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exchange by reversible protonation of iron-hydride
intermediatesy

i ") Check for updates ‘

Cite this: Chem. Sci., 2022, 13, 10291

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Luke Britton,? Jamie H. Docherty, ©*2 Jan Sklyaruk,? Jessica Cooney,?

Gary S. Nichol, ©2 Andrew P. Dominey® and Stephen P. Thomas & *2

C—H functionalisation reactions offer a sustainable method for molecular construction and diversification.
These reactions however remain dominated by precious metal catalysis. While significant interest in iron-
catalysed C-H activation reactions has emerged, the isolation, characterisation and mechanistic
understanding of these processes remain lacking. Herein the iron-catalysed C(sp?)~H bond hydrogen/
deuterium exchange reaction using CDzOD is reported for both heterocycles and, for the first time,
alkenes (38 examples). Isolation and characterisation, including by single-crystal X-ray diffraction, of the
key iron-aryl and iron-alkenyl C—H metallation intermediates provided evidence for a reversible
protonation of the active iron hydride catalyst. Good chemoselectivity was observed for both substrate
classes. The developed procedure is orthogonal to previous iron-catalysed H/D exchange methods

which used CgDg, Dy, or D,O as the deuterium source, and uses only bench-stable reagents, including
Received 7th July 2022

Accepted 8th August 2022 the iron(i) pre-catalyst. Further, a new mechanism of iron-hydride formation is reported in which B-

hydride elimination from an alcohol generates the iron hydride. The ability to produce, isolate and

DOI: 10.1039/d25c03802a characterise the organometallic products arising from C-H activation presents a basis for future
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Introduction

Metal-catalysed C-H functionalisation has emerged as
a powerful synthetic method for the direct derivatisation of
typically inert C-H bonds and obviating the need for pre-
functionalised substrates." While the application of C-H func-
tionalisation strategies has expanded, these methods generally
rely on precious metal catalysts. Examples using Earth-
abundant metal,> and even non-metal,® catalysts have
emerged as potential alternatives, however their use and
development has been comparably limited.

A number of iron-catalysed C-H functionalisation methods
have been developed,** but the isolation and characterisation of
well-defined, catalytically relevant species has remained limited
to only a few studies, particularly where C-H metallation,
sometimes referred to as C-H activation, has been proposed.*
Holland reported the observation and isolation of an iron-aryl
species arising from C-H metallation of benzene using a low
oxidation-state iron B-diketiminate complex (Scheme 1a).*
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Similarly, Ackermann reported the C-H metallation of piv-
alophenone using a low oxidation-state iron complex
[Fe(PMe;),] that allowed for the isolation and characterisation
of the key iron-aryl species responsible for allene hydroarylation
(Scheme 1a).*”< Additional iron-aryl complexes have been iso-
lated and characterised through independent synthesis, usually
from organometallic aryl reagents.***

The iron bisdiphosphino complex, [dmpe,FeH,] 2 (dmpe =
Me,PCH,CH,PMe,), has been shown to undergo stoichiometric
C-H bond metallation of benzene in solution-phase studies.’ It
was therefore questioned whether the metallation of C(sp”)-H
bonds could be made general and harnessed to generate an
iron-aryl species applicable to H/D exchange. In order to achieve
H/D exchange, photoirradiation of [dmpe,FeH,]| 2 would be
used to trigger H, elimination to give [dmpe,Fe’]. This would
undergo C(sp*)-H bond oxidative addition (metallation) to give
an aryl(hydrido) iron species, [dmpe,Fe(H)Ar], from which
exchange of the hydrido-ligand to the deuteride isotopologue,
would give [dmpe,Fe(D)Ar], and leave only a final reductive
elimination to complete a potential catalytic cycle.

