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Room Temperature Regioselective Catalytic Hydrodefluorination of
Fluor oarenes with trans-[Ru(NHC)sH2] via a Concerted Nucleophilic
Ru-H Attack Pathway

Mateusz K. Cybulski,!? David McKay, P Suart A. Macgregor,*[® Mary F. Mahon'®@ and Michael K.
Whittlesey*[d

Abstract: The efficient and highly selective room temperature hydro-
defluorination (HDF) of fluoroarenes by the trans-[ Ru(IMey),H,] catalyst, 3,
is reported. Mechanistic studies show 3 acts directly in catalysis without any
ligand dissociation and DFT calculations indicate a concerted nucleophilic
attack mechanism. The calculations fully account for the observed selectivities
which corroborate earlier predictions regarding the selectivity of HDF.

a concerted pathway in which F/H exchange occurredsingle step, or,
after fluoroarene coordinatioB), a stepwise pathway featuring insertion
into the Ru-H bond, HF elimination and protonolysi§ Ru-aryl
intermediateD to release €4H2 and Ru-F specids.These two pathways
exhibited different kinetic selectivities, the cented mechanism leading
to the para-HDF product 1,2,4,5-6F4H2, while the stepwise process
favoured ortho-HDF and formation of 1,2,3,4¢€sH2. Overall, the
stepwise pathway proved more accessible and soumaimb for the

The presence of partially fluorinated aromatic sifig many high value <o aq regioselectivity

pharmaceuticals and agrochemicals (¢.@nd1l, Scheme 1J has

fuelled interest in the use of catalytic hydrodefination (HDF) as a frns LM-E, T *

route to such functionalies by F/H substitutiofi erfluorinated LoM—H ‘H-@[F

substrate&4 However, to achieve this the development of mate/a 11)' pen. E H F .
- '3

and more selective HDF catalysts is still requitasl highlighted by the
very specific substitution patternslimndl|. This is challenging as HDF
becomes increasingly difficult as the number offlne substituents

F
F. F TS(A-E) H F
LM—H + LM—F +
A H F Concerted (para) E F H
F F

decreases, and this difficult process must be wetliwith a high degree ls(*gg,‘:“;je e R“('Pf)(PPh3)<C°)(H>] 1:2:4,5-CeFaHa
of regiocontrol. Chemoselectivity is also an issas, selective C-F
activation must be targeted over potentially deatitng C-H activation Lm—F F LMz----
pathways. \H ’Q — LM {%
E
cl B F LnM F 1,2,34- C6F4H2

Scheme 2. Nucleophilic hydride attack mechanism in [Ru(IPr)(PPhs)2(CO)Hz]
catalysed HDF.
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Scheme 1. Examples of commercially important fluorinated molecules. Having identified hydride nucleophilicity as a kelement in these

Ru-catalysed HDF reactions we turned to the mageten-rich, trans-
dihydride complex [Ru(IEMe2)2(PPh)2H2] (2).11% This did indeed give
In previous work on HDF catalysis using N-heteitycarbene pigher activity, with GFs being converted to difluorobenzene through

(NHC) ruthenium hydride complexes we have combieggerimental four HDF cycles at 96C. However, this was counterbalanced by poorer
and computational data to develop a mechanistimdreork for the regioselectivity, with both the 1,2- and 1,4-isomef GFHs being
logical design of new catalysts with improved aityiand regiocontrol.  formed. We reasoned that this may reflect theitstof the PPh ligands
While our first catalyst system, [Ru(IPr)(PFAXCO)H;] (1), showed i, this system, resulting in a mixture of 5- andddrdinate Ru species in
only modest activity, catalytic HDF ofsEs at 70°C did proceed with a  sojution. The former could access both stepwisecanderted pathways,
I’emarkably hlgh and very UnUSLm[hO'regiOSeleCtiVity to giVe 1,2,3,4- while for the latter, the concerted process wowddhe 0n|y Option. We
CeF4H2. DFT studies on the HDF ofs&sH characterised two mechanisms oy report on catalytic HDF with a new catalysans-[Ru(IMes)aHz]
based on the nucleophilicity of a hydride ligandtie 5-coordinate (3).14 In this system the use of four strongly bound NE¢@nds aims
intermediateA formed via PPhloss from1 (Scheme 2¥.6l These were poth to enforce coordinative saturation and enhartoglride
nucleophilicity. We show tha is capable of taking éEs to 1,4-GF2Ha
at room temperature; moreover the intermediatesstiépccur in a highly

