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High-valent metal oxo complexes are prototypical intermediates for the activation and hydroxylation of alkyl C—H
bonds. Substituting the oxo ligand with other functional groups offers the opportunity for additional C-H
functionalization beyond C—-O bond formation. However, few species aside from metal oxo complexes have
been reported to both activate and functionalize alkyl C—H bonds. We herein report the first example of an
isolated copper(in) cyanide complex (LCu"CN) and its C—H cyanation reactivity. We found that the redox
potential (Eox) of substrates, instead of C—H bond dissociation energy, is a key determinant of the rate of
PCET, suggesting an oxidative asynchronous CPET or ETPT mechanism. Among substrates with the same
BDEs, those with low redox potentials transfer H atoms up to a million-fold faster. Capitalizing on this
mechanistic insight, we found that LCU"'CN is highly selective for cyanation of amines, which is predisposed
to oxidative asynchronous or stepwise transfer of H*/e™. Our study demonstrates that the asynchronous
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Introduction

Nature has evolved metalloenzymes that rapidly and selectively
hydroxylate aliphatic C-H bonds under ambient conditions with
earth-abundant metals." The rate-limiting step of C-H hydroxyl-
ation - hydrogen atom abstraction (HAA) - is often mediated by
high-valent metal-oxo intermediates (Scheme 1A).>* The remark-
able HAA ability of metal-oxo intermediates has motivated intense
efforts to understand the factors that underpin the reactivity. A
large body of experimental and theoretical studies were dedicated
to investigating the movement of protons and electrons from C-H
substrates to metal oxo complexes.>® These studies have important
implications in understanding the activation energies of HAA
reactions, which can predominately trend with the driving force of
proton transfer (PT, AGp,), electron transfer (ET, AGg,), or proton-
coupled electron transfer (PCET, AGpopr = AGpp + AGg;).”®
While C-H bond cleavage is often considered as a synchronous
PCET that is governed by bond dissociation free energy, recent
studies by Anderson,® Borovik,'>"* Tolman, Cramer," Kojima,'*"*
and Fukuzumi® show that the basicity (pK,) or redox potential (E°)
of the C-H-activating metal complexes can also be the determining
factor for C-H activation.

In addition to the successful demonstration of metal-oxo
species for C-H activation and functionalization,*'*** a variety of
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effect of PCET is an appealing tool for controlling the selectivity of C—H functionalization.

synthetic high-valent metal complexes carrying other functional
groups M-FG, e.g., OH, superoxo, carboxylate, halides, nitrite, and
nitrate, have been shown to activate C-H bonds. The studies by
Tolman,'>**>* McDonald,**® us,” and others®**** have demon-
strated that C-H activation can be achieved in the absence of the
oxo ligand through mechanistically similar HAA/PCET processes

A. C-H hydroxylation via metal oxo-complexes
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with M-FG. However, in contrast to metal oxo species, few M-FG
complexes have been shown to subsequently functionalize the
substrate following C-H activation.”* Seminal research by
Tolman™**>* and McDonald**?*® showed that pyridinedicarbox-
amide (L) Cu(m) and Ni(m) complexes can activate strong C-H
bonds. Employing the same ligand L, we established that a cop-
per(m) fluoride complex (LCu™F) can perform sp* C-H fluorination
by sequential HAA and fluorine atom transfer, similar to the
mechanism of metal-oxo-mediated C-H functionalization (Scheme
1B).* The modularity of L is particularly attractive, as one could
envision substituting fluorine with other desirable functional
groups in C-H functionalization sequences.

Toward this end, we were motivated to investigate the reactivity
of copper(m) cyanide complexes for C-H cyanation. Nitriles are
particularly valuable synthetic motifs since the -C=N group
provides a handle to develop molecular complexity through further
functional group manipulation.* For example, a-aminonitriles are
a common motif in anti-tumor therapeutics and important
synthetic precursors to 1,2-diamines and f-amino acids.®
Recently, many copper-catalyzed cyanation reactions have been
developed.”* High-valent copper(u) cyanide complexes are often
proposed as reactive intermediates in cyanation reactions, e.g.,
cross-coupling,*** radical-relay C-H cyanation, or photoin-
duced cyanation.*** The key C-CN bond formation steps are often
proposed to involve reductive elimination from the organo-
copper(m) cyanide species. However, copper(m) cyanide interme-
diates are often too short-lived for isolation, preventing rigorous
characterization and interrogation of their participation in key
mechanistic steps.