Commonly, direct H/D exchange reactions have involved the
use of precious metal catalysts, with only a few Earth-abundant
systems reported. Chirik reported the H/D exchange of arenes
using iron-pincer complexes [(MesCNC)Fe(N,),] and deuterium
gas, as well as [(MesCNC)Fe(CH,SiMe3),(N,)] and C¢Dg (Scheme
1b).* de Ruiter reported the C¢De¢-mediated H/D exchange
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a) Isolated iron-aryl complexes formed by C-H metallation
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Scheme 1 a) Previous examples of isolated iron-aryl complexes by
direct C—H metallation. (b) Previous homogeneous iron-catalysed H/
D exchange catalysts. (c) This work: arene and alkene C—H metallation
and H/D exchange using CDsOD and a bench-stable iron(i) pre-
catalyst.

reactions of (hetero)arenes using an alternative iron-complex
[(PCNHCP)Fe(H),(N,)] (Scheme 1b).” Beller and Lei reported
the H/D exchange reaction of arenes bearing electron-donating
groups using D,O and a heterogeneous iron catalyst.®* Addi-
tional examples of Earth-abundant metal-catalysed HIE reac-
tions of arenes have been reported which rely on pre-installed
directing groups.’ Of note to this manuscript, Hartwig used
a Ag,CO;/JohnPhos catalyst and CH;OD for the H/D exchange
reaction of 5-membered heteroarenes.*’

Results and discussion

Investigations began by exploring the viability of H/D exchange
with a selection of related iron pre-catalysts, deuterium sources
and catalyst activation methods (see ESI, Tables S1-S37). Pre-
catalyst activation with alkoxide salts has been shown to
generate catalytically active metal-hydride species when
combined with commercial silane or borane reagents such as
pinacolborane (HBpin)."* This removes the need to generate
and handle the highly air- and moisture sensitive iron
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dihydride. To assess the catalytic feasibility of this strategy in
situ generated [dmpe,FeH,] 2 (from [dmpe,FeCl,] 1 + NaO*Bu +
HBpin) was used in combination with 2-methylfuran 3a, blue
light irradiation (450 nm) and a variety of deuterium sources.
Deuterium incorporation was achieved using deuterated alco-
hols as the deuterium source, with CD;0D giving the highest
deuterium incorporation and exclusive C-5 regioselectivity.
Control reactions showed the necessity for continuous light
irradiation, iron complex, phosphine ligand, and the alkoxide
activator (see ESI, Table S41). Notably, good levels of deuterium
incorporation were observed even in the absence of HBpin (vida
infra). Optimisation of the light source using monochromatic
LEDs in the range of 365-525 nm, showed the blue region (450
nm) of the spectrum to be optimal (see ESI, Table S51). The
substitution of CD;OD for CD;OH resulted in no deuterium
incorporation, indicating that the most acidic, alcohol,
hydrogen was responsible for deuterium-exchange. The state-of-
the-art precious metal equivalent for non-directed H/D
exchange of arenes using ROD-type deuterium sources resul-
ted in global C-H deuteration and showed no chemoselectivity
for alkene versus arene C-H bonds (reaction conditions:
Pd(OAc), (10 mol%), ligand (15-30 mol%), HFIP : D,O = 3 : 7,
80-120 °C, 18-48 h).”?

Catalytic H/D exchange of heteroarenes

The generality of the method with respect to substrate
compatibility and scope was then assessed (Table 1). Furan 3b,
furan derivatives bearing a free secondary-amine 3¢ and imine
3d all underwent successful, chemoselective deuteration to give
the monodeuterated furans [D]-3b, [D]-3¢ and [D]-3d, respec-
tively, with good to excellent deuterium incorporation and
complete control of regioselectivity (C-5) in all cases. Pinacol
boronic ester protected alcohol 3e reacted to give the deuterated
isotopologue [D]-3e, albeit with alcohol deprotection upon work
up. Benzofuran 3g underwent site-selective deuteration at the C-
2 position, with no detectable deuteration at any of the other
five available C(sp®)-H bonds. Unprotected imidazole 3h and
methyl-protected imidazole 3i underwent exclusive C-2 selective
deuteration to give the deuterated imidazoles [D]-3h and [D]-3i,
respectively. This is notable as both previously reported iron-
catalysts gave unselective deuteration of N-methyl imidazole
with exchange at at all the C(sp*)-H bonds.*” Using this system,
oxazole 3j, 1,3-thiazole 3k and benzoxazole 3l all underwent
deuteration with mild to good deuterium incorporation, again
at a single site. 6-Membered heterocycle pyrimidine 30 proved
amenable to deuteration at C-2, C-4 and C-6, albeit with only
moderate incorporation. When 4-phenylpyrimidine 3p was
used, deuteration occurred at both C-2 and C-5 positions with
significantly greater inclusion than the unsubstituted analogue.

