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ABSTRACT: The transition to more economically friendly small-chain fluorinated groups is leading to a resurgence in the 
synthesis and reactivity of fluoroalkenes. One versatile method to obtain a variety of commercially relevant hydrofluoroalkenes 
involves the catalytic hydrodefluorination (HDF) of fluoroalkenes using silanes. In this work it is shown that copper hydride 
complexes of tertiary phosphorus ligands (L) can be tuned to achieve selective multiple HDF of fluoroalkenes. In one example, 
HDF of hexafluoropropene dimer affords a single isomer of heptafluoro-2-methylpentene in which five fluorines have been 
selectively replaced with hydrogens. DFT computational studies suggest distinct HDF mechanisms for L2CuH (bidentate or bulky 
monodentate phosphines) and L3CuH (small cone angle monodentate phosphines) catalysts, allowing for stereocontrol of the HDF 
of trifluoroethylene.

INTRODUCTION
The synthesis and chemistry of fluorinated alkenes [FAs] is 
currently experiencing a renaissance1,2 due to the need for 
smaller fluorinated chains3 in materials applications (cf. 
environmental persistence of long chain fluorocarbons)3c,d and 
the development of economical late-stage fluoroalkylation 
processes,2 including cross-metathesis.4 Moreover, selected 
unsaturated hydrofluoroalkenes have been identified as low 
global warming potential refrigerants [e.g. H2C=CFCF3, R-
1234yf] and blowing agents [e.g. (Z)-CF3HC=CHCF3, R-
1336mzz(Z)] when compared to their saturated counterparts 
[i.e. hydrofluorocarbon refrigerants and blowing agents, such 
as R-134a, R-401a, R-245fa, etc.].5 Most currently used 
synthetic routes to the latter employ well-established 
technologies (i.e. halogen exchange [Swarts fluorination], HX 
elimination [X = halogen]) that require harsh/caustic 
conditions, HF and expensive reactors.5 Catalytic 
hydrodefluorination [HDF] represents a potential alternative.6 
Selective and potentially consecutive C-F bond activation and 
substitution by C-H bonds, could provide new routes to these 
valuable compounds and additional previously unavailable 
FAs.
    Detailed studies of metal-catalyzed HDF have been focused 
largely on fluoroarenes but these reaction conditions are not 
easily transposed to FAs, as their mechanisms can be quite 
different. For example, fluoroarene HDFs generally proceed 
by attack of the hydride at the Cα-F carbon (Scheme 1a,b) 
while FAs typically undergo hydride attack at the Cβ-CF 
carbon (Scheme 1c,d).7 To further complicate matters, the 
addition of M-H to the FA can proceed either via the more 
traditional insertion mechanism (Scheme 1c) or, as is shown 
herein, by nucleophilic addition of the hydride generating an 

intimate ion pair (Scheme 1d). It can be expected that the 
disparity between the activation energies of these processes 
could lead to significantly different outcomes, especially when 
considering product distribution in a multi HDF reaction.
    Furthermore, selectivity issues with HDF of fluoroarenes 
are less problematic because as fluorine is removed, HDF 
becomes more difficult. On top of this, the use of directing 
groups can increase selectivity. However, such strategies are 
not necessarily available when using FAs as substrates.8 
Product selectivity must arise from the inherent reactivity of 
the catalyst or rely on thermodynamic distribution of isomers 
with the former often leading to uncontrolled multi-HDF and 
the latter leaving little control for obtaining the desired 
product.

Scheme 1. HDF of fluoroarenes vs fluoroalkenes.

    In studies of HDF of hexafluoropropene (HFP, 1a; Scheme 
2), Jones et al. reported the use of stoichiometric zirconocene 
dihydride for consecutive substitution but selectivity could 
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only be achieved with careful control of the Zr/FA 
stoichiometry.9 Similarly, using a stoichiometric ruthenium 
hydride complex, Whittlesey and co-workers converted 1a to a 
5:3 mixture of mono- and dihydrodefluorinated products.10 

Holland et al. demonstrated the iron complex-catalyzed HDF 
of FAs although turnover numbers (ToNs) were limited and 
high temperature was required (100 °C).11 In contrast, Lentz 
and co-workers showed that Ti-based catalysts are active 
under ambient conditions with ToN up to 125 although 
dihydrodefluorination was only observed in trace amounts.12 
Another contribution from the Lentz group showed that HDF 
of FAs using Al or Ga hydrides can be catalyzed by N- and O-
donors with ToNs up to 87.13 

Scheme 2. Some examples of the HDF of hexafluoropropene

    Recent studies have identified the potential of copper 
complexes for catalyzed HDF of FAs (Scheme 3).14 For 
example, the groups of Shi and of Ito have reported the HDF 
of gem-difluoroalkenes to E- and Z-terminal 
monofluoroalkenes with high stereoselectivity using copper(I) 
catalysts and base. Building on this body of knowledge, we 
recently reported that isolated phosphine copper hydride 
complexes readily insert HFP, followed by rapid ß-fluoride 
elimination to yield Cu-F and 1,2,3,3,3-pentafluoropropene 
(PFP, 1b,1c).14c Using a similar methodology employing 
silanes to regenerate Cu-H from Cu-F, a catalytic HDF could 
be established (Scheme 3).14d 

Scheme 3. Copper complex-catalyzed HDF of fluoroalkenes. 
[PMHS = polymethylhydrosiloxane] 

    As such, described herein is the reactivity of P-ligated [Cu]-
H with various FAs, development of tunable selectivity in Cu 
complex-catalyzed HDF, and discovery of a new catalytic 
HDF pathway. The latter allows for stereocontrol with some 
FAs and for the HDF of less electrophilic FAs, like vinylidene 
difluoride (2e) (Scheme 3, bottom).

RESULTS AND DISCUSSION
    Catalyzed HDF Reactions. Ligand Screening. Extending 
our previous work to include catalytic HDF, excess 
dimethylphenyl silane (vs 1a) was added to the reaction of a 
catalytic amount of [CuH(PPh3)]6 (10 mol % Cu) with 1a at 45 
°C for 8 h. Heating the reaction at 45 °C provided the optimal 
rate, as higher temperatures were found to decompose the 
catalyst (reactions turned brown) or lead to HFP 
oligomerization14c. As expected, this reaction led readily a 
mixture of E- and Z-1,2,3,3,3-pentafluoropropene isomers 
(PFP, 1b,c) but, unexpectedly, also 2,3,3,3-tetrafluoropropene 
(1d), in a rare double HDF (Table 1, Entry 1). It is notable 
that substitution of (E)-PFP, 1b, is significantly favored vs the 
Z-isomer, 1c, such that 1b has been entirely consumed while 
1c still remains. No additional HDF was observed after 
another 24 h. No differences in reactivity were observed when 
employing less expensive tetramethyldisiloxane (TMDS) 
(Table 1, Entry 2) or even moisture-tolerant waste product 
polymethylhydrosiloxane (PMHS) (Table 1, Entry 3). 
Similarly, the change in solvent had little impact on the 
reaction outcome, except for dimethylformamide (DMF), 
which gave the same product ratios independent of ligand, 
followed by rapid catalyst deactivation (See SI Table S1). 
However, while toluene and tetrahydrofuran (THF) both 
worked well on NMR scale, they failed to match benzene for 
consistent results when scaled to 1 L of HFP. Monitoring the 
conversion of 1a by 19F NMR spectroscopy showed that 
addition of 3 equiv. or even excess PPh3 gave no change in the 
HDF product slate (Table 1, Entries 4,5).
    In contrast, the HDF product distribution showed a 
pronounced ligand effect (

Table 1). When employing bulky electron-rich ligands, like 
tBuXphos or PCy3 (Table 1, Entries 7,8), similar product 
ratios to that with no added ligand were observed. Using the 
bulky aromatic phosphine, P(o-tolyl)3, however, the reaction 
converted HFP to 1b/c isomers and then quickly ceased to be 
functional (Table 1, Entry 6). This was based qualitatively on 
a color change from orange to green and, quantitatively, upon 
addition of more HFP that failed to react. For 1a, bidentate 
ligands generated more efficient HDF catalysts. 
Bis(phosphines) dppe, dppf and Xantphos (Table 1, Entries 
9-11) all readily converted 1a to 1d and even 1,1-
difluoropropene, 1f, although the latter likely arises from HDF 
of 1,1,2-trifluoropropene, 1e. While dppe provided the highest 
selectivity for 1d, Xantphos produced 1f more slowly than 
dppf. Interestingly, π-acidic triethylphosphite [P(OEt)3] (Table 
1, Entry 12) gave selective tetra-substitution, yielding 
primarily 1f in nearly the same amount as dppf. This increased 
efficiency of the P(OEt)3/CuH catalytic mixture is contrary to 
the expected activity increase with hydricity using the more σ-
donating phosphines, dppf and Xantphos. Both P(OPh)3 and 
P(O-o-tolyl)3 showed significantly reduced reactivity (Table 
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1, Entries 13 and 14), however, suggesting that ligand size is 
also an important factor.

Table 1. Ratios of hexafluoropropene HDF products.