[a] Mr M. K. Cybulski, Dr M. F. Mahon, Prof. M. K. Whittlesey . . . . .
Department of Chemistry, University of Bath, Claverton Down, Bath, selective fashlop. DFT calculations rationalisedbserved outcomgs.
BA2 7AY, UK. E-mail: m.k.whittlesey@bath.ac.uk The trans-dihydride compleX (Scheme 3) was reported previously
[b] Dr D. McKay, Prof. S. A. Macgregor i M i i i
Institute of Chemical Sciences, Heriot Watt University, Edinburgh, by Wolf Upor? reduction 9f [Ru(l 4 _CIZ] Wlt_h LIE?J]H o although _It could
EH14 4AS, UK. E-mail: S.A.Macgregor@hw.ac.uk only be obtained as an impure sdlidlow yield*?! If KCs/H: is instead
Supporting information for this article is given via a link at the end of used as the reductar®t,can be isolated as an analytically pure yellow
the document. microcrystalline solid in high (80%) yield (Schen®. The high
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symmetry of the molecule led to a very simpl¢ NMR spectrum

o . . Table 1. [Ru(NHC)sH:] catalysed hydrodefluorination.?
consisting of just three resonancedat 3.37, 1.97 and -8.14 ppm in a able 1. [Ru(NHC)«H;] catalysed hydrodefluorination

24:24:2 ratio Entry Cat Substrate Reductant Product T[°C] t[h] TON
25 740 80
(;\N/ NN (;\N/ NyR Gofn G (;\N/ R 1 3 G EtsSH 1,4
R N R N R N 66 3 il
), o LR ), 1 LR ) n UOR CoFoHi  25/00° 10 80
/ ] N\ KCg/H,  / =] S N\ / 7, | SN
) >\ Ru p; \ Ru

N | N N | N N | N 2 3 1,2,4,5- EtsSiH 1,4- 90 10 40
Cl H F
R«\,N N R R \\N( N/ RWR \( DR CoFaHz CeFaHs
R

R ~7 R R ~7 R RsSFRSH R 7
R =Me, H R = Me (3) R = Me (4) 3 3 1,2,4- EtsSiH 1,4- 90 9 20
R=H(®) R=H(@® CeFsHs CeF2Ha
Scheme 3. Synthesis and hydrodefluorination chemistry of trans-[Ru(NHC)4Hz]. 4¢ 3 1,2- EtsSiH CeFHs 120 157 20
CeF2Ha
. o . 5¢ 3 1,3- EtsSiH CeFHs 120 539 20
Upon addition of a stoichiometric amount ofFEto a benzene CeF2Ha
solution of 3 at room temperature, rapid HDF took place to affor
[Ru(IMes)sHF] (4) and GFsH.'¥ The X-ray structure of4 (ESI) 6 3 CeFs PhMe,SiH  1,4- 25 740 80
CsF2H4

confirmed the same transH-Ru-F geometry as found in
[Ru(IEtz2Me2)2(PPh)2HF] (5), albeit with a lengthening of the Ru-F

distance (2.3070(18) A vs 2.264(2) AJ. exhibits approximateCs ! 3 CoFe PhzMesiH (l;':ngA % 180
molecular symmetry around the H-Ru-F axis. Thegies of the weakly
coordinated fluoride ligandrans to hydride is reflected in the low s8¢ 3 CeFe PhsSiH CeFsH 25 740 185
frequency of the Ru-H chemical shift 4{3 = -23.19 ppm). Addition of (172"2’)5*
5 eq E4SiH to 4 brought about the rapid and clean reformatiod at CoFata
room temperature (Schemel3). (21%)

