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ABSTRACT: We describe a combined experimental and
computational study into the scope, regioselectivity, and
mechanism of the catalytic hydrodeﬂuorination (HDF) of
ﬂuoropyridines, C5F5−xHxN (x = 0−2), at two Ru(NHC)(PPh3)2(CO)H2 catalysts (NHC = IPr, 1, and IMes, 2). The
regioselectivity and extent of HDF is signiﬁcantly dependent on
the nature of the NHC: with 1 HDF of C5F5N is favored at the
ortho-position and gives 2,3,4,5-C5F4HN as the major product.
This reacts on to 3,4,5-C5F3H2N and 2,3,5-C5F3H2N, and the latter
can also undergo further HDF to 3,5-C5F2H3N and 2,5-C5F2H3N.
para-HDF of C5F5N is also seen and gives 2,3,5,6-C5F4HN as a
minor product, which is then inert to further reaction. In contrast,
with 2, para-HDF of C5F5N is preferred, and moreover, the 2,3,5,6C5F4HN regioisomer undergoes C−H bond activation to form the
catalytically inactive 16e Ru-ﬂuoropyridyl complex Ru(IMes)(PPh3)(CO)(4-C5F4N)H, 3. Density functional theory calculations
rationalize the diﬀerent regioselectivity of HDF of C5F5N at 1 and 2 in terms of a change in the pathway that is operating with
these two catalysts. With 1, a stepwise mechanism is favored in which a N → Ru σ-interaction stabilizes the key C−F bond
cleavage along the ortho-HDF pathway. With 2, a concerted pathway favoring para-HDF is more accessible. The calculations
show the barriers increase for the subsequent HDF of the lower ﬂuorinated substrates, and they also correctly identify the most
reactive C−F bonds. A mechanism for the formation of 3 is also deﬁned, but the competition between C−H bond activation and
HDF of 2,3,5,6-C5F4HN at 2 (which favors C−H activation experimentally) is not reproduced. In general, the calculations appear
to overestimate the HDF reactivity of 2,3,5,6-C5F4HN at both catalysts 1 and 2.
KEYWORDS: catalysis, hydrodeﬂuorination, DFT, mechanism, ruthenium, pentaﬂuoropyridine, N-heterocyclic carbenes

■

INTRODUCTION
Eﬀorts to develop new synthetic routes to aromatic
ﬂuorocarbons are driven primarily by the important role that
C−F-containing molecules occupy in the pharmaceutical and
agrochemical industries, as exempliﬁed by the molecules shown
in Chart 1.1 In the cases of compounds such as Tivicay or
Sitagliptin,2 one hypothetical approach to the preparation of the
2,4-diﬂuorophenyl or 2,4,5-triﬂuorophenyl substituents would
be via a metal-catalyzed hydrodeﬂuorination (HDF) reaction of
a pentaﬂuorophenyl ring.3
However, signiﬁcant obstacles ﬁrst need to be overcome to
realize such processes.4 In most of the cases of either
stoichiometric or catalytic C−F bond activation reported thus
far, bond cleavage becomes more diﬃcult as the number of
ﬂuorine substituents decreases, and so whereas transforming a
-C6F5 group to a -C6F4H group is well-established, the second
© XXXX American Chemical Society

and third HDF steps that would be necessary to realize -C6F3H2
and -C6F2H3 groups are far more challenging.5 Second, there
needs to be control of regiochemistry to allow the targeted
substitution of hydrogen atoms selectively into the desired
positions. In the majority of catalytic HDF reactions that
employ a simple model substrate such as C6F5H, functionalization of the C−F bond at the para-position takes place to
generate 1,2,4,5-C6F4H2.3,6 This implies that even retaining the
F para to the C−C bond in all three of the structures in Chart 1
might prove to be diﬃcult, let alone the subsequent directed
HDF at the ortho- and meta-positions. A third issue relates to
chemoselectivity, in driving the more thermodynamically
Received: October 24, 2014
Revised: December 15, 2014
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Chart 1. High-Value Fluoroaromatic Compounds

Scheme 2. Mechanisms of Ru-Catalyzed HDF of C6F5H to
1,2,3,4-C6F4H2

favorable C−F bond activation over the competitive and
kinetically favored C−H activation.7
In 2009, we reported the catalytic HDF of C6F6, C6F5H and
C 5 F 5 N by the ruthenium-based complexes Ru(NHC)(PPh3)2(CO)H2 (NHC = N-heterocyclic carbene) in the
presence of alkylsilanes (Scheme 1). This system showed a very
unusual and remarkably high regioselectivity for HDF at an
ortho-position, for example, converting C6F5H to 1,2,3,4C6F4H2 with 98% selectivity.8,9 Density functional theory
(DFT) studies were able to explain this high ortho-selectivity on
the basis of a novel nucleophilic hydride attack mechanism
involving either a stepwise or concerted pathway.10 In the
former stepwise process (Pathway 1, Scheme 2), C6F5H initially
binds in an η2-fashion (I) which permits an intramolecular
hydride attack to generate a metal-stabilized Meisenheimer
intermediate (II). Loss of HF then produces an LnRu−C6F4H
complex (III) which upon protonolysis eliminates 1,2,3,4C6F4H2. In the alternative concerted process (Pathway 2),
direct Ru−H/C−F exchange takes place in an intermolecular
fashion to generate 1,2,3,4-C6F4H2 directly in a single step. For
C6F5H, the stepwise pathway is more accessible. Moreover, the
formation of the ortho-HDF product is favored over the metaand para-isomers. This and subsequent work11 also highlighted
how Pathway 1 favors HDF at sites adjacent to a C−H bond, as
this allows access to what would otherwise be a sterically
encumbered transition state.
In the initial experimental study, we also showed that C5F5N
was far more reactive than C6F5H in terms of activity (total
TON) and in undergoing more than a single HDF step,
resulting in the formation of triﬂuoro- and diﬂuoropyridines.
Using a combined experimental and computational approach,
we now describe a study aimed at deﬁning the scope,
regioselectivity, and mechanism of HDF across a series of
ﬂuoropyridines using two Ru NHC catalysts, Ru(NHC)(PPh3)2(CO)H2 (NHC = IPr, 1 or IMes 212). The study

reveals that the change of NHC in these catalysts has a
signiﬁcant impact not only on the regioselectivity and extent of
the HDF reactivity but also on the chemoselectivity through
competition with an alternative C−H bond activation process.
DFT calculations are used to probe the possible mechanisms of
the HDF reactions and explore the competition between C−F
and C−H bond activation.13