Herein, we report the synthesis, characterization, and C-H
cyanation reactivity of the first fully characterized formal copper(im)
cyanide complex, LCu™CN (Scheme 1C). Interestingly, while
benzylic and allylic substrates (BDE ~90 kcal mol ') are not
amenable for C-H cyanation by LCu™CN, trialkylamines with
essentially the same C-H BDE (~89-93 kcal mol™)* readily
undergo C-H cyanation in up to 90% yields. The contrasting
reactivity of benzylic and o-amino C-H bonds with LCu™CN was
attributed to the large thermodynamic bias between ET and PT.”

37-42

Results and discussion

Synthesis, characterization, and electronic structure of
a formal copper(m) cyanide complex

We first synthesized the copper(n) cyanide complex using a proce-
dure analogous to previously reported copper(u) hydroxide and
halide complexes.’® Treatment of the copper(n) acetonitrile
complex, LCu"MeCN, with tetrabutylammonium cyanide (TBACN)
affords the anionic copper(n) cyanide complex, [TBAJLCu"CN in
94% yield. X-ray diffraction analysis of single crystals obtained
from a THF/diethyl ether solution shows a square planar copper(n)
center with a linear Cu-CN unit (Fig. 2A). The cyclic voltammo-
gram (CV) of [TBAJLCu"CN in CH,Cl, exhibits a quasi-reversible
redox couple at E;;, = 0.585 V (vs. Ag/AgNO;) (Fig. 1B), which is
the highest among the LCu™" halide/pseudohalide series (F
0.395V, Cl 0.458 V, Br 0.463 V in CH,Cl,).”

Having demonstrated the chemical reversibility of the formal
copper(n)/(m) cyanide redox couple, we investigated the chemical
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Fig. 1 (A) Synthesis of LCU"'CN. (B) Cyclic voltammogram of [TBA]
LCu"CN (3 mM in CH,Cl, with 0.1 M [TBAICIO4 at 23°. (C) UV-vis
spectra showing the formation of LCU"CN (dark blue trace) by
chemical oxidation of [TBAILCU"CN (purple trace) in CH,Cl, at —40 °C.

oxidation of [TBAJLCu"CN with variable temperature UV-vis spec-
troscopy. Treatment of [TBAJLCu"CN with the triarylaminium
radical cation, [NAr;]PFs (Ar = 4-bromophenyl, E;,, = 0.70)" at
—40 °C in CH,Cl, reveals the rapid formation of a new species with
intense absorption at 790 nm (¢ = 8800 M * cm ™) (Fig. 1C). The
observed optical features are very similar to other formal copper(i)
species in the same ligand framework and are thus attributed to
the LCu™CN complex. Despite its highly oxidizing nature, the
formal LCu™CN complex is metastable in solution even at room
temperature in CH,Cl,. LCu™CN can also be generated by oxida-
tion with [TBA],Ce(NO;) at —40 °C. When prepared from the Ce'
oxidant, LCu™CN exhibits lower thermal stability (slow decay at 0 ©
C), perhaps due to the extraction of the cyanide anion by the Lewis
acidic Ce™ ion. Nonetheless, the Ce™ route is better for large-scale
preparation due to the ease of separation of LCu™CN from the Ce™
byproduct. Extraction of LCu™CN into diethyl ether led to its
isolation as an analytically pure microcrystalline solid in 95% yield.
The isolated solid LCu™CN can be stored at —35 °C indefinitely.
Spectroscopic and structural characterization further confirms
the formation of a formal copper(m) cyanide complex. The "H NMR
spectrum of LCu™CN in CD,Cl, at room temperature exhibits