To illustrate the utility and tolerance of this system with
respect to complex targets, the deuteration procedure was
successfully applied to several pharmaceutical and natural
product structures (Table 1, lower). Purine 3r, a compound
ubiquitous to biological systems and common foodstuffs,
reacted efficiently with incorporation at both C-2 and C-8. A
further range of biologically active molecules including caffeine

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Iron-catalysed Site-selective Heteroarene C(sp®)—H H/D Exchange®
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¢ Reaction conditions: arene (0.33 mmol), [dmpe,FeCl,] 1

(2.5 mol%), NaO’Bu (5 mol%), HBpin (5 mol%), THF (0.2 mL), CD;0D (0 2 mL), blue-light

irradiation, 15 h. Reported yields denote quantity of material recovered post-reaction. Deuterium incorporation determined by 'H and/or **C NMR
spectroscopy. © Quantity of recovered product determined using 1,3,5-trimethoxybenzene as an internal standard Starting material 3e = 4,4,5,5-

tetramethyl-2-(furan-2-ylmethoxy)-1,3,2-dioxaborolane, free alcohol [D] -3e isolated following deprotection. ¢

3s, histamine receptor antagonist cimetidine 3t and antifungal
compounds; miconazole 3u, ketoconazole 3v and imazalil 3w,
all reacted efficiently with predictable deuterium incorporation
at the most acidic C(sp®)-H site. While the imidazole unit of 3w
underwent H/D exchange under the reaction conditions to give
[D]-3w, the allylic ether was not deuterated. The functional
group compatibility and regioselectivity shown illustrates the
system is suitable for potential late-stage site-selective isotopic
exchange of heteroarene units.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Performed on a 9.3 mmol scale, 48 h

While high levels of deuterium incorporation were obtained
using this system, it must be noted that an alternative alkoxide-
mediated reaction exists for substrates with highly acidic
C(sp®)-H bonds. Excluding benzoxazole 31, which achieved
greater levels of deuterium incorporation in the absence of pre-
catalyst and HBpin," all substrates underwent greater deute-
rium incorporation and selectivity under the iron-catalysed
reaction conditions (see ESI, Table S87).
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Catalytic H/D exchange of alkenes

While H/D exchange reactions of alkenes with non-reductive
sources of deuterium, ie. CD;0D, D,O or C¢Dg, have been
previously reported using precious metals catalysts (iridium,**
rhodium,” ruthenium," and palladium'’), Earth-abundant
metal-mediated H/D exchange reactions of alkenes have so far
been limited to either stoichiometric studies,® or unwanted side
reactions.” Using this iron-catalysed system, styrene derivatives
4a-f bearing both electron-donating- and electron-withdrawing
groups were efficiently deuterated at all alkene positions with
no detection of deuterium incorporation at any of the arene
C(sp®)-H bonds. This represents the first reported example of an
iron-catalysed H/D exchange reaction of alkenes (Table 2). It was
observed that for the deuteration of styrene derivatives there was
a slight trend for greater deuterium incorporation at the « posi-
tion relative to both @ positions, contrasting with results often
seen with precious metal alternatives.'*°>7

Table 2 Iron-catalysed selective alkene C(sp®)—H H/D Exchange”