Entry Ligand

1b/1c 1d 1e 1f
1 Nonea 1e 1.7
2 None 1e 1.7
3 Noneb 1e 1.6
4 PPh3 1e 1.5
5 PPh3

c 1e 1.5
6 P(o-tolyl)3 9.5 1
7 tBuXphos 1e 1.2
8 PCy3 1e 1.3
9 dppe 11 1
10 dppf 1 3.0
11 Xantphos 1 2.4
12 P(OEt)3 1 2.4
13 P(OPh)3

d 1
14 P(O-o-tolyl)3 35 1

Ratios are based on 19F NMR integration of products vs 
internal standard. All reactions gave 100% conversion of HFP 
(1a) unless indicated otherwise. Following the reaction, the 
headspace of the reaction was sampled to confirm solution 
product distribution. a) PhMe2SiH was used in place of TMDS. b) 
PMHS was used in place of TMDS; N.B. PMHS forms a biphasic 
mixture with benzene. c) 60 mol % of PPh3. d) complete 
conversion of HFP not achieved after 8 h. e) only Z-isomer 1c was 
observed.

    Substrate Scope. Using these optimized conditions with 
dppf or Xantphos, the scope was investigated for the HDF 
reaction of various perfluorinated substrates (Scheme 4). Both 
chlorotrifluoroethylene (3a, Eq. 4.1) and HFP analogue, 
trifluoromethyl trifluorovinyl ether (4a, Eq. 4.2), yielded a 4:1 
mixture of cis-:trans-1,2-difluoroethylene (2c,d), respectively. 
During the first few hours of the latter reaction trifluoromethyl 

Scheme 4. Selective and multiple HDF of various perfluorinated 
substrates. 

1,2-difluorovinyl ether (4b) was observed but then eventually 
consumed, presumably via β-OCF3 elimination (Scheme 5). 
Isomer 2c is presumably formed preferentially due to the 
gauche effect15 as the cis isomer is also the most 
thermodynamically stable, suggesting a late transition state.

Scheme 5. Top: HDF of 4a leading to a 4:1 mixture of 2c,d via β-
OCF3 elimination. Bottom: The gauche effect increasing 
selectivity for 2c. 

    The HDF of perfluorocyclobutene (5a, Eq. 4.3) and HFP 
dimer, perfluoro-2-methylpent-2-ene (6a, Eq. 4.5) proceeded 
readily, yielding multi-HDF products. FA 5a was selectively 
converted to 1,2-difluorocyclobutene (5c) via triple HDF 
whereas 6a underwent quintuple HDF to generate the di-alkyl 
substituted gem-difluoroalkene (6c), exclusively. The isomeric 
HFP dimer, perfluoro-4-methylpent-2-ene (6b), also 
underwent multiple HDF but in an unselective manner, 
generating multiple products (see SI for details).
    Switching to P(OEt)3, the HDF of 5a produced a mixture of 
1,4,4-trifluorofluorocyclobutene (5b), 5c and 1-fluorocyclo-
butene (5d) in a 1:1:3 ratio before catalyst deactivation (Eq. 
4.4). As with 1a, this ligand produced a significantly more 
active HDF catalyst than the electron-donating 
bis(phosphines). FA 6a, as above, yielded only 6c, 
demonstrating that this product is too electron-rich to undergo 
further HDF. 
    The above electrophilic substrates (i.e. 1a, 5a, 6a and 6b) 
did not provide an avenue to test the impact of stronger σ-
donating ligands as they react readily with electron-rich 
phosphines with cone angles smaller than 
tricyclohexylphosphine (PCy3).1g,16 Likewise, the 
decomposition of CuH complexes containing N-heterocyclic 
carbenes and nitrogen chelates is well documented,17 

excluding these ligands from consideration. With this in mind, 
the HDF of less electrophilic trifluoroethylene, 2b, was 
performed. Using the optimized reaction conditions and the 
Xantphos/CuH catalytic mixture, 2b was readily converted to 
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cis:trans (2c:2d) in a 7:1 ratio, reflecting the thermodynamic 
preference, whereas use of P(OEt)3 gave no reaction (Scheme 
6). Using three equivalents of basic phosphine PMePh2, 
however, inverted the 2c:2d ratio to 1:3.7. As with HFP, 
hydride addition always occurs regioselectively, suggesting 
that Cu-H addition to 2b occurs with the FHC= fragment 
oriented towards the copper. 

Scheme 6. Ligand-induced inversion of stereoselectivity in HDF 
of trifluoroethylene.

 In contrast to the above substrates, tetrafluoroethylene (2a) 
reacts with the copper hydride complexes to yield thermally 
stable copper 1,1,2,2-tetrafluoroethyl complexes.18 As 
previously reported, addition of a Lewis acid (or base) is 
required to induce β-fluoride elimination,2j presumably via an 
outer-sphere fluoride-elimination mechanism (Scheme ).

Scheme 7. HDF of 2a leading to a mixture of 2b, 2a’ and 
incomplete conversion of 2a.

    Cu-tetrafluoroethyl complexes. Interestingly, the Cu 
tetrafluoroethyl complex with PMePh2 can be easily and safely 
prepared using TFE Safe SupplyTM (generated by pyrolysis of 
potassum perfluoropropionate in vacuo; see experimental). 
Treatment of Stryker’s reagent, 3 equiv. PMePh2 and 1.5 
equivalents of tetramethyldisiloxane [TMDS] with 2a:CO2 in 
benzene at 70 °C afforded the Cu-CF2CF2H complex 
[(PMePh2)3Cu(CF2CF2H)] (7a) in good yield (70%) and 
excellent purity [>90%, Scheme , Eq. 8.1]. The use of this 
methodology with Xantphos or P(OEt)3 did not yield the 
desired product. The synthesis of the former complex was 
instead carried out with limonene-inhibited 2a. In our first 
attempt, formation of [(Xantphos)Cu(CF2CF2H)] (7b) was 
accompanied by the [Cu](CF2CF3) analog (7b’) derived from 
insertion of 2a into [Cu]-F (Scheme 8, Eq. 8.2). Addition of 
10 % TMDS was sufficient to convert [Cu]-F to [Cu]-H, 
enabling isolation of pure 7b in good yield (Scheme 8, Eq. 
8.3). 

Scheme 8. Synthesis of complexes 7a and 7b.

   The 19F NMR spectrum of 7a in C6D6 displays two 
resonances which can be easily differentiated based on their 
JFH coupling constants: CF2H = 50 Hz and CF2R < 1 Hz 
(unresolved). The 31P NMR spectrum contains a broad singlet 
at      -20.0 ppm and the molecular structure was confirmed by 
single crystal X-ray diffraction (Figure 1). 
    With three seemingly unrelated observations in hand - a) 
Using P(OEt)3 in the HDF of HFP (1a) generates an active 
catalyst on par with dppf, b) Using a small cone-angle, strong 
σ-donating phosphine [PMePh2 vs P(OEt)3] allows for HDF of 
2b; and c) Changing from Xantphos to PMePh2 in the HDF of 
2b inverts isomer ratios of 2c:2d from 7:1 to 1:3.7 - 
mechanistic studies and computations were carried out in an 
attempt to consolidate them. 

Figure 1. ORTEP representation of the molecular structure of 7a. 
Thermal ellipsoid probabilities are set to 35% and hydrogen atoms 
omitted for clarity.

    Mechanistic DFT Studies. To gain deeper insight into the 
HDF mechanism(s) in these P-ligated copper-hydride systems, 
we conducted solvent corrected (PCM: benzene) DFT studies 
at the TPSSh(PCM)/TZ/TPSSTPSS-(PCM)/DZ level of 
theory. For details and expected accuracy of the method see 
computational details and supporting information. A model 
phosphine ligand, L = PMe3, was chosen to fully analyze 
possible reaction pathways in the LCu-H, L2Cu-H and L3Cu-H 
systems in the HDF of three prototypical FAs of varying 
fluorine content, i.e. tetrafluoroethylene (2a), trifluoroethylene 
(2b) and 1,1-difluoroethylene (2e). Relevant transition states 
(TS) and resting states (RS) were then analyzed for 
experimentally employed systems, i.e. L = PPh3, PMePh2 and 
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PMe2Ph, dppe and Xantphos, to understand the pronounced 
influence of the ligands on the HDF selectivity of 2b.
PMe3 model system. 2a. Spectroscopic studies of copper 
hydrides have shown that the only observable species in 
solution are dimers,17a,b,19b-d unless very bulky ligands are 
used19a. Kinetic studies have indicated that the active species 
in copper-bis(phosphine)-catalyzed hydrogenation20 and 
hydrosilylation21 reactions are mononuclear. We considered 
HDF in the present systems to take place in monomeric or 
dimeric copper systems. For monomeric LCu, L2Cu and/or 
L3Cu system (L = PMe3), we considered a) an insertion-
elimination sequence,22 b) ‘SNV’-like H-addition as for 
example observed for early transition metal-catalyzed HDF 
followed by Cu-C bond formation and subsequent F-
elimination8a c) single electron transfer,23,24 d) σ-bond 
metathesis 4,7e,8a,25-30 or e) ‘SNV’-like H-addition followed by 
immediate F-elimination.8a,13c,28 The latter two mechanisms 
could be quickly excluded; a σ-bond metathesis TS could not 
be located and ion pairs are stable, showing no tendency for 
immediate F-elimination. SET can be excluded based on the 
known low electron affinity of (per)fluorinated alkenes.7e, 8a 
An oxidative addition–reductive elimination pathway8a can be 
excluded based on the experimental observation of 7a,b. Both 
insertion and H-addition pathways for hydrometallation could 
be found for monomeric copper systems and H-addition is also 
possible in a dimeric L2Cu-(μ-H)2-CuL2 system.
    The (PMe3)2Cu-(μ-H)2-Cu(PMe3)2 dimer (-3.7 kcal/mol) is 
slightly more stable than (PMe3)3Cu-H (A). The first two 
PMe3 ligands in (PMe3)3Cu-H (A, 0.0 kcal/mol) are relatively 
weakly bound (ΔG323K = 7.8 + 5.1 kcal/mol). Nonetheless, this 
penalty raises the barrier for HDF in the LCu-H system 
significantly over the corresponding barriers in the L2 and L3 
systems (see supporting information). Therefore, we will focus 
the discussion on the competition between L2 and L3 HDF 
pathways. Figure 2 shows important transition states and 
Figure 3 the potential energy surface (PES) for the two 
competing mechanisms for the example of 2a. 
    Hydrometallation in the monomeric L2 system starts with 
dissociation of one phosphine ligand from L3Cu-H (A, +7.8 
kcal/mol) to form L2Cu-H (B). Thereafter, coordination of 2a 
(alkene coord. TS(B-C), +12.6 kcal/mol) forming Cu-olefin 
complex C followed by alkene insertion into the Cu-H bond 
(HM TS(C-D), +9.1 kcal/mol) represents the lowest energy 
pathway for HDF to form L2Cu-CF2CF2H (D). 

