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ABSTRACT. Treatment of pyridine dicarbene iron dialkyl complexes with low (<< 1 atm) pressures of H2 in benzene-d6 solution promoted 
rapid hydrogen isotope exchange (HIE) of the C(sp2)–H bonds in both electron-poor and -rich aromatic and heteroaromatic rings with 
benzene-d6 as the deuterium source. The iron-catalyzed reaction proceeded with predictable regioselectivity, engaging sterically accessible C–
H bonds including ortho-to-fluorine sites. The site-selectivity for the catalytic HIE reaction was studied to identify the kinetic preferences for 
C–H activation. Structure-activity relationship studies with a series of iron precatalysts established that introduction of substituents at the 3- 
and 5-positions on the pyridine of the pincer significantly accelerated HIE. Mechanistic studies identified N2 as an inhibitor of C–H activation 
while H2 serves to generate the active catalyst.  

Introduction. Metal-catalyzed C–H functionalization has 
evolved into a transformative and widely applied method for the 
construction of new C–C and C–X bonds and often provides a 
more step-efficient and atom-economical route to complex prod-
ucts.1 Because of the number of C–H bonds in most organic mole-
cules, control of chemo- and regioselectivity is an ongoing chal-
lenge and new catalyst designs and mechanistic understanding are 
needed to overcome the requirements of directing group strate-
gies.2,3,4 

The renewed interest in the use of first-row transition metals of-
fers the opportunity for C–H functionalization reactivity that is 
complementary or orthogonal to precious metals. One salient 
example is the high ortho-to-fluorine selectivity in the 
bis(phosphino) pyridine (PNP) cobalt-catalyzed C(sp2)–H boryla-
tion of arenes where thermodynamic control of oxidative addition 
and the increased ionicity of the Co–C bond enables the unique 
selectivity.5,6 Seeking to further explore the origins, generality and 
utility of this effect, the site-selectivity of other first transition metal 
catalysts that promote C–H functionalization is of interest. The 
high terrestrial abundance and relatively low toxicity of iron makes 
catalysts based on this first-row transition metal of particular inter-
est.7 

C–H activation with iron has a long-standing history with the 
first reports predating more widely known iridium examples.6d Ittel, 
Tolman and co-workers reported (dmpe)2Fe(Napth)(H) (dmpe = 
1,2-bis(dimethylphosphino(ethane), Napth = 2-Napthyl) as a 
precursor to Fe(0)-complexes that readily promote the oxidative 
addition of C(sp2)-H bonds (Scheme 1A).8 Remarkably, this family 
of complexes has been extended to include the oxidative addition of 
strong C(sp3)-H bonds such as methane.9 More recently, photoly-
sis of these compounds has enabled the catalytic C(sp2)-H boryla-
tion of arenes and heteroarenes (Scheme 1B).10 
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Scheme 1. Examples of Iron-mediated C–H activation process-

es. 
 
Hydrogen isotope exchange (HIE), the interchange of C–H 

bonds with other isotopes of hydrogen or its reverse, is a powerful 
probe for the determination of site selectivity in C–H functionaliza-
tion reactions.11 Catalytic HIE is also an enabling method for kinet-
ic isotope effect studies,12 drug discovery,13 and ADME (absorp-
tion, distribution, metabolism, and excretion) analysis.14 Among 
known catalysts for HIE, precious metals are conventional and 
application of directing groups is a common approach for enabling 
site selectivity.15,16 Although D2 is the most atom economical source 
of deuterium, D2O and less frequently benzene-d6 have been used as 
isotope sources.17,18 Our group recently reported that (H4-
iPrCNC)Fe(N2)2 ((H4-iPrCNC = 2,6-(2,6-iPr2-C6H3-
tetrahydroimidazol-2-ylidene)2C5H3N)) promotes HIE in arenes 
and active pharmaceutical ingredients at low pressures (<4 atm) 
with site selectivity governed by steric accessibility, ignoring direct-
ing groups in reactivity that is orthogonal to iridium (Scheme 
1B).19 Spectroscopic and structural studies supported the for-
mation of iron hydrides as catalytically relevant intermediates 
responsible for activation of the C–H bond. 