View Article Online
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2,3-Dihydrofuran 4g underwent deuteration at both alkene
C(sp®)-H bonds while the 6-membered 2,3-dihydropyran 4h was
selectively deuterated at the 3-position. Monosubstituted acyclic
alkenes undecene 4i and O-tosyl alkene 4j both underwent
moderate deuterium incorporation. Naturally occurring allylic
alcohols Linalool 4k and anti-cancer agent Sclareol 4m, both of
which contain free alcohol groups, were deuterated with
moderate deuterium incorporation. Cinchona alkaloid quinine
4n and diastereoisomer quinidine 40 were both successfully
reacted and with exclusive deuteration of the alkene over the
other five available C(sp®)-H sites. Minimal reactivity was dis-
played towards carbon substituted 1,2-cis alkenes including
cyclohexene and cyclooctene, and no reactivity was observed for
trans-, 1,1-disubstituted-, trisubstitued- or activated (e.g. acry-
lates or acrylamides) alkenes. Background, base-mediated H/D
exchange was not observed for any alkene substrate (see ESI,
Table S8t).2°
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R& pin ( o) R)\/D / \ I
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— Alkenes
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(67%)
(47%) (29%) ey, W
(48%) - @o%) L VR al
D Y DTN (23%) D
D
Y (48%) D (12%) HO. 3 s N
D
g (62%) MeO. N
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N
[D]-41 94% Sclareol [D]-4m 98% Quinine 1 gram scale [D]-4n 91%° Quinidine  [D]-40 96%

¢ Reaction conditions: alkene (0.33 mmol), [dmpe,FeCl,] 1

(2.5 mol%), NaOBu (5 mol%), HBpin (5 mol%), THF (0.2 mL), CD;0D (O 2 mL), blue—

light irradiation, 15 h Reported yields denote quantity of material recovered post-reaction. Deuterium incorporation determined by "H and/or ™
NMR spectroscopy. © Quantity of recovered product determined using 1,3,5-trimethoxybenzene as an internal standard. ¢ Performed on a 3.4 mmol

scale (1.0 g recovered), 48 h.
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Mechanistic investigations

Having demonstrated catalytic H/D exchange across arenes and
alkenes, the fundamental catalytic steps were investigated. The
generation of the photoactive iron hydride [dmpe,FeH,] 2,

View Article Online

Chemical Science

through the in situ activation of [dmpe,FeCl,] 1 using an
alkoxide salt and HBpin, has been previously reported
(Scheme 2a, I),*** but did present a question of how significant
deuterium incorporation of 2-methylfuran 3a was achieved in
the absence of HBpin (see ESI, Table S41). Methanol solutions
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Scheme 2 Mechanistic Studies for Iron-catalysed H/D Exchange. (a) in situ Activation pathways of [dmpe,FeCl,] 1 pre-catalyst; (I) in the
presence of HBpin; (I1) in the presence of CHzOH. (b) C(sp?)—H bond activation to give intermediate trans-5, cis-6, and trans-7. X-ray ellipsoids

are shown at 50% probability. Hydrogen atoms, with the exception of Fe-hydrides, have been omitted for clarity. (c) Fe-hydrides (trans-5 and
trans-7) to Fe-deuterides ([D]-trans-5 and [D]-trans-7), exchange using CDsOD in the absence of light, postulated intermediate species shown to
the right. Generation of [D]-3a and [D]-4g through slow exchange between CDzOD and Fe-deuterides [D]-trans-5 and [D]-trans-7, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of [dmpe,FeCl,] 1 were observed to exist as a 1 : 1 electrolyte of
[dmpe,Fe(HOMe)CI]" and Cl~, as seen by *'P NMR spectros-
copy.** Upon the addition of a stoichiometric amount of sodium
tert-butoxide, the immediate generation of iron-hydride species,
including [dmpe,FeHCIl] and [(dmpe,FeH),(u-dmpe)]**, were
observed by "H and *'P NMR spectroscopy. Following blue light
irradiation, [dmpe,FeH,] 2 was also observed in solution
alongside an additional unknown iron hydride species. This
unknown iron-hydride was not observed under standard acti-
vation conditions; sodium tert-butoxide and HBpin (see ESLt
Part 12).