L2

L3

Cu-P 2.23(1)
Cu-F 2.093
C-F 1.938
C=C 1.407
Cu-C 2.129

Cu-P 2.25(1)
Cu-H 1.570
C-F 1.757
C=C 1.454
Cu-C 1.991

Cu-P 2.26(1)
Cu-H 1.612
C=C 1.367
PCuP 115(2)

Cu-P 2.30(2)
Cu-F 2.390
C-F 1.977
C=C 1.384
Cu-C 2.413
PCuP 113(3)

TS(D-G)

TS(E-H) TS(E-H) (2nd view)

Insertion F-Elimination

Hydride Addition F-Elimination

TS(C-D)

TS(A-F)

TS(A-F)dimer

Cu-P 2.28(1)
Cu-HA 1.69(1)
Cu-HB 1.75(2)
C=C 1.391

A B

Hydride Addition

Figure 2. Graphical depiction of important transition states in the 
HDF system of 2a with L3/L2Cu-H. L = PMe3. Bond distances in 
Å, bond angles in deg. Color scheme: C grey, H white, P orange, 
F lime. Level of theory TPSSTPSS(PCM)/DZ. Solvent = benzene. 

    The insertion barrier from the Cu-H(alkene) complex C is 
very small (+3.2 kcal/mol) and overall, the coordination TS(B-
C) is rate-limiting in this process. Nucleophilic H-addition via 
TS(B-D), although possible in the L2 system, is associated 
with a much higher barrier (+17.7 kcal/mol; see discussion of 
the L3 system for further details). 
    Within the monomeric L2 hydrometallation pathway, alkene 
coordination is endergonic, but irreversible, as insertion from 
the alkene complex has a much lower barrier than dissociation 
of the alkene. That insertion of the FA into the Cu-H bond is 
associated with only a very small barrier is unsurprising; 
TS(C-D) is geometrically very early compared to the Cu-
H(alkene) complex C (Cu-H bond length + 0.01 Å, see also 
Figure 3), as coordination to the late TM copper has already 
activated the C=C double bond and Cu-H bonds are rather weak 
(~ 60 kcal/mol).30 Hydrometallation leads to D (-38.7 kcal/mol), 
which can be further stabilized by coordination of another 
phosphine forming L3Cu-CF2CF2H (-50.4 kcal/mol, E). 
    HDF can also proceed without the release of one phosphine 
ligand in the L3 system. Unlike in the monomeric L2 system, 
where synchronous hydrometallation via insertion is favored, 
insertion into the Cu-H bond in the L3 system proceeds via a 
two-step, asynchronous, mechanism. Nucleophilic H-addition 
in this system via TS(A-F) has a very low barrier (+7.4 
kcal/mol) and proceeds to a contact ion pair (CIP F, -17.7 
kcal/mol). The low barrier can be understood as a direct result 
of the destabilization of a C=C double bond by multiple 
fluorine substituents and the weak Cu-H bond.31,32 

Coordination of a third phosphine stabilizes the forming cation 
in the TS with respect to the L2 system. Nucleophilic addition 
along the Burgi-Dunitz trajectory via TS(A-F) is essentially 
‘dagger-like’ and requires minimal space around Cu. Forming 
a solvent-separated ion pair (SIP, +17.5 kcal/mol) from the 
CIP is associated with a significant increase in energy (see 
supporting information). However, full separation is not 
necessary, as slight reorientation of the anion leads to 
formation of a Cu-C bond, ultimately yielding L3Cu-CF2CF2H 
(E). 
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6

Hydrometallation in the dimeric system proceeds by 
nucleophilic addition along the Burgi-Dunitz trajectory via 
TSA-Fdimer, similar to the L3 system and leads to a similar CIP 
from which Cu-C bond formation and dimer splitting can 
proceed via simple reorientation. This pathway is preferred by 
4.2 kcal/mol in the model system over the L3 pathway. The 
preference stems nearly entirely from the dimer stability (-3.7 
kcal/mol) and can be understood, similarly to the L3 
environment, due to the stabilization of a cationic charge. 
However, unlike the ‘dagger-like’ L3 system, the L2Cu-(μ-H)2-
CuL2 system is much more susceptible to variation of steric 
bulk in the substrate and the ligands as the phosphine 
substituents point towards the approaching olefin (see Figure 
3). 
    Insertion of 2a into the Cu-H bond is irreversible, as the 
reverse elimination barriers are > 58 kcal/mol. From the 
resting state E (-50.4 kcal/mol), F-elimination can again 
proceed, after phosphine decoordination, via L2 TS(D-G) (-
10.3 kcal/mol) or, interestingly, also directly from the L3 
species (-13.9 kcal/mol) via TS(E-H). The latter one is 
preferred for formation of 2b. The lowest F-elimination 

pathway is still associated with a significant barrier (36.5 
kcal/mol); moreover, elimination is endergonic (+8.3 
kcal/mol). In line with experiment, where 7b was isolated, E is 
therefore predicted to be stable under experimental conditions 
with respect to F-elimination and Lewis acids need to be 
added to shift the equilibrium to the product side by removal 
of fluoride via salt metathesis, enforcing HDF of 2a. The F-
elimination TS(E-H) in the L3Cu system is rather unusual and 
geometrically not late like the corresponding TS(D-G) in the 
L2 system but rather central. On the one hand, the Cu-C bond 
is much more elongated (D 2.016, E 1.979, TS(E-H) 2.413, 
TS(D-G) 2.129 Å) and the forming C=C bond is shorter 
(TS(E-H) 1.384, TS(D-G) 1.407 Å). On the other hand, the 
forming Cu-F bond is much longer in the L3 system (TS(E-H) 
2.390, TS(D-G) 2.093 Å). Substantial charge separation 
occurs in both TS, (see Table 2), with the natural population 
analysis (NPA) charge on the eliminating F exceeding 0.6 e-; 
charge separation is somewhat more extensive in the L3 TS(E-
H) and leads to a slightly higher dipole moment (5.6 D in L2 
vs. 6.1 D in L3). 
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7

Figure 3. Potential energy surface (PES) for HDF of tetrafluoroethylene (2a) with L3/L2Cu-H. L = PMe3. L2 pathway in blue, L3 pathway 
in maroon, dimeric (L2Cu-H)2 pathway in grey. CIP = contact ion pair. Level of theory TPSSh-D0(PCM)/TZ// TPSSTPSS(PCM)/DZ. T = 
323 K. p = 0.1 bar. Solvent = benzene. Gibbs free energies in kcal/mol. PES after the high energy TS12-14 on the H-addition pathway in 
the L2 system not shown. Only one symbolic phosphine ligand shown for monomeric vs. dimeric competition for clarity.

    The extensive charge delocalization in the TS explains the 
experimentally observed rate dependence on the solvent. 
Wiberg bond indices (WBI)33,34 support the notion that TS(E-

H)  is central in the L3 system and less covalent, as WBIs for 
the Cu-F, Cu-C and F-C bonds are < 0.24, in all cases lower 
than in the corresponding L2 system TS(D-G). In contrast to 
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L2, where elimination proceeds to RS G with copper-
coordinated alkene, elimination in the L3 system proceeds 
directly to L3Cu-F (H) and the separated olefin 2b. 
Decoordination of the olefin via TS(G-I) leads to L2Cu-F I, 
which can be further stabilized via coordination of a third 
phosphine to form H. Overall, F-elimination in both the L2 and 
L3 system is reminiscent of the H-addition pathway in the L3 
system, which similarly shows extensive charge separation.