■

RESULTS
Experimental Studies on the Hydrodeﬂuorination of
C5F5−xHx (x = 0−2) with Ru(NHC)(PPh3)2(CO)H2 (NHC =
IPr 1, IMes 2). The most active of the Ru-NHC catalysts, the
N-diisopropylphenyl substituted species Ru(IPr)(PPh3)2(CO)H2 (1), was initially employed for the HDF of a range of
ﬂuoropyridines with Et3SiH as the reductant. A summary of the
catalytic results is shown in Table 1.
Although HDF of C5F5N had previously been reported,8 this
process was reinvestigated as a benchmark for comparison to
other substrates. Thus, under a standard set of reaction
conditions (28 h reaction at 343 K in THF with 10 mol %
loading of 1), C5F5N underwent 90% conversion to a mixture
of ﬁve products (Entry 1), which were identiﬁed on the basis of
their 1H and 19F NMR spectra as lower ﬂuorine-containing
species resulting from up to three HDF steps. The major
product was 2,3,4,5-C5F4HN, formed through activation of the
C−F bond ortho to the pyridyl nitrogen; taken together with
the amounts of 3,4,5-C5F3H2N, 2,3,5-C5F3H2N and 3,4C5F2H3N, ca. 80% of the products result from cleavage of an

Scheme 1. Ru-Catalyzed HDF of C6F5H to 1,2,3,4-C6F4H2
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Table 1. Product Distribution for the Catalytic HDF of Fluoropyridines by Ru(NHC)(PPh3)2(CO)H2 (NHC = IPr (1), IMes
(2))a

a

Conditions: 10 mol % Ru, 0.05 mM substrate, 0.1 mM Et3SiH, 0.5 mL THF. bDetermined by integration of the 19F NMR spectra relative to an
external standard of α,α,α-triﬂuorotoluene. Values are the average of three catalytic runs. cTON = (moles of ﬂuoroaromatic products × number of
HDF steps)/mols of catalyst. dRemaining C5F5N accounts for the yields being <100%.

ortho C−F bond, supporting the high regioselectivity of the Ru
system.
Increasing the temperature to 363 K (Entry 2) or reaction
time to 7 days at 343 K (Entry 3) promoted additional HDF.
As a result, the percentage of products resulting from more
than a single HDF step increased from ca. 30% at 343 K to 51%
at 363 K and to 59% with the extended time. In both reactions,
3,4,5-C5F3H2N was the major product as a result of HDF at the
second ortho-position. Of note is that the modiﬁed conditions
did not change the amount of 2,3,5,6-C5F4HN formed (relative
to the standard reaction), indicating that this product is inert to
further HDF; indeed, only a minimal amount of HDF was
observed when 2,3,5,6-C5F4HN was used as the substrate in a
catalytic run (Entry 4). 1H and 31P{1H} NMR spectra revealed
that 1 was still fully intact (vide infra).
Interestingly, changing the ortho N-substituent from F (in
2,3,5,6-C5F4HN) to H (in 2,3,5-C5F3H2N) resurrected some,
albeit modest, HDF activity, producing the diﬂuoropyridines,

3,5-C5F2H3N and 2,5-C5F2H3N (Entries 5 and 6). There was
no evidence for further reduction to any mono ﬂuoropyridine
products, consistent with the general paucity of catalytic
systems in the literature able to react with mono- or
diﬂuorinated substrates.5e
In agreement with the previous results with C6F6 and
C6F5H,8 the Ru-IMes complex 2 proved to be a less active
catalyst for the HDF of C5F5N, giving ca. 60% conversion in 28
h at 343 K (Entry 7). Moreover, there was now a switch in the
regioselectivity of the reaction, with the para-HDF product
2,3,5,6-C5F4HN present as the major component of the
products. In this case, attempts to bring about HDF of
2,3,5,6-C5F4HN itself resulted instead in the loss of catalyst 2
through competitive C−H activation to aﬀord the ﬂuoropyridyl
hydride complex, Ru(IMes)(PPh3)(CO)(4-C5F4N)H (3). This
pathway helps to account for the poorer catalytic activity of 2
toward C5F5N, as the catalyst is shunted oﬀ the catalytic cycle
by C−H activation of the initial product of HDF. Interestingly,
778
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Figure 1. X-ray crystal structure of Ru(IMes)(PPh3)(CO)(4-C5F4N)H (3). Ellipsoids shown at 30% level with all hydrogen atoms (except Ru−H)
omitted for clarity. Selected bond lengths (Å) and angles (deg): Ru(1)−C(1) 2.106(2), Ru(1)−C(22) 2.148(2), Ru(1)−C(27) 1.862(2), Ru(1)−
P(1) 2.3468(6), C(1)−Ru(1)−P(1) 174.06(7), C(22)−Ru(1)−C(27) 174.27(10), C(1)−Ru(1)−C(22) 91.07(7).

Scheme 3. Possible Mechanisms for Catalytic HDF of C5F5N at 1 and 2 To Give 2,3,4,5-C5F4HNa

a

The numbering scheme used in the text is also shown for those atoms involved in the HDF reaction, where ring carbons take the same number as
their F-substituent in C5F5N.

ray crystal structure (Figure 1) displayed the anticipated
square-based pyramidal structure with an apical hydride ligand.
π-Stacking in the molecule is evidenced by a centroid-centroid
distance of 3.52 Å between the aromatic rings based on C4 and
C22 and the comparatively smaller distance of 3.40 Å between
the ﬂuoropyridyl ring and the phenyl group based on C28. The
associated angles between the mean-planes of pairs of adjacent
rings are 4.3° (rings based on C4 and C22) and 10.2° (rings
based on C22 and C28), respectively. The achievement of the