The formation of these catalytically active iron-hydrido
complexes was proposed to proceed by tert-butoxide-mediated
deprotonation of [dmpe,Fe(HOMe)Cl]' to generate an
unstable iron methoxide complex, [dmpe,Fe(OMe)Cl], which
underwent B-hydride elimination releasing formaldehyde and
generating [dmpe,FeHCI] (Scheme 2a, II). The formation of
[dmpe,FeHCI] was also observed by "H and *'P NMR spectros-
copy when the reaction was performed in ethanol and benzyl
alcohol, with benzaldehyde being formed and observed by *C
NMR spectroscopy in the latter case. When the reaction was
performed in CD3;OH, [dmpe,FeDCl], along with other iron-
deuteride complexes, were observed by *'P NMR spectroscopy
(see ESLt Part 12). The use of alcohols lacking available B-
hydrogens, tert-butanol and phenol, resulted in no iron-hydride
species being observed. Similar reactivity has been proposed for
the analogous ruthenium-dmpe complexes.”” It should be
noted that although activation to the catalytically active iron-
hydride complexes can be achieved in the absence of HBpin,
this activation was less controlled in terms of clean formation of
[dmpe,FeH,] under catalytic conditions.

[trans-dmpe,Fe(H)(2-methylfuryl)] trans-5, has previously
been characterised in solution.” By careful tuning of the
reaction and crystallization conditions, it was characterised in
the solid-state by single-crystal X-ray diffraction (Scheme 2b,
left). Significantly this reactivity was not limited to furan
derivatives and was extended to the reaction of caffeine 3s to
give the corresponding complex, [cis-dmpe,Fe(H)(caffeine)] cis-
6 (Scheme 2b, center). Although these species were crystallised
as the trans- and cis-isomers, respectively, solution phase cis—
trans isomerisation was reasonably proposed.” Rapid and
quantitative exchange of hydride for deuteride was observed
upon addition of excess CD;OD (approx. 250 eq.) to a THF
solution of [trans-dmpe,Fe(H)(2-methylfuryl)] trans-5 to give the
deuterated isotopologue [¢trans-dmpe,Fe(D)(2-methylfuran)] [D]-
trans-5 in the absence of blue light irradiation. Exchange of
hydride for deuteride occurring by protonation of [trans-
dmpe,Fe(H)(2-methylfuryl)] trans-5 with CD;OD,** to give the
cationic complex [dmpe,Fe(HD)(2-methylfuryl)]” which revers-
ibly released CD;OH (Scheme 2c, upper). Further monitoring of
this solution by "H and *'P NMR spectroscopy showed the slow
generation of [dmpe,FeD,] [D]-2 and 2-methyl-5D-furan [D]-3a
at room temperature in the absence of blue light irradiation.
Additionally, no further intermediary species were observed,
and similar reactivity was not observed when using ‘BuOH.
Presumably, turnover proceeded either through a stepwise
cationic protonation and release of the arene, or by a concerted
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sigma bond metathesis reaction with CD;0D, both resulting in
an [dmpe,Fe(D)(OMe)] intermediate which collapsed by B-
hydride elimination to generate the photoactive complex
[dmpe,FeD,] [D]-2 and formaldehyde (vida ante).

The reversible nature of deuterium incorporation led to it
being questioned whether this process could be used for
selective protodedeuteration to give selectively deuterated
products. d,-Furan was regioselectively protodedeuterated at
the 2- and 5-positions to give d,-[3D,4D]-furan with >95% in-
corporation using 5 mol% of Fe(u) pre-catalyst 2 and MeOH
(Scheme 3). The synthesis of d,-[3D,4D]-furan has only been
previously prepared using a multistep sequence.*®