Table 1 summarizes the results of catalytic HD#®i(5 mol%)
in benzene with a silane as reductarsfs@inderwent two HDF cycles 9 3 CeFe Et:SiH. 1.4- 25/90° 9 80
within ca. 5 min (TOF > 480 at room temperature to give the para- CoFaHa
HDF product, 1,2,4,5-64H2. The reaction is therefore notable not only 10 3 CoFe PhaSiHa 1245 25 264 40
for taking place at room temperatlf@, but also in thaB exhibits a CeFaH2
different regioselectivity td.. 1,2,4,5-GFsH2 continued to react further,
albeit far more slowly, undergoing another two HBf€les over ca. 1 11 6 CeFe EtsSiH 1245 25 6 40
month to ultimately give 1,44E2H4 (entry 1). When the HDF of ¢Es CoFaHo
was performed at 9%C, full conversion to 1,4-§64H2 was complete in - 5 CoFe EtSiH 14- 9 103 80

10 h (entry 1). The formation of low fluorine-conteproducts was CoFaHa

investigated using a range of less fluorinated sates (entries 2-5). HDF

of 1,2,4,5-GF4Hz first formed 1,2,4-@sHs, which then reacted onwards 5] Reaction conditions: 0.1 M fluoroarene, 0.5 M silane, 5 mol% 3 or 5, 0.5 mL
to give 1,4-GF2Hs (entries 2 and 3). No further reduction of 1eF€ls ¢y, conversions determined by 9F NMR spectroscopy. [b] Temperature raised
to GsFHs was observed, although fluorobenzene could beéddrfrom to 90 °C after ca. 5 min at 25 °C. [c] Solvent = toluene. [d] Product distribution
both the 1,2- and 1,3-isomers offeHs (entries 4 and 5). No reduction
to benzene was observét.

Variation of the silane reductant (entries 6-18)ablished that
those with mixed aryl/alkyl substituents (Phi8iéH, PhMeSiH), as well
as secondary alkyl silanes {§iH>), performed similarly to BSiH,
although lower reactivity was found with aryl sien (PBSiH,
PhSiH,).*4 Replacement of the IMdigand by the less donating 1,3-

dir?eth)gilmidf?zil-zéyli(ljeneH ("\?Egglag,d I(Sgherlne 3) ?IS_? tEE;; 8 similar role to that recently found for alkylphospés in catalysing
noticeable effect, [Ru(IMg:Hz (6; ESI) displaying lower activity HDF 29 free IMe: wass heated between 70-@Dwith 1,2,4-GFsHs in the

(eTtgﬁi 11ftﬁnd 12). Thlz_ap;;ezrgéj tf? rezult frlbm rEIat:\'\//Tzly glc;or presence of BEiH. The addition produ@ (ESI) and ESSiF were formed
S;)_ lIJESIII yo le.cor.respon 'r;%: Y fr.l € ulcl)n enep ex [ L;(7 e)4|d b] ina 1:1 ratio (Scheme 4). Activation at the 2-piosi(i.e.para to H rather
% ) in solution; even at » afine yellow precipitatef 7 could be than para to F) was confirmed by structural characterisat@nthe

observed in catalytic HDF reactions. imidazolium sal®, which was formed when IMand 1,2,4-6F:Hsz were

di Qw_e n thfe cosr:g?twe sg:]uranor}: of IbdllandS, the potintcljal;?]r heated together in the absence of any silane {ERTyucially, heating?
Issociation of an rom either ruthenium corpléas probed. The at 90°C in both the presence and absence g&iBt resulted in <15%

§trength of metaI-NHC boni#d has led to car_bene.s be_lng considered 8onversion to 1,4-€F4H2 upon fluoroarene elimination. This shows there
innocent spectator ligands which do not dissociatalily from metal is only a low level of the NHC-mediated stoichion@tHDF and