C−H cleavage was not observed when 2,3,5,6-C5F4HN was
changed to 2,3,5-C5F3H2N, although only very low HDF
activity was recorded, even with prolonged reaction times
(Entries 8 and 9).
Isolation and Characterization of Ru(IMes)(PPh3)(CO)(4-C5F4N)H (3). Complex 3 was fully characterized by
multinuclear NMR spectroscopy and X-ray crystallography
following isolation as dark orange crystals from a stoichiometric
reaction of 2 with 2,3,5,6-C5F4HN at 323 K for 4 days. The X779
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Figure 2. Computed Free Energy Proﬁles (BP86-D3(THF), kcal/mol) for HDF of C5F5N following PPh3 loss at 1 to give 2,3,4,5-C5F4HN via either
stepwise Pathway 1 (via B) or concerted Pathway 2 (direct from A).

exchange reactions with PPh3-d15 (see Figures S11 and S12,
Supporting Information). Moreover, the isomer formed in the
latter process readily rearranges with a minimal barrier of
around 3 kcal/mol to give the lower energy form with an axial
hydride. As with our previous studies on ﬂuoroarenes,10,11 two
pathways for the HDF step have been characterized from
Intermediate A. In Pathway 1, HDF proceeds in a stepwise,
intramolecular fashion via the N-bound C5F5N complex B15
and leads to an analogous adduct of the 2,3,4,5-C5F4HN
product, C. Dissociation then gives 16e Ru hydride ﬂuoride D,
which can react with trialkylsilanes to regenerate the active
dihydride A. In Pathway 2, HDF is a concerted process in
which 16e A reacts with C5F5N in an intermolecular fashion to
generate the HDF product and hydride ﬂuoride species D
directly in one step.
Reactions of C5F5N at 1. We consider ﬁrst the details of
these two pathways for the HDF of C5F5N at 1, for which
reaction at the ortho position is preferred experimentally. In the
following, all free energies are quoted relative to the N-bound
C5F5N adduct B, which is set to zero. The computed free
energy proﬁles for HDF of C5F5N at the ortho position via
Pathways 1 (stepwise) and 2 (concerted) are compared in
Figure 2, with key computed structures shown in Figure 3. The
ﬁrst step along Pathway 1 is C5F5N addition to A to give adduct
B with a computed binding free energy of 7.6 kcal/mol.16 B is
most stable as this N-bound form and exhibits a Ru−N distance
of 2.30 Å. The most accessible alternative π-bound isomer is 3.1
kcal/mol higher in energy than B and binds through the C3
C4 bond. This preference contrasts that observed experimentally17 or in calculations18 on Group 10 M(PR3)2(C5F5N)
species where a π-bound form is preferred, and this probably
reﬂects the greater π-basicity of the bent {M(PR3)2} fragments
in those studies. A few N-bound adducts of C5F5N have been
structurally characterized experimentally, with the most relevant
here being cis-[Re(PiPr3)(CO)4(NC5F5)][BArF4] (ArF = 3,5C6H3(CF3)2) where the Re−N distance is 2.319(5) Å.19 Several
square-planar Pt(II) σ-adducts are also known,20 but none to
date are known for Ru.

latter occurs concomitantly with substantial deviation in the
phosphine ligand, such that the P1−C28−C29-C30 angle has a
value of 165.6° rather than an ideal value of 180°. The Ru−
Cfluoroaryl distance is comparable to that found in the related
coordinatively saturated analogue, Ru(ICy)(dppp)(CO)(4C5F4N)H (ICy = 1,3-dicyclohexylimidazol-2-ylidene; dppp
=1,4-bis(diphenylphosphino)propane).14
The solution NMR data were consistent with the solid-state
structure. The low frequency (δ −26.2) of the Ru−H
resonance was indicative of a vacant trans-coordination site,
while the doublet of doublet of doublets multiplicity resulted
from the expected cis-31P coupling, along with coupling to the
two ortho-ﬂuorines of the static C5F4N ligand. This lack of free
rotation about the Ru−Cfluoroaryl bond led to the appearance of
four separate 19F signals at δ −103, −105, −116, and −124.
The two lowest frequency signals were assigned to those ortho
to the Ru-bound carbon atom on the basis of 1H−19F HOESY
and HMBC spectroscopy (Supporting Information).
Computational Studies. DFT calculations were undertaken to establish the mechanism of ﬂuoropyridine HDF by 1
and 2 and to probe the factors controlling the diﬀerent chemoand regioselectivities observed with these two catalyst
precursors. The calculations here employed the full experimental structures, as previous studies have shown the
importance of the NHC ligand architecture in both promoting
HDF and dictating the selectivity of that process.10,11 We
report free energies calculated with the BP86 functional in the
gas-phase and then corrected for both THF solvent (PCM
approach) and dispersion eﬀects (Grimme’s D3 parameter set)
via single point energy calculations at the BP86-optimized
geometries (see Computational Details).
A general HDF catalytic cycle is shown in Scheme 3, based
on the reaction of C5F5N at the ortho position to give 2,3,4,5C5F4HN. Starting from the 6-coordinate precursors (1 or 2)
catalysis is initiated by loss of PPh3 to give the 16e dihydride
intermediate A. Calculations showed PPh3 dissociation to be ca.
14 kcal/mol more accessible when trans to hydride than when
trans to the NHC; this was also borne out experimentally by
780
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Figure 3. Computed structures of Int(B−C)1, TS(B−C)2, Int(B−C)2 (Pathway 1) and TS(A-D) (Pathway 2) with key distances in Å. H atoms,
with the exception of IPr methine and participating hydride ligands, are omitted for clarity.