Table 2. NPA charges (q) on fragments and Wiberg bond indices 
(WBI) in L2 TS(D-G) and L3 TS(E-H) Elimination TS.

q (e-) WBI
Fragment L2 L3 Bond L2 L3

Cu -0.02 -0.24 Cu-F 0.28 0.15
F2C=CFH -0.02 -0.05 Cu-C 0.34 0.24

F -0.62 -0.67 F-C 0.37 0.23
C=C 1.38 1.5

    The first coordination sphere of copper in the F-elimination 
TS(E-H) can essentially be described as five-coordinate in the 
L3 system, consisting of three phosphines, a FA and a fluoride 
ligand. However, Cu d10 does not possess the ability to engage 
in sp3d-hybridization required for trigonal-bipyramidal binding 
of five ligands. The geometry of the P3Cu fragment barely 
changes from the resting state E; P-Cu-P angles are 113(3)°for 
RS and TS, WBIs for the Cu-P bonds in TS(E-H) are with 
0.72(1) even higher than in the L2 system TS(D-G) with 
0.64(1). Therefore, it appears that the system is better 
described as tetrahedral, with one coordination site being 
simultaneously occupied by both a fluoride and the alkene in 
the F-elimination TS (Figure 4). Both the HOMO and the 
HOMO-1 are concentrated on the Cu, F and the alkene, which 
supports this notion. The H-addition TS in the L2 system is 
substantially higher in energy, as it only benefits from 
stabilization of the partial cationic charge by two phosphines, 
not three as in the L3 system.

Figure 4. Top: HOMO (left) and HOMO-1 (right) of the L3 F-
elimination TS(E-H). Bottom: tetrahedral vs. trigonal-
bipyramidal geometry in the L3Cu(F, alkene) F-elimination TS. L 
= PMe3.

    In conclusion, in the PMe3/Cu system, HDF proceeds 
preferentially via a three-step nucleophilic H-addition/Cu-C 
bond formation/F-elimination sequence either in an L3 ligand 
environment along all steps or initially via a bimetallic L2 
environment. These pathways offer the possibility for lower 
barriers compared to the traditional monomeric L2 insertion 
mechanism. Interestingly, the mechanism described here for 
FAs differs distinctively from the concerted SBM described by 
the group of Zhang for fluorinated arenes using a similar 
phosphine-stabilized copper hydride system.25 We could not 
locate such TS for alkene systems. This presents a distinct 
difference from early transition metal systems, as in the case 
of Ti-catalyzed HDF, SBM TS could be found for both alkene 
and arene HDF systems,7e,8a although they are only kinetically 
relevant in the latter case. 
Hydrometallation Pathway Competition. Substrate and 
Phosphine Influence. The model system indicates that there 
are (at least) three possible mechanistic pathways with low 
barriers for hydrometallation in present phosphine copper 
hydride systems and that the choice of phosphine ligand and 
FA substrate determines which of these pathways will be 
preferred. 
    Figure 5 shows trends in HM and F-Elimination barriers for 
FAs 2a, 2b and 2e and L = PMe3 (Table S8-S10) shows all 
relevant RS and TS). Barriers for hydrometallation via H-
addition/Cu-C bond formation (L3 pathway or dimeric 
pathway) or insertion (L2 pathway) increase with decreasing 
fluorine content of the FA; i.e. no ‘runaway’ defluorination 
can occur. Due to the stabilization of the corresponding 
anions, hydrometallation in the bimetallic copper environment 
via H-addition/Cu-C carbon bond formation is the preferred 
mechanism for the highly fluorinated FAs 2a and 2b, and 
likely others like 1a; hydrometallation via phosphine 
decoordination/insertion is preferred for more electron-rich 
FAs with lower fluorine content like 2e. The preference for H-
addition via the dimeric over the L3 pathway diminishes with 
decreasing fluorine content.

L3

L2

F

F F

F F

F F

H F

F H

H

7.4 10.9 13.4

12.6
(Coord. TS)

12.8
(Coord. TS)

>12.9
(Insertion)

HYDROMETALLATION1

L3

L2

36.5 19.8 (trans)
20.0 (cis) 12.1

40.1 25.1 (cis)
25.2 (trans)

17.4

F-ELIMINATION2

2a 2b 2e

L2-dimer 3.2 8.3 13.2

Figure 5. Trends in hydrometallation and F-elimination barrier 
heights for 2a, 2b and 2e in the L2 and L3 ligand environment. L = 
PMe3. 1 from the isolated reactants L3CuH and FA. 2 from the 
L3CuR resting state. Level of theory TPSSh-D0(PCM)/TZ// 
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TPSSTPSS(PCM)/DZ. T = 323 K. p = 0.1 bar. Solvent = benzene. 
Gibbs free energies in kcal/mol.

    DFT predicts that the copper hydride dimer is only favored 
slightly (-0.3 kcal/mol) if L = PMePh2 and that the L3 pathway 
is preferred for PMePh2/2a by 2 kcal/mol over the bimetallic 
mechanism and 8.4 kcal/mol over the phosphine 
decoordination/hydrometallation L2 pathway. If L = PPh3, then 
the H-addition L3 pathway for 2a is favored by 13.4 kcal/mol 
over the L2 insertion pathway. Phosphine ligands that allow 
for an L3 environment can subsequently enable HDF in 
systems where ligands enforcing a traditional L2 mechanism 
fail.
F-elimination Pathway Competition. Substrate and Phosphine 
Influence. F-elimination becomes easier the lower the fluorine 
content of the forming FA is and is exergonic for both, 2b and 
2e (Figure 5). The L3 elimination mechanism is preferred for 
all three FAs by 4-5 kcal/mol. In the case of L = PPh3, we 
were able to locate the L3-F elimination TS for 2a (-1.8 
kcal/mol vs. L2), however, all optimization attempts for 2b 
lead to decoordination of one phosphine (see Supporting 
Information for an example structure for one TS with 
decoordinated phosphine). It appears that only phosphines 
with a small cone angle (Tolman cone angles:35 PMe3 118°, 
PMePh2 122°, PMe2Ph 136°, PPh3 145°) can allow for this TS 
also in cases where the alkyl fragment is less stabilized. 
Unlike the ‘dagger-like’ L3 H-addition TS, the F-elimination 
TS needs significant space around the central metal to 
accommodate both the FA product and the fluoride ligand.
Ligand induced HDF selectivity differences. One of the 
striking observations in the present systems is the ability to 
tune the cis/trans product selectivity in the HDF of 2b via the 
choice of the ancillary phosphine ligand. Stryker has noted 
similar observations in phosphine-stabilized copper(I) hydride 
mediated carbonyl hydrogenation, pointing out that the 
‘structure, reactivity and selectivity of copper(I) hydride 
catalysts are a complex and subtle function of the ancillary 
ligand’ and that those catalysts show an ‘exceptional 
sensitivity … to structural variation in the ancillary ligand’.20 
We computationally tested the catalyst selectivity for several 
phosphines (Table 3), i.e. for the monodentate phosphines 
PPh3, PMePh2 and PMe2Ph, and two bidentate phosphines 
with varying bite angle, dppe and Xantphos. 
    The experimentally observed selectivity for Xantphos 
(2c/2d, cis/trans 7:1 = ΔΔG‡

50°C = 1.4 kcal/mol) is nicely 
reproduced by DFT (1.2 kcal/mol), but the error for dppe is 
somewhat larger (predicted cis preference 0.4 kcal/mol, 
experimentally observed ΔΔG‡

50°C =1.4 kcal/mol, see SI). For 
PMePh2 and PMe2Ph, both, the L2 pathway and the L3 
pathway are possible. DFT predicts that the L3 pathway is 
preferred by 6-9 kcal/mol. Moreover, while F-elimination in 
the L2 system is predicted to yield a 1:1 ratio of cis and trans, 
only the L3 system is in line with the experimentally observed 
preference for trans elimination. The experimental selectivity 
for PMePh2 and PMe2Ph (cis/trans 1:4 = ΔΔG‡

50°C = 0.9 
kcal/mol) appears to be somewhat overestimated (DFT: 1.5-
2.0 kcal/mol). However, repeated product re-insertion into the 
Cu-F bond could diminish the kinetic trans preference of these 
catalysts somewhat, if regeneration of the catalyst is not fast 
enough. The possibility for re-insertion of FAs in the Cu-F 
bond could be successfully demonstrated by the experimental 
observation of 7b’.  