Here we describe a systematic study of (ArCNC)Fe(ArCNC = 
bis(arylimidazol-2-ylidene)pyridine) complexes for HIE of C(sp2)-
H bonds of aromatic substrates using more readily prepared 
iron(II) dialkyl complexes as precatalysts (Scheme 1B). At low (<< 
1 atm) pressures of H2, facile C–H activation and isotope exchange 

was observed using benzene-d6 as the deuterium source. Due to the 
availability of benzene-d6 as a common NMR solvent, this method 
may prove more convenient than those employing D2 gas. These 
studies enabled the elucidation of key catalyst design principles for 
iron pincer complexes of this type as well as site preferences for C–
H site exchange. 

 
RESULTS AND DISCUSSION 
 
Discovery of Iron-Catalyzed HIE with Benzene-d6 as the 

Deuterium Source. Our group previously reported that addition 
of H2 to (3,5-MesCNC)Fe(CH2SiMe3)2(N2) (3,5-Me2

MesCNC = 2,6-
(2,4,6-Me3-C6H2-imidazol-2-ylidene)2-3,5-Me2-pyridine) resulted 
in formation of (3,5-Me2

MesCNC)Fe(H)2(H2), a compound that 
promotes HIE with deuterated aromatic solvents with concomitant 
formation of the deuterated isotopologues of the iron hydride.20 In 
addition, reducing the pressure of D2 gas in catalytic HIE reactions 
increased the amount of deuterium incorporation.19 Inspired by 
these observations, we reasoned that even lower pressures of H2 or 
D2 gas may activate the iron catalyst for HIE with an alternative 
stoichiometric isotope source, ideally a common deuterated sol-
vent. 

Initial experiments were conducted with a 0.2 M solution of 1-
fluoro-4-trifluoromethylbenzene (1) in benzene-d6 in the presence 
of 5 mol% of (MesCNC)Fe(CH2SiMe3)2(N2) ([Fe]-1) and 0.1 atm 
of H2 gas at 50 °C. Monitoring the reaction by 19F NMR spectros-
copy resulted in observation of two new signals after one hour 
identified as the d1- and d2-isotopologues of the arene, based on the 
isotopic perturbation of fluorine resonance (Scheme 2).5f After 3.5 
hours of reaction time, only 1-d2 was observed where deuterium 
was incorporated at the 2- and 6-positions. These results demon-
strate the ability of [Fe]-1 to promote rapid C(sp2)–H activation 
and catalytic HIE. 

This work: HIE from C6D6
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Scheme 2. Iron-catalyzed HIE of 1 with benzene-d6 as the deu-

terium source. Analysis by single-scan 19F NMR spectroscopy to 
ensure quantitative integration.  

 
     Scope of Iron-Catalyzed HIE. A series of substituted arenes 

and heteroarenes were evaluated for HIE using standard conditions 
of 5 mol% of [Fe]-1, 0.1 atm of H2 and 0.2 M substrate in benzene-
d6 at 50 °C (Scheme 3). Complete deuteration (>98%) of 3-
fluorobenzotrifluoride (2) in the 5- and 6-positions was observed 
after 1.5 hours (2-d2). With fluorobenzene (3), all positions were 
deuterated to yield 3-d5 over the course of 3 hours. Similar reactivi-
ty was observed with other electron deficient substrates; for exam-
ple the borylated ortho-difluoro arene 4 was isolated as 4-d3 with 
97% deuterium incorporation at all C(sp2)–H sites. As expected, 
despite the presence of a sulfonamide, a known directing group3, 
only sterically accessible sites were deuterated with N,N-

dimethylphenylsulfonamide (5), producing 5-d3 with isotopic 
exchange at the meta and para positions. Similarly, the amide-
containing arene DEET (diethyltoluamide, 6) was deuterated 
exclusively meta- to the amide group.  With 7, where a methoxy 
substituent is meta to fluorine, iron-catalyzed HIE occurred with 
complete regioselectivity and yielded 7-d2, although longer reaction 
times were required likely due to the relative electron richness of 
the substrate slowing C(sp2)–H activation.  