character also leads to short (<2.2 Å) F6···H−C contacts to two
methine hydrogens on the IPr isopropyl substituents. Similar
stabilizing interactions were noted in our previous study on
HDF of C6F5H and were important in directing the ortho
selectivity of that process.10,11 The onward reaction of Int(B−
C)2 involves the facile cleavage of the weakened C6−F6 bond
via TS(B−C)3 (G = +2.5 kcal/mol: C6···F6 = 1.79 Å; Ru···F6 =
3.29 Å), with F-transfer to Ru to give C, the N-bound adduct of
2,3,4,5-C5F4HN (G = -39.8 kcal/mol). This contrasts with the
computed mechanism with C6F5H where HF is formed at this
stage,10,11 and possibly reﬂects the much shorter C6−H1 bond
in the present case which being essentially fully formed is
resistant to deprotonation. From C the catalytic cycle would be
completed by dissociation of 2,3,4,5-C5F4HN to give 16e D (G
= −29.9 kcal/mol) followed by reduction with Et3Si−H to
regenerate A. The barrier for the latter process has been
calculated to be 11.1 kcal/mol.
Along Pathway 2 the hydride ligand trans to CO in A attacks
C5F5N directly without any prior coordination of the
ﬂuoroaromatic. The HDF proceeds in one step via TS(A-D)
(G = +18.4 kcal/mol) in which the Ru···H1 distance has
lengthened to 1.86 Å and the C6−H1 bond is beginning to form
(C6···H1 = 1.40 Å). This promotes a lengthening of the C6−F6

Stepwise HDF along Pathway 1 proceeds through an initial
isomerization of B via TS(B−C)1 (G = +12.2 kcal/mol) to give
a π(C,N)-bound intermediate, Int(B−C)1 (G = +9.9 kcal/mol:
Ru−N = 2.34 Å; Ru−C6 = 2.39 Å). The geometry of Int(B−
C)1 is set up for attack of H1 at the ring C6 position and this
proceeds via TS(B−C)2 (G = +14.0 kcal/mol) with transfer of
H1 from Ru onto C6 (Ru···H1 = 1.71 Å; C6···H1 = 1.68 Å), and
elongation of the Ru−C6 and C6−F6 bonds to 2.45 and 1.41 Å,
respectively. The Ru−N distance is not much altered at this
point (2.32 Å), but it subsequently shortens signiﬁcantly to
2.22 Å in Int(B−C)2 (G = −2.3 kcal/mol), which also features
an intact C6−H1 bond (1.10 Å) and further elongation of the
C6−F6 distance (1.62 Å). The {C5F5HN} moiety in Int(B−
C)2 therefore resembles a Meisenheimer intermediate formed
by the intramolecular nucleophilic (SNAr) attack of hydride.
Consistent with this picture is the lengthening of both the C6−
C5 and C6−N distances to 1.45 and 1.40 Å, respectively (cf.
1.40 and 1.33 Å in free C5F5N), while the short Ru−N distance
suggests signiﬁcant stabilization via N → Ru σ-donation.
Int(B−C)2 represents a relatively late point on the SNAr
coordinate, as evidenced by the long C6−F6 distance and the
increased NBO negative charge on F6 (−0.46 cf. an average
charge of −0.31 on the remaining ring ﬂuorines). This ﬂuoridic
781
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Table 2. Computed Free Energies (kcal/mol) of Key Stationary Points Associated with HDF at the ortho, meta and para
Positions of C5F5N via Pathways 1 and 2 at Catalysts 1 (NHC = IPr) and 2 (NHC = IMes)a
pathway

1 (stepwise)

2 (concerted)

catalyst 1

Int(B−C)1

TS(B−C)2

Int(B−C)2

TS(B−C)3

TS(A-D)

ortho
meta
para
catalyst 2
ortho
meta
para

+9.9
+5.3
+3.1
Int(B−C)1
+12.5
+7.2
+6.8

+14.0
+16.2
+11.2
TS(B−C)2
+16.8
+17.7
+14.5

−2.3
+14.6
+8.8
Int(B−C)2
+2.5
+15.8 → +6.8b
+12.7 → −0.3b

+2.5
+19.0
+16.6
TS(B−C)3
+3.1
+16.9
+17.2

+18.4
+18.7
+16.1
TS(A-D)
+20.2
+19.3
+15.9

a
All energies are quoted relative to adduct B at 0.0 kcal/mol for each system. bAlternative forms of Int(B−C)2 are implicated in the reaction proﬁle:
see text for details.

+18.7 kcal/mol). This qualitatively reproduces the experimental
observations where ortho-HDF dominates with minor products
arising from para-HDF (Table 1, Entries 1−3).
Table 2 also includes the equivalent data for HDF of C5F5N
using the IMes-based catalyst 2. ortho-HDF proceeds in a
similar fashion to that seen for 1, however for meta- and paraHDF a more stable form of Int(B−C)2 is implicated in the
reaction. This new species, Int(B−C)2′, lies at +6.8 kcal/mol
and −0.3 kcal/mol for meta- and para-HDF, respectively, and
diﬀers from Int(B−C)2 by a rotation of the {C5F5HN} moiety
which allows the C−F bond adjacent to the sp3 carbon to lie
parallel to the Ru−IMes bond. IRC calculations show that for
the Ru-IMes system Int(B−C)2′ links directly to TS(B−C)3;
see Figure S20 in the Supporting Information.25 This additional
feature does not, however, aﬀect the overall barriers to HDF at
2 as para-HDF is favored through TS(A-D) at +15.9 kcal/mol,
while the rate-limiting transition state for meta-HDF is TS(B−
C)2 at +17.7 kcal/mol.
Comparing the HDF proﬁles in Table 2 shows the energies
of both Int(B−C)1 and TS(B−C)2 to be 2−4 kcal/mol higher
for all three HDF processes when computed with the Ru-IMes
system 2. TS(A-D) is also destabilized for ortho and meta HDF,
although the eﬀect here is smaller. Most signiﬁcantly a change
in ortho/para selectivity is seen, the most accessible reaction at
2 being HDF at the para position (via Pathway 2, ΔG‡ = +15.9
kcal/mol), followed by reaction at the ortho position (via
Pathway 1, ΔG‡ = +16.8 kcal/mol) with the meta position again
least favored (via Pathway 1, ΔG‡ = +17.7 kcal/mol). These
changes are consistent with 2,3,5,6-C5F4HN being the
dominant HDF product formed with 2, with smaller amounts
of products (2,3,4,5-C5F4HN and 2,3,5-C5F3H2N) arising from
ortho-HDF being seen (see Table 1, Entry 7). The switch in
mechanism appears to be related to the greater accessibility of
Int(B−C)1 when formed with the IPr catalyst 1, which is then
carried through to give a lower energy for TS(B−C)2 in this
case.
HDF of Lower Fluorinated Substrates at 1. With Ru-IPr
catalyst 1, the major initial product, 2,3,4,5-C5F4HN, can
undergo further HDF to give 3,4,5-C5F3H2N and 2,3,5C5F3H2N. 3,4-C5F2H3N is also seen in trace amounts in
these initial runs, and this can only originate from 3,4,5C5F3H2N (see Table 1 Entries 1−3). No HDF products
derived from 2,3,5-C5F3H2N are apparent, possibly as this
species is only formed in relatively small amounts. Indeed, if
2,3,5-C5F3H2N is introduced in a separate run as the sole
substrate then formation of the HDF products 3,5-C5F2H3N
and 2,5-C5F2H3N is seen (see Entries 5 and 6). In general,
HDF becomes more diﬃcult as the number of F-substituents