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Single-crystal X-ray diffraction structures and selected struc-
tural parameters of (A) [TBAILCU'CN and (B) LCU"'CN with thermal
ellipsoids shown at 50% level of probability. Counterions, co-crystal-
lized solvents, and hydrogen atoms are omitted for clarity.

sharp resonances within the 0-9 ppm range that account for all
ligand protons (Fig. S47). Furthermore, LCu™CN is EPR silent at
cryogenic and room temperatures (Fig. S61). Collectively, the NMR
and EPR studies suggest a diamagnetic ground state for LCu"'CN,
similar to the analogous halide, hydroxo, and alkoxo
complexes.”*® Infrared spectroscopy was used to gain further
insight into the bonding between CN and the Cu center. Coordi-
nation of [TBAJCN to LCu"™eCN shows a shift in the C=N
stretching frequency from 2055 cm ™" to 2141 cm ™, indicating that
binding to the Lewis acidic copper(n) strengthens the C=N bond.
Upon oxidation of [TBAJLCu"CN to LCu™CN, the C=N stretching
frequency shifts to 2164 cm ™" (Fig. S71). We attribute the higher
C=N stretching frequency in LCu™CN to the decreased 7 back-
bonding resulting from the increase in Cu effective nuclear charge.
Single-crystals of LCu™CN were grown from vapor diffusion of
pentane into a THF solution of LCu™CN at —35 °C (Fig. 2B). The
structure of LCu™CN displays retention of the square planar
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Fig. 3 Lowest unoccupied natural orbitals of LCu"'F and LCu"'CN
from CASSCEF calculation with 8 electrons in 8 active orbitals. Orbitals
are shown at an isovalue of 0.05.
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geometry with contraction of the copper-ligand bond distances by
0.07-0.1 A compared to the copper() complex, in agreement with
the higher effective nuclear charge of LCu"™'CN. The C=N bond
length remains essentially the same, consistent with the minimal
change in the C=N stretching frequency upon oxidation. LCu™CN
is the first isolated and crystallographically characterized formal
copper(m) complex bearing a cyanide and sp hybridized C donor
ligand.

Multireference calculations with complete active space self-
consistent field (CASSCF) and N-electron valence second-order
perturbation theory (NEVPT2) were performed to compare the
electronic structure of LCu™CN and LCu™ halides. Similar to the
halide analogs, LCu™CN has a singlet ground state and multi-
configurational electronic structure. The adiabatic singlet-triplet
energy gap computed by NEVPT2 with 8 electrons in 8 active
orbitals is 36.6 kcal mol * for LCu™CN and 22.6 kcal mol " for
LCu™F. The most significant difference between the electronic
structure of LCu™CN and LCu™ halides is in the composition and
occupation of the lowest unoccupied natural orbital (LUNO),
which is the key orbital for both HAA and radical capture (RC). For
both LCu™F and LCu™CN, the LUNO is comprised of the ¢ anti-
bonding interactions between the Cu d,_,» and ligand 7 orbitals
(Fig. 3). However, while the LUNO of LCu™F has orbital density
equally distributed on either side of the fluorine atom, the LUNO
of LCu™CN is centered mainly on the C atom of CN, partly due to
the 7t interactions between CN and Cu. In addition, the LCu™CN
LUNO has a lower occupation (0.14 e”) than the LCu™F LUNO
(0.20 e7), in agreement with the larger singlet-triplet gap of
LCu"'CN.

Hydrogen atom abstraction reactivity of LCu™CN

The spectroscopic and structural resemblance of LCu™CN to
LCu™F motivated us to expand the scope of Cu™/Cu"-promoted C-
H functionalization. We began by studying the reaction between
LCu™CN and the hydrogen atom donor, 9,10-dihydroanthracene
(DHA, C-H BDE 76.3 kcal mol ). The second-order rate constant
of HAA with LCu™CN is approximately three orders of magnitude
lower than that of LCu™F and five orders of magnitude lower than
that of LCu™OH (Fig. S121). Monitoring the reaction between
LCu™CN and DHA at varying temperatures from 0 to 30 °C gave
activation parameters AH* = 9.4(1.6) kcal mol * and AS* = —37(5)
eu (Fig. S137). The self-decay of the LCu™CN complex at 30 °C is
negligible (Fig. S14t). Notably, the enthalpy of activation is
significantly disfavored for LCu™CN compared to LCu™F and