Considering the H/D exchange of alkenes, blue light irradi-
ation of [dmpe,FeH,] 2 in the presence of 2,3-dihydrofuran, led
exclusively to the C-2C(sp’)-H metallation product, [trans-
dmpe,Fe(H)(2,3-dihydrofuryl)] trans-7 (Scheme 2b, right).
Despite reports of Fe-alkenyl C(sp?)-H metallation products
being observed in the solution phase,” complex trans-7 repre-
sents the first example of an Fe-alkenyl complex characterised
in the solid-state by single-crystal X-ray diffraction (Fe-C bond
distance 1.338(25) A, C=C bond distance 1.338(2) A). This was
in contrast to previous reports using the analogous bis(die-
thylphosphino)ethane ligand where C-3 metallation was
proposed based on solution phase 'H and *'P NMR spectros-
copy.” In analogy to aryl iron hydride trans-7, the alkenyl iron
complex trans-7 displayed similar reactivity in the presence of
CD;0D; quantitative conversion to the iron-deuteride iso-
topologue, [D]-trans-7, was observed upon the addition of excess
CD;OD in the absence of blue light irradiation. Slow conversion
of [trans-dmpe,Fe(H)(2,3-dihydrofuryl)] ¢trans-7 to [dmpe,FeD,]
[D]-2 with the release of 2,3-dihydro-4D,5D-furan [D]-4g was
observed by 'H and *'P NMR spectroscopy in the absence of
blue light irradiation. The irradiation of [dmpe,FeH,] 2 in the
presence of 4-tert-butylstyrene 4a, led to a complex mixture of
products observed by 'H and *'P NMR spectroscopy. When
performing the deuteration of tert-butylstyrene in the absence
of blue light irradiation at 60 or 80 °C, a greater « :  ratio was
observed to that under standard reaction conditions (see ESI,
Table S6T). When the allylic ethers, 2,5-dihydrofuran and allyl
benzyl ether, were reacted under standard conditions, alkene
isomerisation to the vinyl ethers was observed producing 2,3-
dihydrofuran (62%) and the benzyl propenyl ether (62%, 46 : 54
Z:E), respectively. Similarly, 4-allylanisole showed small
amounts of isomerisation to (Z)-anethole (<10%) (see ESI, Part
12). Control reactions ruled out any acid- or base-mediated

[dmpe,FeCly] 1 (5.0 mol%)
D NaOBu (10 mol%) H

1}70 HBpin (10 mol%) )l/\%” (>95%)
D CH30H, THF, 60 °C, Ar, 48 h D

D Blue light D
Scheme 3 Protodedeuteration of d4-furan. Reaction conditions: d-
furan (0.33 mmol), [dmpe,FeCl,] 1 (5.0 mol%), NaO'Bu (10 mol%),
HBpin (10 mol%), THF (0.2 mL), CHsOH (0.2 mL), blue-light irradiation,

48 h. Deuterium incorporation determined by 'H and C NMR
spectroscopy.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Proposed reaction mechanism for the iron-catalysed H/D
exchange reaction of heteroarenes and alkenes.

isomerisation. The aforementioned observations, alongside
previous work,*>*” would suggest that the deuteration of alkenes
is occurring through a combination of (direct) C-H metallation
and hydrometallation mechanisms, with the latter observed to
mediate alkene isomerisation alongside exchange (Scheme 4).

Conclusions

In summary, direct C-H metallation of heteroarenes and
alkenes using an iron(un) hydride species has enabled the
development of an iron-catalysed H/D exchange reaction using
a bench-stable iron(u) pre-catalyst, and CD;OD as the deuterium
source. This method is mechanistically different from and
complementary to previously described iron-catalysed strate-
gies, and allows for precise and predictable formation of C-D
bonds without the need for directing groups. Regioselectivity
was obtained and controlled through highly selective C-H
metallation by the proposed active catalyst. Significantly, the
use of a non-reductive deuterium source (CD;0D) has enabled
extension to exchange of alkene C-H bonds and to molecules
containing reducible functional groups. Isolation and charac-
terisation, including single-crystal X-ray diffraction, of the key
iron-aryl and iron-alkenyl intermediates allowed for mecha-
nistic investigations that provided evidence for a reversible
protonation of these iron C-H activation products. Further,
a new mechanism of iron-hydride formation is presented in
alcohol solvents.
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