bond to 1.45 Å and, as this lies parallel to the Ru−NHC bond,
this also permits two short F6···H−C contacts (2.41 and 2.27
Å) to develop to the IPr ligand which may further promote this
process.21 TS(A-D) leads directly to 16e D and free 2,3,4,5C5F4HN. Of the two possible mechanisms considered for the
ortho HDF of C5F5N at 1, stepwise Pathway 1 proceeds with a
lower overall barrier of 14.0 kcal/mol, and therefore, this is
clearly favored kinetically over concerted Pathway 2, which has
an overall barrier of 18.4 kcal/mol.
To assess the overall regioselectivity of C5F5N HDF at 1, the
reactions at the meta and para positions were also considered
via both Pathways 1 and 2. Table 2 displays the computed free
energies (relative to the N-bound adduct B) of the key
stationary points for these processes, alongside those already
discussed for HDF at the ortho position. For Pathway 2 very
similar geometries were located for TS(A-D) to that seen above
for ortho activation. Barriers indicate this pathway is slightly
higher for the meta position (18.7 kcal/mol) but somewhat
more accessible for the para position (16.1 kcal/mol).22 Along
Pathway 1, the energy of TS(B−C)2 follows the same trend,
and in each case, this transition state is computed to be lower in
energy than TS(A-D). This pattern of reactivity (para > ortho >
meta) is consistent with a nucleophilic attack mechanism and is
also seen in the SNAr reactions of free C5F5N with simple
alkoxide nucleophiles.23 For ortho HDF along Pathway 1
TS(B−C)2 is higher than the subsequent F-transfer transition
state TS(B−C)3 and so TS(B−C)2 is rate-determining.
However, this is no longer the case for HDF at the meta and
para positions as now both Int(B−C)2 and TS(B−C)3 are
signiﬁcantly destabilized, reﬂecting the fact that no N → Ru
stabilization is possible when HDF occurs at the remote meta
and para positions. As a result TS(B−C)3 becomes the ratelimiting transition state for HDF at the meta and para positions
via Pathway 1. This situation is similar to that seen previously
for the HDF of C6F5H, where the C−F bond cleavage step
along Pathway 1 (equivalent to TS(B−C)3 here) was ratelimiting for all three ortho-, meta-, and para-HDF reactions.24
The destabilization of TS(B−C)3 for meta and para HDF
along Pathway 1 moves these above TS(A-D) computed for
Pathway 2. The concerted pathway is therefore favored for
these reactions, although as the diﬀerence in energy between
the rate-limiting transition states is very small (<0.5 kcal/mol),
one might expect both pathways to be operative.
For the reaction of C5F5N at 1, the overall computed order
of reactivity is for HDF to occur at the ortho position (via
Pathway 1, ΔG‡ = +14.0 kcal/mol) in preference to reaction at
the para position (via Pathway 2, ΔG‡ =+16.1 kcal/mol) with
reaction at the meta position least likely (via Pathway 2, ΔG‡ =
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In contrast, the computational modeling of the lower
reactivity of the 2,3,5,6-C5F4HN isomer has been less
successful. This species is formed as a minor HDF product of
C5F5N with 1 and, compared to the 2,3,4,5-C5F4HN isomer, is
far more reluctant to undergo any further HDF reactions,
despite both ﬂuoropyridines having four remaining Fsubstituents (Table 1, Entry 4). HDF of 2,3,5,6-C5F4HN is
computed to have rate-limiting transition states at 17.4 and 19.3
kcal/mol for the ortho- and meta-positions, respectively.
Although these indicate a signiﬁcantly lower reactivity than
C5F5N, these barriers are both lower than the most accessible
HDF transition state of the 2,3,4,5-isomer (20.3 kcal/mol),
predicting that 2,3,5,6-C5F4HN should be amenable to HDF, in
contrast to what is observed experimentally. Instead, 2,3,5,6C5F4HN yields only trace amounts of the ortho HDF product
under standard conditions (Table 1, Entry 4). The accessibility
of HDF in 2,3,5,6-C5F4HN is therefore overestimated in the
current approach (see Discussion below).
C−H Bond Activation of 2,3,5,6-C5F4HN at 2. HDF of
C5F5N by Ru-IMes catalyst 2 leads to 2,3,5,6-C5F4HN and the
calculations indicate this change in regioselectivity (compared
to catalyst 1) arises as Pathway 2 is operative and directs HDF
to the para position (see Table 2). In further contrast to the
situation with 1, the IMes system then reacts further with
2,3,5,6-C5F4HN to give the C−H activated product 3. The
computed mechanism for this process is shown in Figure 5 and

decreases, thus no evidence for HDF of either isomer of
C5F2H3N is seen under the present conditions.
We have computed reaction proﬁles for these various HDF
processes, and the energies of the relevant rate-limiting
transition states along both Pathways 1 and 2 are reported in
Figure 4. For a given position, the computed HDF barrier

Figure 4. Free energies (kcal/mol) of rate-limiting transition states for
the HDF of ﬂuoropyridines C5F5−xHxN (x = 0−2) at catalyst 1. Two
values corresponding to Pathway 1/Pathway 2 are shown for each
unique C−F bond, and all energies are quoted relative to the relevant
N-bound precursor adduct B at 0.0 kcal/mol. Only isomers implicated
in the experimental studies are shown.