Table 1 Comparison of Eyring parameters for the reactions between
DHA and LCU"'FG complexes

AH* As? AG*®

(keal mol ™) (eu) (kcal mol ™) Ref.
LCu"'CN* 9.4(1.6) —-37(5) 20 This work
LCu"'F* 3.8(2) —43(1) 16 24
LcuoH’  5.1(1) -31(3) 14 15

@ Data collected in CH,Cl,. ? Data collected in 1,2-difluorobenzene by
Tolman et al. ¢ Calculated at 20 °C.

Chem. Sci., 2023, 14, 1301-1307 | 1303
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are transferred in a single kinetic step, to stepwise electron DHA fluorene toluene
transfer-proton transfer (ET-PT) or proton transfer-electron -4.0
70 80 90 100

transfer (PT-ET, Scheme 2).**** For example, it has been
demonstrated that LCu™OH activates C-H bonds via a synchro-
nous CPET reaction.'** The mechanistic space between CPET and  Fig. 5 Plot of log(keps) versus (A) driving force of electron transfer
stepwise reactions is occupied by asynchronous CPET reactions, in ~ —AGet (R® = 0.893), and (B) BDE (R* = 0.2883).

which the proton and electron are transferred together, but with

one leading the other (Scheme 2). Mid- to late-transition metal-oxo

complexes are often highly basic and undergo C-H activation via

basic asynchronous PCET, where the transition state exhibits ate constants, ko, were plotted versus the BDE, pK;, and E° of
predominant PT characters.”*1>5%%* Tolman and Cramer et al. the C-H substrates (Fig. 4). The resulting plots show a linear
provide computational evidence that LCu™0,CAr complexes acti- ~correlation between HAA rates and C-H BDEs with an R? value of
vate C-H bonds through a rare oxidative asynchronous process 0-91, supporting a concerted, homolytic C-H bond cleavage reac-
with a transition state bearing ET character (Scheme 2).2 The tion (Fig. 5A). The Bronsted « value (Fig. 4A) obtained from this
different dependence of kpcgr on thermodynamic factors of PCET plot is 0.048, which is quite low for concerted CPET process,*
(AGpr, AGy, AGpgg) suggests that C-H activation selectivity indicating a high degree of transition state asymmetry.>* The

can be tuned by the identity of the functional group in high-valent ~correlations of kops with E° and pK, of the C-H substrates are poor
M-FG complexes. with R? values of 0.39 and 0.09, respectively (Fig. 4Band C). We also

To futher understand HAA by LCu™CN, we examined the attempted to correlate the rates of C-H activation with the driving

reactivity of LCu™'CN with a series of H-atom donors. All reactions ~ forces of AGecgr, AGpr, and AGgr using semiempirical models
were monitored by UV-vis spectroscopy at 20 °C in CH,Cl,. Gas based on the work of Anderson and Borovik (see the ESI, Fig. S75
chromatography-mass spectrometry analysis of the reaction and S76t).”>* The results show a predominant contribution from
mixtures revealed the corresponding oxidized hydrocarbons, but ~AGpcer With minor influence from AGer, further supporting
no C-H cyanation products (see the ESIf). The pseudo-first-order concerted C-H activation with benzylic and allylic C-H substrates.
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Fig. 4 Plot of log(kops) versus (A) C—H bond dissociation energy (R? = 0.91), (B) pK, (R? = 0.41) and (C) Eox (R?> = 0.09) of the substrates for the
reaction of LCU"'CN with 100 eq. of hydrocarbon C—H substrates.
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Table 2 BDE of substrates, ET driving force (—AGg7), and asyn-
chronicity factors (n), the second-order rate constant (kpcg or ket) for
the oxidation of C—H substrates with LCu"'CN in DCM at 20 °C