Table 3. Barriers for FHC=CFH elimination in various LxCu-
CFHCF2H systems. Level of theory TPSSh-D0(PCM)/TZ// 
TPSSTPSS(PCM)/DZ. Solvent = benzene. T = 323K, p = 0.1 bar. 
Energies in kcal/mol.

cis Δ‡Gelim trans Δ‡Gelim ΔGElim (cis/trans)

L2 systems

dppe* 28.3 28.7 -9.6/-8.9
Xantphos* 25.6 26.8 -9.2/-8.9

PPh3 23.8 26.1 -14.4/-13.8
PMePh2 26.8 26.8 -8.9/-8.3
PMe2Ph 28.1 27.9 -3.1/-2.5

L3 systems
PMePh2 22.8 20.8 -8.9/-8.3
PMe2Ph 20.4 19.0 -3.1/-2.5

* Resting state is assumed to be L(PPh3)Cu-CFHCF2H, L = 
dppe or Xantphos.36

     Experimental trends, i.e. the preference for the cis isomer 
2c for ligands where F-elimination must proceed in the L2 
environment and for trans isomer 2d for systems where it can 
proceed in the L3 environment are very well reproduced. The 
model also correctly predicts that the F-elimination barrier is 
smaller in bidentate systems with larger bite angle (Xantphos 
vs. dppe). Product 2c (cis) is preferred by 0.9 kcal/mol over 2d 
(trans),37 but clearly the ligand environment can modulate the 
product distribution in the present copper hydride systems, 
from enhanced cis preference all the way to a switch to trans 
preference. 
     We considered that the pronounced shift in selectivity 
could stem from short H-F contacts in the TS, as the trans TS 
often has more short contacts of this type. This has been 
postulated to lead to stabilizing TS interactions in other 
systems,38,39 but NBO40,41 does not locate any significant 
interactions between H-F in these systems (WBI < 0.002). 
Steric interactions could conceivably be responsible for the 
differences in the L2 systems and, in line with experimental 
observations, a cis preference would be expected in this case. 
The distribution of steric bulk in L2 systems as indicated by 
the topographic steric maps shown in Figure 6 leads to shorter 
ligand-FA contacts and thus increased steric repulsion in the 
trans TS (Table 4).
    In the more trans selective system L3, pseudo C3-symmetric 
distribution of the phosphines equally distributes the steric 
bulk, offering no possibility for either of the two FHC=CFH 
isomers to avoid it (Figure 6). Unfavorable dipole-dipole 
interactions between the FA and LxCuF can only play a role in 
the cis TSs (Figure 7) leading to 2c; this is due to the relative 
orientation of the two dipoles in the cis TSs and the lack of a 
dipole for 2d. Interestingly, the trans preference in the 
phosphine systems follows qualitatively Tolman’s electronic 
parameter (Table 4), which point to electronic effects being 
responsible for the switch. 
       Although the unusual cis preference for the two isomers 
of FHC=CFH has been the subject of considerable research 
efforts in the past, it appears that no definitive conclusion on 
its origin has been reached, yet.39-46
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Figure 6. Symmetric distribution of steric bulk in L3 systems and 
origin of cis-preference in L2 systems (L = PMe3) and map of 
steric bulk generated with SambVca 2.0 (webtool for analyzing 
catalytic pockets)42 from L3Cu-H; sphere radius of 3.5 Å.

L

F

LH
F

F
H

L

F

LH
F

H
F

0

Figure 7. Unfavorable dipole-dipole interactions in L3 TS leading 
to 2c (left) vs lack of dipole-dipole interactions in L3 TS leading 
to 2d (right). L2Cu-F fragment dipole orientation in maroon, FA 
dipole orientation in green. 

Table 4. Ligand dependence of the preference for the cis 
FHC=CFH isomer in different L2 and L3 systems, Tolman’s 
electronic parameter ν and differences between the shortest 
ligand-FA contacts (lcis-trans) in the L2 ligand environment and 
deformation energy difference of the FA fragments in the TS 
(EDef. cis-trans).

ΔΔG‡ ν Lcis-trans EDef. cis-trans

L2 L3

Ph3P -2.5 2068.9 0.137 -2.2
Xantphos -1.2 0.066 -0.4

dppe -0.8 0.015 -1.2
Ph2MeP -0.2 2.0 2065.1 -0.023 -0.9/-1.0
PhMe2P 0.0 1.5 2065.3 -0.025 -0.7/-0.3

Me3P 0.1 0.4 2064.1 -0.048 -0.6/-1.9

    Nonetheless, most authors appear to agree that the 
preference is of electronic origin.40,47 In the absence of a 
definitive consensus on the origin of the cis preference, we 
deem a quantitative analysis of the trends here impossible. 
However, tentatively the preference switch can be explained as 
follows: The Hammond postulate assumes that electronic and 
steric changes from the reactants to the TS and further to the 
products occur gradually.48,49 While TS of the L3 type are 
central with respect to the overall TS geometry, they are later 
than L2 type TS with respect to the forming olefin, as the 
forming C=C bond is much shorter (see also Figure 2). A shift 
from the L2 to the L3 environment should therefore increase 

the preference for the thermodynamic product; this is not 
observed for 2c/2d. Table 4 shows that the energy difference 
between the FA fragments in the cis/trans TS favors the trans 
isomer in all cases, indicating that the electronic stabilization 
of cis-1,2-difluoroethene occurs very late and that initially 
only the steric repulsion by the F atoms prevails. It appears 
that within the L2 pathway, FA deformation and unfavorable 
dipole-dipole interactions in the cis TS favor the trans isomer, 
but this is more than compensated for by unfavorable steric 
interactions in the trans TS. L2 leads preferentially to 
formation of the cis isomer 2c. An increase in the FA-Cu 
distance in the L3 environment weakens unfavorable dipole-
dipole interactions in the cis TS and the symmetric distribution 
of steric bulk lessens steric differences. Subsequently, the FA 
deformation dominates, which leads to a preference for the 
trans isomer 2d. 
    To the contrary, increased selectivity for the thermodynamic 
product upon L2/L3 switch is indeed observed experimentally 
in the HDF of the bulky α-trifluoromethyl styrene (8a). Use of 
the small cone angle phosphite P(OEt)3 increases the 
selectivity for the thermodynamic product Z-β-fluoro-α-methyl 
styrene (8c) from 2.8:1 (Xantphos/PMePh2) to 7.2:1 [P(OEt)3] 
(DFT, L = P(OMe)3: ΔΔG‡ L2 1.3 kcal/mol, L3 2.3 kcal/mol). 
No HDF is observed for 2b with this ligand class. Phosphites 
are electron-poor and DFT indicates that F-elimination in such 
a system could lead to F/OR exchange on the organophosphite 
ligand during HDF of 2a.53 

Experimental Mechanistic Studies. To confirm these DFT 
revelations, mechanistic studies were carried out. As the 
L2CuH systems like Xantphos presumably follow the 
previously reported insertion-elimination mechanism, as 
supported by DFT calculations (vide supra), mechanistic 
studies were focused on the L3CuH HDF mechanism using 
PMePh2. 
    Control experiments for the HDF of trifluoroethylene, (2b), 
confirmed that all three components of the reaction mixture 
are required. The product ratio of the HDF of 2b using 
PMePh2 is altered (2c:2d, 1:1) when no silane is present; no 
such alteration is observed for Xanthphos. This experiment 
suggests that re-insertion of 2c/2d into Cu-F occurs if no 
silane is present as noted above for TFE (2a). Similarly, 
TMDS does not effect HDF at RT without a source of copper. 
Nor does the mixture of phosphine and TMDS, confirming 
that the copper plays a crucial role in this HDF reaction. 
However, when the reaction was attempted with varying 
concentrations of silane; no rate dependence was observed. As 
a significant rate increase with increasing solvent polarity was 
observed, the silane substituents were varied to elaborate 
further on its role. Interestingly, the reaction only progresses 
smoothly at RT when either triphenylsilane (Ph3SiH) or 
TMDS are used. With triethoxysilane [(EtO)3SiH] the reaction 
turns over once at RT and then ceases operation. If heated to 
45 °C, the reaction progresses with some loss of selectivity. 
This is reminiscent of Lentz’s observations in Ti(III) complex-
catalyzed HDF, where (EtO)3SiH led to fast catalyst 
deactivation via formation of alkoxytitanium compounds.29 
The alkyl silanes either require heating (i.e. triethylsilane) or 
are ineffective (i.e. triisopropylsilane). Interestingly, 
diphenylsilane also does not work at room temperature, and 
requires heating to 70 °C but the reaction mixture quickly 
becomes black. The most productive silanes are thus those 
with somewhat more electron-withdrawing functional groups. 
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    Based on the stoichiometric reactions of 
PMePh2/(PPh3CuH)6/2b, a fast equilibrium between the 
resulting products is suspected. In line with observations (see 
above), this would lead to an increased 2c/2d ratio tending 
towards the thermodynamic distribution. On this note, as the 
rate of Cu-F to Cu-H conversion becomes slow, a secondary 
reaction becomes competitive, leading eventually to complete 
catalyst deactivation via formation of a copper(I)-alkenyl 
complex by formal HF elimination (Scheme 9). Additionally, 
formation of 1,1,1,2-tetrafluoroethane (2b’) suggests that the 
generated Cu-alkyl reacts quickly with HF, explaining why it 
is not observed over the reaction course.  
    To probe the elementary steps further, the source of hydride 
was confirmed using the Si-D reagent. When the reaction was 
carried out with stoichiometric amounts of Cu-H and a slight 
excess of triethylsilyl deuteride, the major product contained 
mostly protons, confirming that Cu-H adds to the FA, and that 
the silane’s role is likely restricted to Cu-H regeneration.