increases as the numbers of F substituents elsewhere in the
aromatic ring are reduced. Thus, the low barriers for ortho and
para HDF of C5F5N (14.0 and 16.1 kcal/mol, respectively)
increase to +20.3 kcal/mol and +19.7 kcal/mol for the
equivalent processes with 2,3,4,5-C5F4HN. para-HDF in
3,4,5-C5F3H2N then has a further increased barrier of 23.4
kcal/mol, while para-HDF in 3,4-C5F2H3N has a slightly higher
barrier of 23.7 kcal/mol.
The similar computed barriers of around 20 kcal/mol for
ortho- and para-HDF of 2,3,4,5-C5F4HN are consistent with the
mixture of 3,4,5-C5F3H2N and 2,3,5-C5F4H2N seen experimentally, although the calculations do suggest somewhat more
of the 2,3,5-C5F3H2N isomer might be formed than is seen
experimentally. In this case, HDF at the two distinct meta C−F
bonds of 2,3,4,5-C5F4HN cannot compete due to transition
states above +22 kcal/mol, and the corresponding products are
not observed experimentally. For 2,3,5-C5F3H2N, transition
states at +21.6 and 22.4 kcal/mol would permit reaction at the
2- and 3-positions to form the observed 3,5- and 2,5-isomers of
C5F2H3N respectively (Table 1, Entries 5 and 6). HDF of 3,4,5C5F3H2 has transition states at +24.2 kcal/mol and +23.4 kcal/
mol for the meta- and para- positions respectively; thus, despite
3,4,5-C5F3H2 being formed in reasonable amounts (Table 1,
Entries 1−3), subsequent prolonged heating only results in
trace amounts of the 3,4-isomer of C5F2H3N being seen.
Overall, the calculations provide a reasonable qualitative
description of the relative reactivities of the diﬀerent
ﬂuoropyridines, in particular the decreased HDF activity as
the number of F-substituents is reduced. The calculations also
correctly identify the most likely sites for HDF, although here
the computed barriers do not always reﬂect the precise product
distributions seen experimentally.

Figure 5. Computed free energy proﬁle (BP86-D3(THF), kcal/mol)
for C−H activation of 2,3,5,6-C5F4HN following PPh3 loss at 2 to give
3. The inset provides barriers for the competing barriers to HDF via
Pathway 1/Pathway 2. All energies are relative to the N-bound adduct
of 2,3,5,6-C5F4HN set to 0.0 kcal/mol. The numbering of key atoms is
also shown, where ring carbons take the same number as their
substituent in 2,3,5,6-C5F4HN.

proceeds from precursor E (G = +5.7 kcal/mol), a noncovalently bound adduct featuring a weak Ru···F3 interaction
(2.82 Å) and a Ru−H1···H4−C4 dihydrogen interaction (2.10
Å). C4−H4 bond activation then proceeds through TS(E-3)1
(see also Figure 6) with transfer of H4 onto H1 and
concomitant Ru−C4 bond formation to give dihydrogen
complex Int(E-3)2 at −0.1 kcal/mol. Dissociation of H2 is
then coupled with isomerization of the coordination geometry
at Ru such that the remaining hydride, H2, moves into an axial
site, trans to the vacant site in the resultant square-pyramidal
product 3 (G = −4.9 kcal/mol). C−H activation is therefore
exergonic relative to the N-bound adduct of 2,3,5,6-C5F4HN
and proceeds with an overall barrier of 17.1 kcal/mol. A further
consideration, however, is the competition with any potential
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Figure 6. Computed structures of TS(E-3)1 and TS(E-3)2 with key distances in Å. PPh3 and IMes H atoms (with the exception of the IMes orthoMe groups) are omitted for clarity.

cases, experiment and calculations showed two alternative HDF
processes to be in close competition, and the precise product
distributions were not always correctly modeled in the
calculations. However, the diﬀerences in energy that are
reﬂected in these product distributions are small and do not
represent a signiﬁcant absolute error in the calculations.
A more signiﬁcant issue is the apparent diﬃculty in modeling
the reactivity of 2,3,5,6-C5F4HN, which the calculations
indicate should be amenable to further HDF with both
catalysts 1 and 2. We therefore considered (i) the functionaldependency of our results and (ii) whether an alternative
mechanism may be in play. To address point (i) we ﬁrst
recomputed the energies of the most accessible HDF transition
states of 2,3,4,5-C5F4HN and 2,3,5,6-C5F4HN at IPr catalyst 1
with a range of diﬀerent functionals: BP86, BLYP, B3LYP, PBE,
PBE0 (both with and without a dispersion correction); M06,
M06L; B97D, B97D3 and ωB97xD, giving a total of 15
diﬀerent approaches (see Table S2 in the Supporting
Information). With our standard BP86-D3(THF) protocol
these HDF transition states are at +20.3 kcal/mol and +17.4
kcal/mol, respectively, a diﬀerence of 2.9 kcal/mol indicating
(incorrectly) a preference for HDF at 2,3,5,6-C5F4HN. This
preference, however, is remarkably consistent across all 15
computational methods, ranging from 4.2 to 2.5 kcal/mol.
Similarly, we reassessed the diﬀerence between C−H activation
and HDF of 2,3,5,6-C5F4HN at catalyst 2. In this case the
BP86-D3(THF) protocol gave barriers of 17.1 and 16.7 kcal/
mol, respectively, favoring HDF by 0.4 kcal/mol; this
preference was again reproduced by the other 15 methods
tested. Our results are therefore not functional dependent.
To address point (ii), the possibility of an alternative
mechanism, we considered the initial oxidative addition of
C5F5N to form a Ru(IV) ﬂuoropyridyl intermediate Ru(NHC)(PPh3)(CO)(F)(H)2(C5F4N). This was done for NHC = IPr
and gave barriers of 26.8 and 22.3 kcal/mol for activation at the
ortho- and para-positions, respectively. These values rule out
oxidative addition as a viable process, being between 6 to 12
kcal/mol higher than the most accessible hydride attack
transition states (as well as predicting a para-selectivity not
seen experimentally). At present, we are therefore unable to
account for the anomalous results obtained in modeling the

HDF processes. These were therefore also computed (see inset,
Figure 5) and predict an HDF barrier at the ortho-position of
only 16.7 kcal/mol, indicating this process should be
competitive with C−H activation. Experimentally HDF does
not occur to any signiﬁcant extent in this system and so it again
appears that the HDF reactivity of 2,3,5,6-C5F4HN is being
overestimated in the present calculations.