Substrate C-HBDE 7 (V) —AGgr(eV) kpcgror kgr (M ' s™)
Fluorene 82.0 0.076 —0.985 1.7(6) x 107°

DHA 76.3 0.146 —0.967 5(5) x 1073

Toluene 89.7 0.441 —1.00 5(4) x 107*
Xanthene 75.0 0.470 —0.792 1.0(2) x 1072
Cyclohexene 81 — —1.03 4.1(6) x 107°

NBn, 92.1 1.22 —0.427 4.7(4) x 1072

N'Bu, 92.8 134 —0.259 3.1(6)

NMe,Bn 88.6 1.34 —0.210 15(4)

N"Bu, 91.1 141  —0.052 10(3) x 10?

III

Reactivity of LCu  CN with amines

The lack of C-H cyanation reactivity toward benzylic and allylic
substrates by LCu™CN prompted us to consider other strategies
to reduce the barrier of HAA/PCET. A recent study by Srnec et al.
suggests that more asynchronous PCET processes, as charac-
terized by a larger |n| value, give rise to a lower activation free
energy and faster PCET.” The 7 value can be calculated by
considering the thermodynamics of ET and PT:*

n= 2—1/2 X (AED — RTIF x 111(10) X ApKa,ox)-

where

o o

AE® = Ecyen — E,

substrate *

K{;CUCN,OX

ApK =p _ szubslrate,ox
a,0x — a .

The LCu™CN complex is unstable toward protonation, pre-
venting the experimental determination of pK,. Nonetheless,
based on the reactivity of LCu™CN with various acids, we esti-
mated the pK, of LCu™CN/[LCu™CN]H" to be less than 4.4 (see the
ESIt). As shown in the equations above, the absolute pK, value of
LCu™CN/[LCu™CNJH" (pK5“"“N) does not change the difference
in 7 value between substrates, since pK5~"“™** is a common term
for all the n calculation. Combining the estimated pK, with the
experimentally determined Ey,, of LCu™CN in DMSO (0.295 V vs.
Fc/Fc'), we have found that the 7 values of C-H substrates are
generally positive, indicating oxidative asynchronous CPET or ET-
PT (Table 2).

Since C-H activation by LCu™CN is biased for oxidative asyn-
chronous processes, substrates that exhibit even more positive 7
values (more oxidative asynchronicity) than benzylic/allylic C-H
substrates for HAA by LCu™CN should have a lower kinetic barrier
of HAA/PCET. Therefore, we consider amines as possible
substrates due to their mild oxidation potentials (E° = ~0.4-1 V vs.
Fc/F¢" in MeCN) and low acidities (pK, = 40).°** Indeed, the 7
values of amines (1.22-1.41 V) are substantially higher than those
of benzylic and allylic substrates (0.076-0.470 V). The comparison
between trialkylamines and toluene is noteworthy as they have
similar bond dissociation enthalpies (BDEs, 89-93 kcal mol ™ (ref.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Amine a-C—H cyanation reactivity of LCu"'CN
H CN +LH,
R‘\NJ\R 2eq LCu''CN R )\ (25-50%)
L CeHe rt, 16 hr WoRe Lo
R, Ry

(40-60%)
CN

CcN
Ph” N mBusy )\/\
|
k Ph n-Bu

90% 7%

CN

N
Y o
! |

i-Bu

70% 62% Combined yield

i-Bu

46) and 89.7 keal mol ") but very different 7 values (uibutylamine =
1.41 V; Noluene = 0.441 V).

