toluene and isolated as dark red crystalline
solids. The molecular structures of 5 and 6 in the crystal
reveal that the quinones coordinate to the borane via the
less sterically shielded oxygen centres in the 4-position and
1-position, respectively (Figure 3).[13]

Upon mixing PMes3 with para-quinone adduct 5 in DCM
no colour changes indicative of potential SET processes
were observed; indeed our DFT calculations indicate for this
system thermal SET to be unlikely (ΔE=0.42 eV). Instead,
combining PTip3 with 5 in DCM gave rise to an instant
colour change from orange to bright red indicative for SET
and formation of RIP [PTip3]

*+[pQtBu� B(C6F5)3]
*� . EPR

spectroscopy confirmed the presence of [PTip3]
*+ (S=1/2,

g=2.0053, a31Piso=662.8 MHz; Figure S64)[3e,18] and also dis-
played a featureless signal at g=2.0039 with very low
intensity that we attributed to the semiquinone radical anion
[pQtBu� B(C6F5)3]

*� . However, C� H bond activation was not
observed, likely due to effective shielding of the quinone O
centre by the adjacent tBu groups. Ortho-quinone adduct 6
proved to be more reactive. The addition of PMes3 to 6
afforded colourless crystals of electron donor� acceptor
adduct [Mes3P� oQ

tBu� B(C6F5)3] (7, 72%, δ31P{1H}=
69.1 ppm; Scheme 4; Figure S68).[13] No colour changes have
been observed, which is in accordance with the relatively
large energy barrier for SET (ΔE=0.35 eV). In contrast,
PTip3 again induced SET to give a deep purple solution that
is persistent for hours. X-band EPR spectroscopy at ambient
temperatures clearly featured signals attributable to both
radicals of the RIP [PTip3]

*+[oQtBu� B(C6F5)3]
*� , i.e., a broad

doublet for [PTip3]
*+ (S=1/2, giso=2.0057, a31Piso=

661.4 MHz),[3e,18] and a featureless singlet (S=1/2, g=

2.0038) assigned to radical anion [oQtBu� B(C6F5)3]
*� (Fig-

ure 4).
Figure 3. Molecular structures of 5 and 6. Hydrogen atoms and co-
crystallized molecule of toluene (5) were omitted for clarity. Displace-
ment ellipsoids are drawn at 50% probability level. Selected bond
lengths [Å] for 5: B1� O1 1.5762(14); 6: B1� O1 1.571(2).

Scheme 4. Synthesis of compounds 7 and 8 (top) and molecular
structure of 8 (bottom). Hydrogen atoms (except P� H) were omitted
for clarity. Displacement ellipsoids are drawn at 50% probability level.
Selected bond lengths [Å] for 8: P1� H1 1.37(3), C7� O1 1.492(5),
O2� B1 1.500(6).

Figure 4. (a) X-band EPR spectrum (RT) of the reaction mixture of PTip3

and 5 in DCM. [Experimental parameters: microwave frequency:
9.643661 GHz, power: 6.325 mW, Modulation amplitude: 1.000 G;
Simulation parameters: [PTip3]

*+ : S=1/2, giso=2.0057,
a31P

iso=661 MHz, lwpp=0.301 mT & 0.741 mT (Gaussian & Lorent-
zian); [5]*� : S=1/2, giso=2.0038, lwpp=0.559 mT & 0.423 mT (Gaus-
sian & Lorentzian); ratio [PTip3]

*+ : [5]*� =1.0 : 0.64.]. (b) UV/Vis
spectrum of the reaction mixture of PTip3 and 5 in DCM.
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Work-up after 24 hours afforded colourless crystals of
C� H activated product Tip2P(H)(2-[CMe2{oQ

tBu� B-
(C6F5)3}]-4,6-iPr2-C6H2) (8) (45%, δ31P= � 27.1 ppm, 1JPH=

476.5 Hz; Scheme 4), whereas attempts to crystallize the
intermediate RIP [PTip3]

*+[oQtBu� B(C6F5)3]
*� have been

unsuccessful. The molecular structure of 8 was unambigu-
ously established by single crystal X-ray analysis and shows
similar features as 2 and 4 (Scheme 4),[13] which highlights
the generality of the homolytic C� H bond activation of
PTip3 when using structurally different yet similarly electron
accepting quinones.

In summary, we demonstrated that phosphine donors
react in different ways with quinone-based electron accept-
ors. While PMes3 afforded 1 :1 electron donor-acceptor
adducts, exemplified by the isolation of 1 and 7, the bulkier
and more electron donating PTip3 induced thermal SET
affording radical ion pairs that could be spectroscopically
characterised. Mechanistic insight into the subsequent coop-
erative homolytic (radical) C� H bond activation leading to
zwitterions 2, 4, and 8 was provided by DFT calculations,
which also showed that the electron accepting capabilities of
quinones can be increased by Lewis acid complexation to
facilitate SET. Hence, this study provides proof of principle
for the use of transient radical ion pairs for selective C� H
bond activation processes. Currently, we are exploring the
steric and electronic tuning of electron donor� acceptor
complexes to enable the C� H bond activation of external
substrates by in situ generated radical ion pairs.
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