Scheme 9. Reaction of copper hydride with 2b leading to 
formation of a copper trifluorovinyl complex and R-134a (2b’).

Effects controlling selectivity for the L2CuH or L3CuH 
mechanism. With the DFT and experimental support for the 
L3CuH mechanism, other FAs were examined to determine the 
effects of FA substitution on the ability to access the L3CuH 
mechanism. For consistency with reactions using the Xantphos 
catalyst, these reactions were carried out in benzene at 45 °C. 
First, mono-substituted FAs were explored to determine if β-
fluoride elimination is crucial in accessing analogs of TS(E-
H). As such, FAs XFC=CF2 [X = Cl (3a), I (3b) or OCF3 (4a)] 
were used. Unfortunately, when iodotrifluoroethylene, 3b, was 
treated with stoichiometric copper hydride, HFC=CF2, 2b, was 
observed as the major product, independent of the choice of 
ligand. It is suspected that this occurs via σ-bond metathesis of 
the C-I bond. However, with chlorotrifluoroethylene (3a), 
when using Xantphos, the observed product was a mixture of 
cis-/trans-1,2,-difluoroethylene, 2c/2d. This result suggests 
that the first HDF step produces 1-chloro-1,2-difluoroethylene 
(3a’) arising from addition of the hydride to the CF2 carbon. 
This new alkene is considerably more reactive than 3a, such 
that addition of Cu-H to 3a’ dominates. Consistent with this 
result, PMePh2 yields the same product distribution as that 
observed with Xantphos, indicating that β-fluoride elimination 
is necessary to access analogues of TS(E-H). To confirm this, 
the HDF of 4a was attempted with PMePh2 and P(OEt)3 and 
2c,d were produced in the same ratio as the Xantphos reaction 
(vide supra). β-X elimination (X = Cl or OCF3), excluding 
fluoride, generally proceeds through the known analogous 
transition states of TS(D-G). 
   On another note, the low activation energy for the L3CuH 
hydride addition mechanism could explain why P(OEt)3 is 
competitive in efficiency in the HDF of 1a with the dppf or 

Xantphos ligands. It would be expected, however, that 
accessing analogues of TS(A-F), depends on a delicate 
balance of the stabilization of Cu+ and the carbanion (Alk). To 
explore this idea, 1,1-difluoroethylene (2e) was used, as the 
Xantphos catalyst cannot hydrodefluorinate this substrate 
(Scheme 10, bottom). Interestingly, use of P(OEt3) also 
afforded no HDF product from 2e. In contrast, the PMePh2 
Cu-H catalyst led to efficient HDF of 2e to a 3:1 mixture of 
vinyl fluoride (2f) and ethylene (Scheme 10, Top) although 
calculations show that this substrate could be hydrometallated 
via both mechanisms (Figure 5). As such, a larger cone-angle, 
stronger σ-donating phosphine ligand, PCp3, was also tested 
with no HDF product detected. Again, because ligand size is 
so important, PMePh2 likely leads to greater Cu+ stabilization, 
thus balancing the destabilized carbanion, H2CR-, in the 
L3CuH mechanism. 

Scheme 10. Hydrodefluorination of 1,1-difluoroethylene (2e)

    These results suggest that an electronic limit to the HDF of 
FAs via the L3CuH mechanism exists (i.e., in cases where the 
stabilization of the Cu+ is not great enough to offset Alk- 
destabilization). Therefore, alkyl-substituted FAs were tested 
next (Scheme 11). 
    In this case, 1,1,1-trifluoropropene (9) was subjected to 
HDF to generate 1f in situ (Eq. 11.1). As expected, no further 
HDF was observed using the Xantphos or PMePh2 system. On 
addition of a stabilizing element to Alk-, HDF through the 
L3CuH mechanism should proceed. When α-trifluoromethyl 
styrene (8a) was used to generate β-difluoro-α-methyl styrene 
(8b) in situ, Xantphos and PMePh2 yielded the same product 
distribution of E/Z- β-fluoro-α-methyl styrene (8c,d) in a ratio 
of 2.8:1 (Eq. 11.2). The steric congestion arising from 
addition, with the =CPhMe carbon bonded to copper, now 
proves too much to accommodate the third PMePh2 ligand 
required for the L3 mechanism. As such, the L2 mechanism 
dominates 

Scheme 11. Hydrodefluorination of allyl trifluoropropene (top) 
and α-trifluoromethyl styrene (bottom)
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for control of the product ratio in both cases. Nevertheless, if 
our hypothesis is correct, even the weaker σ-donating but 
smaller ligand should function, due to the Alk- benzylic 
stabilization. Indeed when P(OEt)3 was used, the HDF of 8a to 
8b and on to 8c,d proceeded smoothly to provide an increased 
product ratio of 7.2:1 (Eq. 11.3). Apparently, the L3 
mechanism reinforces the E/Z ratio as 8c is both the least polar 
and most thermodynamically stable, as confirmed by DFT 
(vide supra).

CONCLUSION 
In summary, new P-ligated copper hydride complex-catalyzed 
routes for the HDF of fluoroalkenes using silanes have been 
developed. With our technology, hexafluoropropene (1a) can 
be selectively converted to fourth-generation refrigerant 
CH2=CF(CF3) (1d) or to 1,1-difluoropropene (1f). While the 
(dppe)Cu-H system stops at the double HDF, giving the 
highest yield of 1d, small cone-angle, less electron-rich 
P(OEt)3 allows for the quadruple HDF of 1a to 1f. On 
evaluating the HDF substrate scope we found that use of a 
smaller cone-angle, electron-rich ligand such as PMePh2 leads 
to L3Cu-H reactivity with electron-poor or bulky fluoroalkenes 
not observed with the L2CuH systems. DFT studies revealed 
an exceptional, ligand- and substrate-dependent mechanistic 
flexibility in these copper(I) hydride systems ranging from 
monomeric insertion/elimination to bimetallic or monomeric 
hydride transfer mechanisms. In the latter, F-elimination 
involves a doubly-occupied coordination site at copper. Both 
hydrometallation and F-elimination in the L2 as well as the L3 
system proceed via TSs showing significant charge separation, 
explaining the experimentally observed rate dependence on 
the solvent. DFT results are nicely in line with experimental 
observations. We propose that the phosphine choice can 
modulate the position of the F-elimination TS with respect to 
the product and thereby modulate product selectivity, as 
experimentally observed for 2b and 8a. It appears that in the 
case of 8a, tuning the position of the F-elimination TS 
reinforces the preference for the thermodynamic product. In 
the case of 2b, the switch from L2 to L3 environment leads to a 
switch from thermodynamic to kinetic product. We believe 
that this effect can be traced to a breakdown of the assumption 
that steric and electronic changes occur gradually from RS to 
TS to product in this specific case.
    With tetrafluoroethylene both (P-P)CuH and P3CuH 
complexes (7a,b) could be successfully isolated and are 
currently being assessed for the introduction of the 1,1,2,2-
tetrafluoroethyl (-CF2CF2H) moiety to organic electrophiles.54 

EXPERIMENTAL SECTION
    General Procedures. Experiments were conducted under 
nitrogen, using Schlenk techniques or an MBraun glove box. 
All solvents were deoxygenated by purging with nitrogen. 
Tetrahydrofuran (THF) and toluene were dried on columns of 
activated alumina using a J. C. Meyer (formerly Glass 
Contour®) solvent purification system. Chlorobenzene, m-
dimethoxybenzene, benzene, cyclopentyl methyl ether 
(CPME) and benzene-d6 (C6D6) were dried by stirring over 
activated alumina (ca. 10 wt. %) overnight, followed by 
filtration. All solvents were stored over activated (heated at ca. 
250 °C for >10 h under vacuum) 4 Å molecular sieves. 
Glassware was oven-dried at 120 °C for >2 h. The following 
chemicals were obtained commercially, as indicated: 