■

DISCUSSION
Catalytic HDF reactions of C5F5N have been explored both
experimentally and computationally with the Ru-IPr and RuIMes catalysts 1 and 2. Experimentally HDF proceeds quite
diﬀerently with these two species. With 1 HDF is favored at the
ortho-position to give 2,3,4,5-C5F4HN which can undergo
further HDF to 3,4,5-C5F3H2N and 2,3,5-C5F3H2N. Isolated
2,3,5-C5F3H2N was also shown to undergo HDF to give 3,5C5F2H3N and 2,5-C5F2H3N. The initial HDF of C5F5N also
gives 2,3,5,6-C5F4HN as a minor product, but this species is
then inert to any further reaction. In contrast with 2, HDF of
C5F5N is favored at the para-position and gives 2,3,5,6-C5F4HN
as the major product. This, however, then undergoes C−H
activation to produce ﬂuoropyridyl complex 3 which, being
inactive as an HDF catalyst, shuts down any further reactivity.
DFT calculations have deﬁned two possible mechanisms for
these HDF reactions based on nucleophilic attack by a hydride
ligand in either a stepwise process (Pathway 1) or a concerted
process (Pathway 2). Pathway 1 involves a π-bound substrate
and favors ortho-HDF as this is stabilized by a direct N → Ru
interaction in the key C−F bond cleavage transition state.
Pathway 2 more resembles a conventional SNAr process and so
favors reaction at the para-position. A change in the preferred
pathway between catalysts 1 (Pathway 1) and 2 (Pathway 2)
captures the diﬀerent regioselectivities seen experimentally with
C5F5N, despite the relatively subtle change of NHC from IPr to
IMes. This change in the preferred mechanism appears to be
linked to the stronger binding of the π-bound intermediate,
Int(B−C)1, when formed with 1. Further calculations on the
reactivity of the IPr system reproduced the trends seen in the
subsequent HDF reactions of 2,3,4,5-C5F4HN, and correctly
identiﬁed the most likely sites for the two subsequent HDF
steps that give isomers of C5F3H2N and C5F2H3N. In most
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C6D6, 298 K): δ 202.6 (br s, Ru-CO), 189.9 (d, 2JCP = 84 Hz,
Ru-CNHC), 138.8 (s, N-Cipso), 136.9 (s, p-C6Me3H2), 135.6 (s, oC6Me3H2), 135.5 (d, 1JCP = 39.5 Hz, P-Cipso), 134.0 (d, JCP =
11.8 Hz, PC6H5), 129.6 (d, JCP = 1.6 Hz, PC6H5), 129.4 (d, JCP
= 3.1 Hz, PC6H5), 128.0 (s, m-C6Me3H2), 127.9 (s, mC6Me3H2), 122.9 (s, NCH), 122.8 (s, NCH), 21.0 (s, CCH3),
18.4 (s, CCH3), 18.3 (s, CCH3). 31P{1H} NMR (161 MHz,
C6D6 298 K): δ 51.4 (d, 2JPF = 6 Hz). 19F NMR (377 MHz,
C6D6, 298 K): −102.9 (td, 3JFF = 5JFF = 30.1 Hz, 4JFF = 12.6 Hz,
1F), −104.8 (td, 3JFF = 5JFF = 31.9 Hz, 4JFF = 12.6 Hz, 1F),
−116.0 (td, 3JFF = 5JFF = 30.1, 4JFH = 3.3 Hz, 1F), −123.7 (tt,
3JFF = 5JFF = 31.9 Hz, 4JFH = 4JFP = 6.0 Hz, 1F). IR (KBr, cm−1):
1932 (νCO). Anal. Calcd (%) for C45H40N3OF4PRu (846.86):
C, 63.82; H, 4.76; N, 4.96. Found: C, 63.63; H, 4.54; N, 5.04.
Procedure for Catalytic HDF Experiments. A J Young’s
resealable NMR tube was charged with 1 or 2 (0.01 M),
ﬂuoropyridine substrate (0.1 M) and Et3SiH (0.2 M) in THF
and a standardized capillary tube of a THF solution of α,α,α−
triﬂuorotoluene inserted. An initial 19F NMR spectrum was
recorded and the tube heated to the required temperature in an
oil bath. 19F NMR spectra of the products were integrated
relative to the internal standard and identiﬁed by comparison to
authentic samples from commercial suppliers.
X-ray Crystallography. Single crystals of 3 were analyzed
using a Nonius Kappa CCD diﬀractometer. Data were collected
using Mo Kα radiation throughout. Details of the data
collections, solutions, and reﬁnements are given in the
Supporting Information. The structure was solved using
SHELXS-9726 and reﬁned using full-matrix least-squares in
SHELXL-97.26
Crystallographic data for compound 3 has been deposited
with the Cambridge Crystallographic Data Centre as
supplementary publication CCDC 1021392. Copies of the
data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, U.K. [fax(+44) 1223
336033, e-mail: deposit@ccdc.cam.ac.uk].
Computational Details. DFT calculations were run with
Gaussian 03 (Revision D.01)27 and Gaussian 09 (Revision
D.01).28 Ru, P and Si centers were described with the Stuttgart
RECPs and associated basis sets29 with additional polarization
on P (ζ = 0.387) and Si (ζ = 0.284)30, and 6-31G** basis sets
were used for all other atoms.31 Initial BP8632 optimizations
were performed with Gaussian 03, with all stationary points
being fully characterized via analytical frequency calculations as
either minima (all positive eigenvalues) or transition states
(one negative eigenvalue). IRC calculations and subsequent
geometry optimizations were used to conﬁrm the minima
linked by each transition state. For each transition state, several
possible orientations of the ﬂuoropyridine moiety were tested
and the most stable geometries/energies are reported in the
main text. PCM corrections for the eﬀects of THF solvent (ε =
7.43) were computed with Gaussian 09 and dispersion
corrections applied using Grimme’s D3 parameter set33 using
the BP86-optimized geometries. Functional dependency was
assessed for a number of key stationary points via single point
calculations with 15 diﬀerent approaches (see Table S2,
Supporting Information).

reactivity of 2,3,5,6-C5F4HN at these Ru(NHC)(PPh3)2(CO)(H)2 catalysts, and the reasons for this will be the subject of
future work.