Following this trend, HIE with more electron-rich arenes such as 
8 and 9 required increased temperature (80 °C) to reach full con-
version to 8-d2 and 9-d2, respectively. N,N-dimethylaniline (10) 
proved more challenging of a substrate as lower isotopic incorpora-
tion was achieved at the meta and para positions (62% D) to 10-d3 
even after heating the reaction mixture to 80 °C for 8 hours. Biaryls 
were completely deuterated at the meta and para positions of the 
phenyl ring of 4-phenyltoluene (11), while C(sp3) –H activation at 
the benzylic position (14% D incorporation) was observed for the 
tolyl ring. Electron neutral polyaromatic substrates were also suita-
ble substrates for iron-catalyzed HIE. When naphthalene (12) was 
subjected to the standard catalytic conditions, 12-d4 was obtained 
where only β-C–H bonds were activated while the α-positions were 
unaffected. As the standard conditions utilized low (<1 atm) H2 
pressures, substrates containing C=C were evaluated for HIE with 
the goal of promoting C–H isotopic exchange over alkene hydro-
genation. Unfortunately di- and tri- substituted alkenes were not 
produced an intractable mixture of products arising from formation 
of isotopomers and isotopologues of various alkanes. However, 
tetraphenylethylene (13), was successfully deuterated at the the 
meta and para positions of each ring to generate 13-d12 without 
reduction of the alkene by removing the H2 after 1 minute of reac-
tion time and continuing the HIE reaction under static vacuum.21  
     Finally, the reactivity of different heteroaromatic substrates was 
explored. N-heterocycles such as 14 and 15 underwent complete 
deuteration at the sterically accessible C(sp2)–H bonds and also at 
the benzylic positions (33 and 14% D incorporation, respectively). 
2-methylfuran (16) produced 16-d3 with complete deuteration at 
the 4- and 5-positions, while the 3-position was partially functional-
ized (65% D incorporation). Finally, the triazole-containing sub-
strate 17 underwent complete deuteration at all C(sp2)–H bonds 
without any detectable C(sp3)–H functionalization, suggesting that 
electron-deficient C(sp3)–H bonds are required for C(sp3)–H 
activation. Substrates that were incompatible with the optimized 
catalytic conditions are presented in Figure S1.  
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Scheme 3. Scope of iron-catalyzed HIE using 0.1 mmol substrate, 5 mol% of [Fe]-1, 0.1 atm of H2 and 0.5 mL of benzene-d6 as the deuter-

ium source. Reactions were conducted in J-Young NMR tubes. Deuterium incorporation was determined by a combination of 1H, 13C, and 
(where applicable) 19F NMR spectroscopies and confirmed by HRMS. 

 
Selectivity of Iron Catalyzed C(sp2–H) Activation. Previous 

studies with [(PNP)Co] C(sp2)–H borylation catalysts established 
thermodynamic control of oxidative addition to ortho-to-fluorine 
sites governed by formation of the strongest M–C bond.5f To better 
understand the site selectivity of the C(sp2)–H activation step in 
iron-catalyzed HIE, the reaction between the fluorinated arene 18 
and [Fe]-1 was studied (Scheme 4). Monitoring the reaction by 2H 
NMR spectroscopy established that the relative ratio of deuterium 
incorporation after 15 minutes was 1.0:0.59, favoring the 5-
position. This trend was maintained over the course of one hour at 
50 °C, after that the ratio approached 1:1 as the benzene-d6 deuter-
ium source was present in vast excess. These results demonstrate 
that C(sp2)–H activation is favored at the more sterically accessible 
site over ortho-to-fluorine sites and likely under kinetic control.22 
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Scheme 4. Relative deuteration incorporation at the 4- versus 5-

position in 18 with [Fe]-1 as a function of time measured by 2H 
NMR spectroscopy. Conversions were determined by quantitative 
13C{1H} NMR spectroscopy by comparison of the labeled and 
unlabeled 6-position. 