18]
cte)ntreé.d Irldeed, r:o exchatnge bet\(;ve’.érand free II?;\:; @ e?) Wtaij confirms the need for Ru in the reaction88oMoreover, the absence of
observed al room temperature, and so any Involvemleansaturated - g . e ang of catalytic runs wighshows that 16e [Ru(IMiaH2] is not

species such as [Ru(IMeHz] can be ruled out in the HD.F reactions in catalytically relevant even in the high temperatdiF runs.
Table 1 conducted at room temperature. Howevem bating at 96C,

is % of main products/total % of all HDF products.

new hydride resonances were observed in the geme ppm hydride
region of the proton NMR spectrum & suggesting that carbene
dissociation and exchange is possible at highepeéeature:®l

To address whether any dissociated 4Meuld therefore play a
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Scheme 4. Stoichiometric C-F activation reactions of 1,2,4-CeF3sHz with IMes. TS(3-4)4¢ / 1‘:‘2_F 214 F
F Ha‘I.SS j_rll_“‘
DFT calculations were used to account for the sieglge of the Meg ., i1'??\\\|Me4 19_7 {14
various HDF reactions in TableP#. As a stepwise HDF process based " —RU o 62 ‘L‘_L Fogao
L . . ey IMey [/, RN i
on initial NHC/fluoroarene substitution can be diteut experimentally, vos o W IMegn,, | O IMe,
the calculations focused on the concerted mechaaisimapplied this to H i —Rul
the full range of fluoroarenessks--Hn (N = 0-5). The results obtained with ,:f:’ ‘ Me ‘ 165 IMes
1,2,4-GFsHz are typical and details are provided in Figur&He lowest ”,f"' ng- 4
energy pathway involves attack of the hydride ldyan the C2 position - *
of the arene and proceeds with a free energy bdrekative to3 + free 0.0 F
1,2,4-GFsHzs) of 16.2 kcal/mol The transition state involvads(3-4), He F1,35 ”M @455
features a near-linear {RIHAMT2} moiety (171.9) and elongated 'Me4"'--..R‘1f.7.\1n‘|Me4+ s 465
RUlM and C2-F2 distances of 1.90 A and 1.41 A respelgti As this ~ IMe,” ﬁ?lMe;; m F4®£6F
occurs, the new C2#Hbond begins to form (1.64 A) and a Ho g F _—
shortening of thérans Ru-H® distance is seen (1.65 A) in response 3 IMeg o, ‘Zl‘f‘\\\lMe{sm Fe
to the weakening of the Ru2Hnteraction. The orientation of the |Me4/R” IMey ©/
approaching fluoroarene (as defined by the plane) is offset by ‘L‘Gz
approximately 40relative to the best-fit plane containing Ru amelfour T F

C2 carbons of the IMdigands.TS(3-4),- exhibits a Meisenheiméype Figure 1. Computed profiles (wB97xD//BP86, free energies in benzene, kcal/mol)

geometry with elongation of the'pg-c”"h” bonds (see inset, Figure 1), for the HDF of 1,2,4-CeF3Hs by [Ru(IMes)sHz], 3. Selected distances are shown
although H-transfer onto C is more progressed ttien C-F bond in A and the inset provides additional information for TS(3-4)2r.

cleavage, the C2-F2 bond being only 0.06 A longantin free 1,2,4-
CsFsHs. The RUIF2 distance is also rather long (3.70 A), but
characterisation via IRC calculations confirms ffatloes move onto the
metal centre to generadeand release the 1,4sfH: product all in one
step® This HDF process is extremely exergoni6(= -49.9 kcal/mol).
The alternative HDF at the C1 and C4 positions ,af4tGFsHs
proceed via transition stat@s$s(3-4):;r and T S(3-4)4 at +19.7 kcal/mol
and +21.4 kcal/mol respectively. These display Isimgeometries to
TS(3-4)2¢, although with somewhat longer RH?and shorter C1/CAR?
distances. These later geometries (in terms ahhisfer) are consistent
with the higher computed barriers which indicateclaar kinetic
preference for HDF at the 2-position, in line wétkperiment where only