■

CONCLUSIONS
We have reported here a joint experimental and computational
study of the catalytic hydrodeﬂuorination (HDF) reactions of
C5F5N at Ru(NHC)(PPh3)2(CO)H2, where NHC = IPr (1) or
IMes (2). The observed reactivity is highly dependent on the
NHC ligand. With catalyst 1, HDF occurs preferentially at the
ortho-position to give 2,3,4,5-C5F4HN, while para-HDF forms
2,3,5,6-C5F4HN as a minor product. 2,3,4,5-C5F4HN can then
undergo further HDF to 3,4,5-C5F3H2N and 2,3,5-C5F3H2N.
Isolated 2,3,5-C5F3H2N also undergoes HDF to give 3,5C5F2H3N and 2,5-C5F2H3N. In contrast, 2,3,5,6-C5F4HN does
not undergo any further reaction. With catalyst 2, HDF of
C5F5N is favored at the para-position and gives 2,3,5,6-C5F4HN
as the major product. In this case 2,3,5,6-C5F4HN undergoes
C−H activation to produce ﬂuoropyridyl complex 3. As 3 is not
an active HDF catalyst, its formation severely curtails the
overall HDF activity of catalyst 2.
The diﬀerent selectivities of the HDF reactions of C5F5N at 1
and 2 are explained by the DFT calculations in terms of a
competition between two diﬀerent pathways, both based on
nucleophilic attack by a hydride ligand. With 1, a stepwise
process is operative that proceeds through a π-bound
intermediate and favors ortho-HDF as this is stabilized by a
direct N → Ru interaction in the key C−F bond cleavage
transition state. With 2, a concerted process is more accessible
and favors para-HDF, similar to a conventional SNAr process.
The calculations give increased (but accessible) barriers for the
subsequent HDF reactions to give isomers of C5F3H2N and
C5F2H3N and also correctly identify the most reactive C−F
bonds. The calculations systematically overestimate the HDF
reactivity of 2,3,5,6-C5F4HN at both catalyst 1 (where no HDF
reaction is seen experimentally) and at catalyst 2 (where C−H
activation occurs preferentially).

■

EXPERIMENTAL SECTION
All manipulations were carried out using standard Schlenk, high
vacuum and glovebox techniques using dried and degassed
solvents, unless otherwise stated. NMR spectra were recorded
on Bruker Avance 400 and 500 MHz NMR spectrometers and
referenced to residual solvent signals for 1H and 13C spectra for
C6D6 (δ 7.15, 128.0), THF-d8 (δ 3.58, 25.4) and toluene-d8 (δ
2.09). 31P{1H} and 19F spectra were referenced externally to
85% H3PO4 (85%) and CFCl3, respectively (both δ = 0.0).
Elemental analysis was performed by the Elemental Analysis
Service, London Metropolitan University, London, U.K.
Complexes 1 and 2 were prepared according to the literature.8
Ru(IMes)(PPh3)(CO)(C5F4N)H (3). A THF (5 mL) solution
of Ru(IMes)(PPh3)2(CO)H2 (0.070 g, 0.07 mmol) and 2,3,5,6C5F4HN (15 μL, 0.14 mmol) was heated to 323 K for 4 days.
After cooling to room temperature, the solvent was removed in
vacuo to give an orange solid, which was washed with hexane (3
× 5 mL) and then recrystallized from THF/hexane to give dark
orange crystals of 3. Yield: 0.018 g (30%). 1H NMR (400 MHz,
C6D6, 298 K): δ 7.33−7.27 (m, 6H, PC6H5), 6.98−6.88 (m,
9H, PC6H5), 6.79 (s, 2H, C6Me3H2), 6.74 (s, 2H, C6Me3H2),
6.18 (s, 2H, NCH), 2.18 (s, 6H, C−CH3), 2.10 (s, 6H, C−
CH3), 1.96 (s, 6H, C−CH3), −26.20 (ddd, 2JHP = 23.7 Hz, 4JHF
= 6.0 Hz, 4JHF = 3.3 Hz, 1H, Ru-H). 13C{1H} NMR (101 MHz,
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U. Organometallics 2012, 31, 1374−1383. (c) Zhao, W. W.; Wu, J. J.;
Cao, S. Adv. Synth. Catal. 2012, 354, 574−578. (d) Xiao, J.; Wu, J. J.;
Zhao, W. W.; Cao, S. J. Fluor. Chem. 2013, 146, 76−79. (e) Gianetti,
T. L.; Bergman, R. G.; Arnold, J. Chem. Sci. 2014, 5, 2517−2524.
(f) Sabater, S.; Mata, J. A.; Peris, E. Nat. Commun. 2013, 4, 2553−
2559.
(6) (a) Aizenberg, M.; Milstein, D. Science 1994, 265, 359−361.
(b) Aizenberg, M.; Milstein, D. J. Am. Chem. Soc. 1995, 117, 8674−
8675. (c) Vela, J.; Smith, J. M.; Yu, Y.; Ketterer, N. A.; Flaschenriem,
C. J.; Lachicotte, R. J.; Holland, P. L. J. Am. Chem. Soc. 2005, 127,
7857−7870. (d) Yow, S.; Gates, S. J.; White, A. J. P.; Crimmin, M. R.
Angew. Chem., Int. Ed. 2012, 51, 12559−12563. (e) Zhan, J.-H.; Lv, H.;
Yu, Y.; Zhang, J.-L. Adv. Synth. Catal. 2012, 354, 1529−1541. (f) Li, J.
Y.; Zheng, T. T.; Sun, H. J.; Li, X. Y. Dalton Trans. 2013, 42, 13048−
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(30) Höllwarth, A.; Böhme, M.; Dapprich, S.; Ehlers, A. W.; Gobbi,
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