 
Effect of Iron Precatalyst Structure on Catalytic HIE Per-

formance. Variants of the [CNC] pincer were explored to deter-
mine the impact of substitution on catalytic HIE performance. 
Specifically, variations to the central pincer and the imidazolium 
were investigated (Scheme 5). With [Fe]-1 as the precatalyst, 
complete deuterium incorporation was observed with the relatively 
electron-poor arene 2 after 1.5 h at 50 °C while the more electron-
rich substrate 9 required 8 hours at 80 °C. Increasing the size of the 
2,6-aryl substituents from methyl to isopropyl groups as in the case 
of (iPrCNC)Fe(CH2SiMe3)2(N2) [Fe]-2 slowed overall HIE per-
formance. Longer reaction times of 6 h at 50 °C were required for 2, 
while 48 h and 80 °C was needed for 9. Similarly, (H4-
iPrCNC)Fe(N2)2 [Fe]-3, the commercially available HIE pre-
catalyst reported previously by our group19 was markedly slower 
than [Fe]-1, requiring 5 h and 50 °C to yield quantitative formation 
of 2-d2 and 48 h and 80 °C for 9-d2.  

To increase the overall rate of HIE, strategies were explored to 
increase the rate of C(sp2)–H activation. The iron precatalyst with 
a [NMe2]-substituent in the 4-position of the pyridine, [Fe]-4 was 
prepared to produce a more reducing iron center than [Fe]-1.  
However, no detectable improvement in catalytic HIE perfor-
mance was obtained as similarly long reaction times were needed 
(e.g. 6 hours at 50 °C for 2 and 36 h and 80 °C for 9). By contrast, 
the 3,5-dimethyl derivative [Fe]-5, exhibited a remarkable increase 
in the rate of HIE as the deuteration of 2 proceeded at ambient 
temperature in 1 hour. Similarly, the complete deuteration of 9 was 
accomplished in 6 hours at 45 °C. Comparing the performance of 
[Fe]-5 to [Fe]-4 demonstrates that 3- and 5-substitution has more 
profound impact on the rate of HIE than substitution in the 4-
position of the pyridine. While the origins of this effect remain 
unknown, it is possible that either the LUMO lies primarily at the 
3- and 5-positions, or the methyl groups distort the ligand to in-
crease electron density at the metal center. 

 

   
Scheme 5. Evaluation of different substitution patterns in cata-

lytic HIE performance of [(CNC)Fe]-complexes. Full conversion 
is defined as >98% consumption by 1H or 19F NMR spectroscopy. 

 
Effect of H2 Pressure and Comparison of Fe(0) versus Fe(II) 

Precatalysts. The effect of dihydrogen on iron-catalyzed HIE was 
also studied. Of particular interest was whether H2 was required to 
generate the active HIE catalyst or if oxidative addition of the 
C(sp2)–H bonds of the substrate and benzene-d6 occurred from 
Fe(0). To evaluate this possibility, the iron bis(dinitrogen) com-
plex, (3,5-Me2-MesCNC)Fe(N2)2 [Fe]-5-N2 was explored as a 
precatalyst for HIE with 2 in benzene-d6 solution (Scheme 6). 
Under N2 atmosphere, no deuterium incorporation was observed in 
2 over 24 hours at 50 °C. Freeze-pump thawing the solution and 
continuing the reaction under static vacuum at 50 °C, gave com-
plete conversion to 2-d2 was observed after 24 h. The observed 
inhibition of HIE in the presence of N2 supports a slow substrate 
precoordination step prior to C(sp2)–H activation. As the pressure 
of N2 decreases, a large increase in HIE performance was observed. 

  
Scheme 6. Impact of iron oxidation state of the precatalyst on 

HIE performance and role of N2.  
 