According to Srnec's theory, LCu™CN is expected to activate
trialkylamines at a much faster rate because CPET with tributyl-
amine is more asynchronous (larger |n|). Indeed, we found that
LCu™CN activates trialkylamines faster than toluene by 10° to 10°-
fold (Table 2)! While the plot of log(kpcer) versus BDEs with C-H
substrates shows good correlation with benzylic and allylic
substrates (Fig. 4A), the R* value drops down to 0.2883 if amine
substrates are included in the plot (Fig. 5A). In contrast, the plot of
log(kpcer) versus the driving force of electron transfer (—AGgy) now
shows a good correlation with R* = 0.893 (Fig. 5B), suggesting that
electron transfer is the determining factor for the rate of PCET. The
PCET rate of N"Bu; appears to be an outlier (Fig. 5B), potentially
due to a mechanism crossover from oxidative asynchronous PCET
to stepwise ET-PT. It is possible that the amine substrates lie on
a different line due to stepwise ET-PT. Similar phenomena have
been observed by Kojima'*** and Fukuzumi."

Additionally, LCu™CN not only activates a-amino C-H bonds
efficiently but also furnishes the amine C-H cyanation products.
Treatment of trialkylamines with two equivalents of LCu'"CN in
benzene at room temperature affords the corresponding o-ami-
nonitrile products in 62-90% yield (Table 3). The reaction of
LCu™CN with N,N-dimethyl-1-phenylmethanamine furnishes
a mixture of nitrile products at the aliphatic and benzylic positions
in a combined 62% yield. To evaluate the role of Cu, control
experiments were performed by treating amine substrates with two
equivalents of the one-electron oxidant [NAr®;]" in the presence of
TBACN. The cyanation products were also observed in 10-55%
yield (Fig. S54-S571), indicating that an ET-initiated cyanation is
possible.*® The higher yields by LCu™CN can be attributed to the
fact that LCu™CN can serve as both the oxidant and the source of
cyanide.

Following the stoichiometric C-H cyanation reactions, we
observed varying amounts of protonated ligand LH, (25-50%) by
'H NMR, indicating that the dianionic ligand L*>~ serves as the
terminal proton acceptor. Furthermore, the copper(u) byproduct
can be recovered as LCu"MeCN in 40-60% spectroscopic yields
according to UV-vis and EPR analysis (see the ESIT). This dual C-H
activation/radical “rebound” type of reactivity has only been
observed with LCu™F (ref. *) and LCu™NO,.»* However, the
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narrow substrate scope, as well as the use of stoichiometric
amount of LCu™CN, limits the use of this method compared to
state-of-the-art C-H cyanation protocols.*®**

Conclusion

In summary, we report the synthesis and characterization of the
first formal copper(m) cyanide complex. Despite the similar spec-
troscopic properties of LCu™F and LCu™CN, their reactivities
stand in stark contrast. While LCu™F is quite reactive towards
benzylic and allylic C-H bonds, HAA by LCu™CN is approximately
10? times slower. A very striking result of our study is that the rate
of C-H activation with LCu™CN can be increased by 10°~10-fold
by polarity matching, as characterized by the asynchronicity factor
1. This observation is consistent with the prediction by Srnec that
asynchronous processes have smaller activation barriers than
synchronous processes with the same driving force AGpqg. We
further demonstrate that LCu™CN is capable of the C-H cyanation
of tertiary amines. The reaction proceeds through 2:1 stoichi-
ometry with LCu™CN performing both HAA/PCET and CN group
transfer.

Polarity matching strategies have been demonstrated in sp® C-
H activation with organic radicals to facilitate selectivity beyond
the conventional bond dissociation energy model.**-** Herein, we
show that a similar strategy can be applied to metal-based
oxidants. Pairing the oxidative ability of LCu™CN with the oxidiz-
able nature of amines allows the development of HAA/PCET
processes not dictated by the thermodynamic driving force of
the reaction itself. While it is still early to conclude whether high
asynchronicity factors |n| generally lead to faster HAA rates, the
success of this model in our case is part of a growing number of
studies that suggest the (im)balance between AGy; and AGy,
considered in the form of asynchronicity factor 7 (the difference
between AG,; and AGy;) or empirical models, plays a critical role
in understanding the rates of HAA.*>***® The comparison of
LCu™CN and LCu™ halides shows that changing the functional
group bound to the copper(u) center opens new avenues for
accessing distinct mechanistic pathways. Studies to further
generalize the copper(u)/(m)-mediated C-H functionalization with
other functional groups are ongoing in our laboratory.
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