Dimethylformamide (DMF, Alfa Aesar Anhydrous 99.8%), 
hexafluoropropene (1a, Synquest 98.5%), trifluoroethylene 
(2b, Synquest 98%), chloro trifluoroethylene (3a, Synquest, 
99%), iodo trifluoroethylene (3b, Synquest, 97%), 
trifluoromethyl trifluorovinyl ether (4a, Synquest, 99%), 
vinylidene difluoride (2e, Arkema Inc., 99%), alpha-
trifluoromethyl styrene (8a, Synquest, 97 %), 
hexafluorocyclobutene (5a, Synquest 98%), 3,3,3-
trifluoropropene (9, Synquest, 99%), perfluoro(4-methyl-2-
pentene) (6b, Synquest, 95%), perfluoro(2-methyl-2-pentene) 
(6a, Synquest, 96%), triethylesilane (Sigma-Aldrich, 99%), 
triethyl(silane-d) (Sigma-Aldrich, 97 atom % D), 
triisopropylsilane (Oakwood chemicals, 98%), triphenylsilane 
(Oakwood chemicals, 97%), triethoxysilane (Sigma-Aldrich, 
95%), diphenylsilane (Oakwood chemicals, 97%), 
tetramethyldisiloxane (TMDS, Sigma-Aldrich, 97 %), 
poly(methyl-hydrosiloxane) (PMHS, Sigma-Aldrich, average 
Mn: 1,700-3,200), triphenylphosphine (PPh3, Oakwood 
chemicals, 99%), tri(o-tolyl)phosphine (P(o-tolyl)3, Alfa 
Aesar, 98%), 2-di-tert-butylphosphino-2′,4′,6′-
triisopropylbiphenyl (tbuXphos, Sigma-Aldrich, 97%), 1,2-
bis(diphenylphosphino) ethane (dppe, Strem chemicals, 99%), 
1,1’-bis(diphenylphosphino) ferrocene (dppf, Accela ChemBio 
Inc., 99%), 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene 
(Xantphos, Accela ChemBio Inc., 99%), triethylphosphite 
(P(OEt)3, Sigma-Aldrich, 98%), triphenylphosphite (P(OPh)3, 
Alfa Aesar, 97%), tri-ortho-tolyl phosphite (P(O-o-tolyl)3, 
Alfa Aesar), methyldiphenylphosphine (PMePh2, Acros 
Organics, 99%), dimethylphenylphosphine (PMe2Ph, Acros 
Organics, 97%). The following chemicals were synthesized as 
previously reported: 1,3-bis(2,6-
diisopropylphenyl)imidazolidin-2-ylidene (SIPr)55 and 
[(PPh3)CuH]6.56 Tetrafluoroethylene (2a) was prepared by 
pyrolysis of polytetrafluoroethylene (Scientific Polymer 
Products, powdered) under vacuum, using a slightly modified 
literature procedure [10-20 mTorr, 650 °C, 30 g scale, product 
stabilized with R(+)-limonene (Aldrich, 97%), giving 2a of ca. 
97% purity]57 or by pyrolysis of KO2CCF2CF3 under vacuum, 
producing TFE Safe Supply®.58 1H, 19F, 31P{1H}, and 13C{1H} 
NMR spectra were recorded on a 300 MHz Bruker Avance 
instrument at room-temperature (21-23 °C) unless stated 
otherwise. 1H NMR spectra were referenced to residual proton 
peaks associated with the deuterated solvents (C6D6: 7.16 
ppm). 19F NMR spectra were referenced to internal standard 
α,α,α-trifluorotoluene (CF3Ph) [unless stated otherwise] 
(Sigma-Aldrich, 99%, deoxygenated by purging with nitrogen, 
stored over activated 4 Å molecular sieves), set to – 63.5 ppm. 
31P{1H} NMR data were referenced to external H3PO4 (85 % 
aqueous solution), set to 0.0 pm. Electrospray ionization mass 
spectral data were collected using an Applied Biosystem 
API2000 triple quadrupole mass spectrometer. Elemental 
analyses were performed by Ján Veizer Stable Isotope 
Laboratory, University of Ottawa (Ottawa, Ontario, Canada). 
Note that the NMR spectra (1H, 19F, 19F{1H}, and 31P{1H} for 
the title compounds are displayed at the end of the Supporting 
Information (Figures S4-44).
    General Experimental Procedure for 
Hydrodefluorination of Gaseous Fluoroalkenes, NMR 
Scale. [(PPh3)CuH]6 (5 mg, 0.02 mmol, 10 mol %)  was placed 
in a 7″ nmr tube and mixed with 400 μL of solvent. A ligand 
(31 mol % or 11 mol %) and silane (10 equiv) were added. 
The tube was capped with a rubber septum, removed from the 
glovebox, further sealed by tightly wrapping the cap with a 

Page 12 of 19

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13

strip of parafilm and shaken to ensure a homogeneous 
solution. 3 mL of gaseous fluoroalkene were then added to the 
reaction via air-tight syringe. The reaction was monitored by 
19F NMR over 8 hours at various temperatures. See Figure S4-
34 for 1H NMR and 19F NMR spectra and Table S1 for 19F 
NMR data. Compounds 1b59, 1c59, 1d60, 1e61, 1f4, 2c62, 2d62, 
2f62, 4b63, 5b64 and 5c64, 5d64 were identified using available 
literature data.  
   Z-3,3,3,2,1-pentafluoropropene (1b). 1H NMR (300 MHz, 
C6D6): δ 6.13 (ddq, 2JHF = 68, 3JHF = 15, 4JHF = 1 Hz, =CHF).  
19F NMR (282 MHz, C6D6):  -72.59 (ddq, 3JFF = 14, 4JFF = 6, 
4JFH = 1 Hz, CF3), -155.07 (ddq, 2JFH = 68, 3JFF = 7, 4JFF = 6 
Hz, =CFH), -158.97 ppm (ddq, 3JFH = 15, 3JFF = 7, 4JFF = 6 Hz, 
=CF(CF3)). 
   E-3,3,3,2,1-pentafluoropropene (1c): 1H NMR (300 MHz, 
C6D6): δ 5.93 (dd, 2JHF = 68, 3JHF = 4 Hz, = CHF). 19F NMR 
(282 MHz, C6D6): -70.09 (dd, 3JFF = 19, 4JFF = 12 Hz, CF3), -
165.93 (ddq, 2JFH = 68, 3JFF = 137, 4JFF = 19 Hz, =CFH), -
180.12 ppm (ddq, 2JFH = 4 3JFF = 137, 4JFF = 12 Hz, 
=CF(CF3)).
   3,3,3,2-tetrafluoropropene (1d): 1H NMR (300 MHz, C6D6): 
δ 4.36 (ddq, 2JHH = 5, 3JHF = 13, 3JHF = 1 Hz, =CH2cis), 4.49 (br 
dd, 2JHH = 4, 3JHF = 52 Hz, =CH2trans). 19F NMR (282 MHz, 
C6D6):  -73.28 (d, 3JFF = 10 Hz, CF3), -124.12 ppm (ddq, 3JFH = 
52, 3JFH = 13 Hz, 3JFF = 10 Hz. =CF(CF3)).
   1,1,2-trifluoropropene (1e): 19F NMR (282 MHz, C6D6):  -
106.32 (ddq, 2JFF = 93, 3JFF = 32, 4JFH = 5 Hz, =CF2cis), -126.15 
(ddq, 2JFF = 93, 3JFF = 115, 4JFH = 5 Hz, =CF2trans), -167.19 ppm 
(ddq, 3JFF = 115, 3JFF = 32, 3JFH = 17 Hz, =CF(CH3)).
   1,1-difluoropropene (1f): 19F NMR (282 MHz, C6D6):  -
89.67 (ddq, 2JFF = 50, 3JFH ≈ 4JFH = 3 Hz, =CF2trans), -93.45 
ppm (ddq, 2JFF = 50, 3JFH = 25, 4JFH = 2 Hz, =CF2cis).
   Z-1,2-difluoroethylene (2c):1H NMR (300 MHz, C6D6): δ 
5.54 (m). 19F NMR (282 MHz, C6D6): δ -163.09 ppm (m).
   E-1,2-difluoroethylkene (2d): 1H NMR (300 MHz, C6D6): δ 
6.68 (m). 19F NMR (282 MHz, C6D6):  -187.73 ppm (dd, 2JFH 
= 49, 3JFH = 30 Hz).
   Vinyl fluoride (2f): 1H NMR (300 MHz, C6D6): δ 6.14 (ddd, 
2JHF = 85, 3JHH = 13, 3JHH = 5 Hz), 4.54 (ddd, 3JHF = 20, 2JHH = 
12, 3JHH = 3 Hz), 4.00 (ddd, 3JHF = 54, 2JHH = 5, 3JHH = 3 Hz). 
19F NMR (282 MHz, C6D6): -115.97 ppm (ddd, 2JFH = 85, 3JFH 
= 54, 3JFH = 20 Hz).
   Z-Trifluoromethyl-1,2-difluorovinyl ether (4b): 19F NMR 
(282 MHz, C6D6): -54.78 (m, OCF3), -118.28 (m, F), -122.22 
ppm (dm, 2JFH = 59 Hz).
1,4,4-trifluorofluorocyclobutene (5b): 19F NMR (282 MHz, 
C6D6): δ -106.52 (m, 2F), -113.45 ppm (m, 1F).
1,2-difluorofluorocyclobutene (5c): 1H NMR (300 MHz, 
C6D6): δ 1.67 (m, 2H) ppm. 19F NMR: (282 MHz, C6D6)  -
118.57 ppm (m, 4F).
1-fluorocyclobutene (5d): 19F NMR (282 MHz, C6D6):  -84.23 
ppm (m, 1F).
     General Experimental Procedure for 
Hydrodefluorination of Non-Gaseous Fluoroalkenes, NMR 
Scale. 
[(PPh3)CuH]6 (5 mg, 0.02 mmol, 10 mol %) was placed in a 7″ 
nmr tube and mixed with 400 μL of solvent. A ligand (31 mol 
% or 11 mol %), silane (10 equiv, 1.45 mmol) and 
fluoroalkene (0.15 mmol) were added. The tube was capped, 

removed from the glovebox, further sealed by tightly 
wrapping the cap with a strip of parafilm and shaken to ensure 
a homogeneous solution. The reaction was monitored by 19F 
NMR over 8 h at various temperatures. See Figure S35-38 for 
19F NMR spectra and Table S1 for 19F NMR data. Compounds 
6c65, 8b,66 8c66 and 8d66 were identified using available 
literature data.  
   1,1,4,4,5,5,5-heptafluoro-2-methylpent-1-ene (6c). 1H NMR 
(300 MHz, C6D6): δ 2.13 (t, 3JHF = 19 Hz, CH2), 1.22 (m, 
CH3). 19F NMR (282 MHz, C6D6): -86.42 (s, CF3), -92.00 (d, 
2JFF = 44 Hz, 1F), -92.64 (d, 2JFF = 44 Hz, 1F), -117.07 ppm 
(tm, 3JFH = 19 Hz, CF2).
  1,1-difluoro-2-methyl-2-phenylethyl-1-ene (8a): 1H NMR 
(300 MHz, C6D6): δ 1.59 (dd, 4JHF ≈ 