The higher reactivity of the iron(II)-based precatalysts in the 

presence of H2 in comparison with Fe(0) complexes under vacuum 
supports more facile C–H activation reactivity from the iron(II) 
dihydride intermediate. It is also possible that the iron(0) precata-
lyst slowly converts to an Fe(II)-dihydride in the reaction mixture 
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to generate the intermediate responsible for C(sp2)–H activation. 
To test this hypothesis, parallel experiments monitoring the HIE 
activity of [Fe]-5-N2 with 19 by 19F NMR spectroscopy under 0.1 
atm H2 and vacuum were conducted (Scheme 7). 19 was selected 
as a representative substrate for these studies as there is only one 
sterically accessible C(sp2)–H site, and deuterium incorporation 
could be readily assayed by 19F NMR spectroscopy. After 24 hours, 
the sample with H2 present produced complete conversion while 
the reaction under vacuum proceeded to <10% conversion. In both 
cases, the reaction time course provided no evidence for an induc-
tion period. These findings demonstrate that [Fe]-5-N2 likely does 
not form an iron hydride under vacuum and instead a distinct, less 
active C–H activating species and ultimately HIE catalyst was 
present.  

 

  
Scheme 7. Effect of H2 on iron-catalyzed HIE. 
 
Finally, to address the observed activity differences under 

H2 versus static vacuum, two catalytic cycles are proposed in 
Scheme 8. Under H2 (Scheme 8a), an iron(II) dihydride interme-
diate rapidly forms from addition of H2 to [Fe]-5-N2, which then 
rapidly tranforms into an iron(II) dideuteride (I-a) through ex-
change with benzene-d6, as reported previously.20 This iron dideu-
teride compound is responsible for C–H activation and coordina-

tion of an arene C–H bond forming II-a.  C–H activation leads to 
the formation of III-a that is subsequently converted to I-a by 
arene exchange with benzene-d6 and further HIE. Under static 
vacuum (Scheme 8b), a similar but slower pathway is also likely 
operative. The initial C–H oxidative addition to form an iron(II) 
aryl-deuteride I-b was slower as evidenced by the inhibition of HIE 
by N2 and the observation of [Fe]-5-N2 during the catalytic cycle 
(Figure S6). Intermediate I-b also likely acts as a C–H activating 
species, however due to the increase steric encumbrance about the 
iron center of I-b, coordination to form II-b and subsequent C-H 
activation to form III-b are likely slower than for I-a. In this scenar-
io, the pathway where II transforms to III likely involves either a 

redox-neutral s-complex-assisted metathesis type mechanism15,23 
or a Fe(0/II/IV) cycle.15,24,25 

  
Scheme 8. Proposed mechanisms for iron-catalyzed HIE. 
 
Conclusions. In summary, pyridine bis(N-heterocyclic) car-

bene pincer-ligated iron(II) dialkyl complexes are effective precata-
lysts for the HIE of C(sp2)–H bonds in substituted arenes and 
heteroarenes under low (<1 atm) pressures of H2 using benzene-d6 
as the isotope source. The high activity of these complexes in ben-
zene-d6 enabled a predictable regioselective deuteration method at 
unencumbered positions of different arenes with unprecedented 
levels of isotopic incorporation using a widely available NMR 
solvent as the deuterium source. The selectivity of the C(sp2)–H 
activation step support a kinetically controlled C(sp2)–H activation 
favoring meta-to-fluorine sites. Exploring substitution of the pincer 
ligand established that introduction of methyl groups in the 3- and 
5-position of the central pyridine ring dramatically enhanced over-
all HIE activity. Dinitrogen was identified as an inhibitor of cataly-
sis likely due to strong coordination to iron(0), d8 intermediates 
while small quantities of dihydrogen generated a potent C–H 
activating species. These observations provide a blueprint for ra-
tional design of next generation of iron catalysts for HIE and other 
transformations involving the activation of C–H bonds by iron 
catalysts. 
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