experimentally, the catalytic HDF ofsles proceeds to, but stops at, 1,4-
CesF2Ha. Figures 2(b) and (c) consider a range of otheorflarene
substrates. Both 1,2,3,4- and 1,2,3db+6 are predicted to form 1,2,4-
CsFsHs and hence 1,44E:H4 (Figure 2(b)). Figure 2(c) shows that HDF
of both 1,2,3- and 1,3,5¢Hs is predicted to be accessible (barriers of
15.4 kcal/mol and 18.6 kcal/mol respectively), dmat both species will
form 1,3-GF:Ha. The meta-disposition of the F-substituents in this
isomer (compared to the unfavourapla-arrangement in 1,44E:H4)
makes HDF to €FHs possible via a barrier of 21.9 kcal/mol. As expelct
. the ortho F atom arrangement in 1,2#H4 makes HDF even more
that process is observed (Table 1, entry 3). accessible AG* = 20.3 kcal/mol) and so fluorobenzene can also be
The DFT study was extended to the HDF of otherracenes by accessed via this route, as is indeed observedimeeally. HDF of

3 starting with GFe. Results are shown in Figure 2(a) as calculatef} , ohenzene has a significantly higher barrie26f1 kcal/mol and is
barriers (relative t@ and the appropriate fluoroarene in each case) f‘?{ot observed.

each HDF step. As seen previoug¥there is a general increase in the
barrier as the number of F-substituents is redacetithis is reflected in (2 132 197 F

9.4
. . . . ; ) oF s £ QEL
the more forcing conditions that are required expentally to achieve F F F F F % ©
HDF with lower fluorinated substrates. The pattefithe F-substituents F F F Fo; F
F F ) F1e8

also directs the selectivity. We have previousigveh that the concerted Fa14 Fase
mechanism is favoured most by the presencertifo-F substituents 130 186 219 2.1

which cause a weakening of the target C-F bamth-F substituents also (®) | 36 © F "

reduce barriers (although to a lesser extent) aphila-F substituents can FQF\ F19'7F16_2 F FQF—’ @F_’ © K- @
actually cause a slight increase in the batfieThese patterns are borne 17 © . ' }

out here, with @H reacting at the 4-position (this having texdho-F Fﬁ i L F170 F

and twometa-F substituents) and, as seen in Figure 1, 1,2M4HG reacts @F 214 ©F15,4 @on.s

at the 2-position (itortho-F andmeta-F substituents trumping the 1- F F

position which has onertho-F and ongara-F substituent). HDF of 1,4-

CeF2Ha has a high predicted barrier of 25.6 kcal/mol aod Figure 2. Selectivity of HDF for a range of fluoroarene substrates: (a) CsFs gives

1,4-CeF2H4; (b) 1,2,3,4-CeéFsHz and 1,2,3,5-CsF4H2 give 1,4-CeF2H4; and (c) 1,3,5-

wWILEY ijﬁ © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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CeF3Haz, 1,2,3-CeF3Hs and 1,2-CeF2H4 give CeFHs. In each case the calculated
barrier is indicated in kcal/mol (wB97xD//BP86, free energies in benzene).

In summary, room temperature, selective catalyfid= of GsFs to
1,4-GsF2H4 has been demonstrated with thens-[Ru(IMes)sH2] catalyst,
3. Fluorobenzene can also be accessed from 1gE#4€and 1,2,3-
CsFsHs. The highly electron rich character 8f promotes the HDF
reaction, which DFT calculations show proceeds wiaconcerted
nucleophilic attack mechanism. Experimental studidicate thaB acts
directly in catalysis and that alternative pathwhgsed on initial ligand
loss are not relevant. This also accounts for thk kelectivity observed
experimentally, in contrast to earlier mixed NHC#Rfitalystd) Our
findings corroborate earlier work that predictee ¢ffects of the presence
of other F-substituents on selectivi§l. Thus controlling the mechanism
also controls the synthetic outcome and this irtsigith hopefully allow
for the development of new HDF catalysts that hgseater utility in
synthesis.
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Efficient and selective hydro-
defluorination of fluoroarenes by a trans-
[Ru(NHC)4H?] catalyst is reported. DFT
calculations indicate that the observed
selectivities are fully consistent with a
concerted nucleophilic attack
mechanism without any prior ligand
dissociation.