4JHF = 3 Hz, Me).  19F 
NMR (282 MHz, C6D6):  -91.99 (dq, 2JFF = 44, 4JFH = 3 Hz), -
92.30 ppm (dq, 2JFF = 44, 4JFH = 2 Hz).
   (E)-1-fluoro-2-methyl-2-phenylethyl-1-ene (8b): 1H NMR 
(300 MHz, C6D6): δ 7.4 – 6.9 (Ar), 6.58 (dq, 2JHF = 85, 4JHH = 
2 Hz, 1H(FHC=)), 1.80 (dd, 4JHF = 4, 4JHF = 2 Hz, Me).  19F NMR 
(282 MHz, C6D6):  -131.66 ppm (dq, 2JFF = 85, 4JFH = 4 Hz).
(Z)-1-fluoro-2-methyl-2-phenylethyl-1-ene (8c): 1H NMR (300 
MHz, C6D6): δ 7.4 – 6.9 (Ar), 6.22 (dq, 2JHF = 84, 4JHH = 2 Hz, 
1H(FHC=)), 1.80 (dd, 4JHF = 5, 4JHF = 2 Hz, Me).  19F NMR (282 
MHz, C6D6):  -131.66 ppm (dq, 2JFF = 84, 4JFH = 5 Hz).
    Synthesis of [(PMePh2)3Cu(CF2CF2H)] (7a). The red 
complex [(PPh3)CuH]6 (3.16 g, 9.69 mmol based on 
monomeric unit), PPh2Me (6.01 g, 30 mmol) and TMDS (1.4 
mL, 8 mmol or 16 mmol hydride equivalents) were placed in a 
350 mL ampule and mixed with 30 mL of benzene. The 
reaction vessel was attached via a three-way valve to a 2a:CO2 
canister with a regulator and a Schlenk line. The solution was 
degassed using a regular freeze/pump/thaw method. The 
2a:CO2 was added to the degassed solution with the regulator 
set to 5 psi and the reaction mixture stirred at 70 °C. After 10 
minutes, the regulator pressure dropped to 0 and more 2a:CO2 
was added. After ~2 h, the solution became clear with some 
black precipitate. The solvent was removed in vacuo, leaving a 
thick liquid. 10 mL of Et2O was added, and the solution was 
then filtered through a Celite-padded fritted funnel (30 mL 
medium pore). The ampule was rinsed 2 more times with 10 
mL of Et2O. All volatiles were removed in vacuo and 50 mL 
of methylcyclohexane were added to the solution. Upon 
standing, the product crystallized from solution. The white 
microcrystalline powder was collected (30 mL medium-pore 
fritted funnel), triturated with pentane (2 x 20 mL), and dried 
in vacuo to yield 5.17 g of 7a (6.8 mmol, 69 % based on 
[(PPh3)CuH]6). 1H NMR (300 MHz, C6D6): δ 7.23 (m, 16H, 
PMePh2), 6.89 (m, 25H, PMePh2), 6.75 (tt, 1H, 2JHF = 52, 3JHF

 

= 5 Hz, -CF2H), 1.55 (br, 12H, PMePh2) ppm. 19F NMR (282 
MHz, C6D6): −96.68 (dt, 3JFF = 3JFH = 5 Hz, CF2), -124.89 ppm 
(dt, 2JFH = 52,3JFF = 5 Hz, -CF2H). 31P{1H} NMR (121 MHz, 
C6D6): −20.0 ppm (br, PMePh2). Anal. Calcd for 
C41H40CuF4P3: C, 64.35, H, 5.27. Found: C, 60.49, H, 5.31. 
(These values reflect those expected for phosphine oxidation 
prior to combustion. Anal. Calc. for C41H40CuF4O3P3: C, 
60.56, H, 4.96.) See Figures S40−S42 for 1H, 19F, and 31P{1H} 
NMR spectra.
    Synthesis of [(Xantphos)Cu(CF2CF2H)] (7b). The red 
complex [(PPh3)CuH]6 (25 mg, 0.08 mmol based on 
monomeric unit), Xantphos (40 mg, 0.08 mmol) and TMDS (2 
μL, 0.01 mmol) were placed in a 7" NMR tube mixed with 
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400 μL of C6D6. The tube was capped with a rubber septum, 
removed from the glovebox, further sealed by tightly 
wrapping the cap with a strip of parafilm and shaken to ensure 
a homogeneous solution. 3 mL of gaseous 2a was added to the 
reaction via air-tight syringe. The reaction was monitored by 
19F NMR over 8 hours at various temperatures. Compound 7b 
was identified by comparing to 7a. 19F NMR (282 MHz, 
C6D6): −103.9 (br m, CF2), -125.45 ppm (br dm, 2JFH = 52, -
CF2H). 31P{1H} NMR (121 MHz, C6D6): −16.74 ppm (br m, 
Xantphos). See Figures S44−S45 for 19F and 31P{1H} NMR 
spectra.
     Computational Details. All geometries were fully 
optimized using the Gaussian 09 software package67 in 
combination with an external optimizer (PQS, OPTIMIZE 
routine of Baker68,69) and the BOpt software package.70 
Following the protocol proposed in ref.71, all relevant minima 
and transition states were fully optimized at the TPSSTPSS 
level72 of theory employing correlation-consistent polarized 
valence double-ζ Dunning (DZ) basis sets with cc-pVDZ 
quality73,74 from the EMSL basis set exchange library, using a 
small core pseudo-potential on Cu.75 The density fitting 
approximation (Resolution of Identity, RI) 76-79 was used at the 
optimization stage and for single-point energy corrections. 
Solvent effects (benzene, ε = 2.2706) were included with the 
polarizable continuum model approach (PCM) at both stages.80 

All calculations were performed at the standard Gaussian 09 
SCF convergence using an ultrafine grid [Scf=Tight and 
Int(Grid=ultrafine)]. The nature of each stationary point was 
checked with an analytical second-derivative calculation (no 
imaginary frequency for minima, exactly one imaginary 
frequency for transition states, corresponding to the reaction 
coordinate). The accuracy of the TS was confirmed with an 
IRC scan on preliminary gas phase calculations. Transition 
states were located using a suitable guess and the Berny 
algorithm (Opt=TS)81 or a relaxed potential energy scan to 
arrive at a suitable transition-state guess, followed by a quasi-
Newton or eigenvector-following algorithm to complete the 
optimization.
Final single-point energies were calculated at the TPSSh level 
of theory82 employing triple-ζ Dunning (TZ) basis sets (cc-
pVTZ quality).73 Grimme dispersion corrections without 
damping (keyword -zero) were added at this stage using the 
standalone dftd3 program.83,84 Enthalpies and Gibbs free 
energies were then obtained from TZ single-point energies and 
thermal corrections from the TPSSTPSS(PCM)/cc-pVDZ-(PP) 
vibrational analyses; entropy corrections were scaled by a 
factor of 0.67 to account for decreased entropy in the 
condensed phase.85-87 Δ%VBur was calculated using the 
SambVca 2.0 program.43 Maps of steric bulk were generated 
using the same program. NBO 3.1 was used for NBO 
analysis.88 
The correct prediction of copper-phosphine bond strengths is 
crucial for the competition of mechanisms described in this 
paper. Metal-phosphine bond strengths are known to be 
challenging to predict and dispersion corrections are critically 
needed for their accurate description.36 To our knowledge, no 
accurate experimental data is available for Cu-P bonds. In the 
absence of this data, we decided to benchmark the protocol 
against available gas phase bond dissociation energies of 
copper complexes with labile binding of ligands,31 i.e. Cu(0)-
NH3,90 Cu+CO91 and the 1st and 2nd binding energies  in 
Cu+(ethene)2

92 and Cu+(acetonitrile)4
93. A labile metal 

phosphine bond was included in the benchmark via the 
complex Ni(CN)2(PEt3)3, in the solvents dichloroethane and 
ethanol.36 For this set of 8 bonds, the protocol including 
Grimme’s dispersion corrections with no damping produces an 
MAD of 1.8 kcal/mol. Becke-Johnson damping leads to an 
overestimation of bond dissociation energies and a higher 
discrepancy (MAD 4.2 kcal/mol). Finally, in a limited test set, 
we included dispersion corrections during optimization via the 
use of the B97D functional,89 but this did not noticeably 
change the predictions.  
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