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The hydrofluoroolefin Z-1,3,3,3-tetrafluoropropene has been activated via an initial C—F bond activation
and subsequent C-H bond activation using [Rh(H)(PEtz)s] (1) or via C-H bond activation at
[RN(CH=)(PEtz)s] (8). In both cases the formation of [Rh{(E)-CF=CHCF3}(PEts)s] (3) was observed.
Importantly, the C—F activation product [Rh{(E)-CH=CHCFz}(PEtz)s] (2) reacts in the presence of Z-
1,3,3,3-tetrafluoropropene into 3. The latter converted into [Rh(C=CCFs)(PEts)3] (6) by an unprecedented
dehydrofluorination reaction, presumably via a vinylidene complex as intermediate. When the carbonyl
complex [Rh(C=CCF3)(CO)(PEts)s] (12) was treated with an excess of NEts-3HF or HBF,; at low
temperature, the formation of the phosphonioalkenyl compounds [Rh{(Z)-C(PEtz)=CHCF3s}(CO)(PEtz),]X

Received Ist December 2021 (X = F(HF),, BF4) (13) was observed. The formation of 13 can be explained by an attack of PEts at the
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electrophilic a-carbon atom of an intermediate vinylidene complex. The employment of P'Prs derivatives

as model compounds allowed for the isolation of the unique fluorido vinylidene complex trans-[Rh(F)(=
C=CHCF3)(P'Pr3),] (16), which in the presence of PEts transforms into [Rh(C=CCF3)(PEtz)s] (6).
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Introduction

Hydrofluoroolefins (HFOs) have attracted a lot of attention
during the last decade due to both their industrial use and their
role as sources of fluorinated building blocks.'” In this regard,
both C-H and C-F bond activation reactions of HFOs have been
described using transition metal complexes, main group
elements or heterogeneous catalysts.®* Commonly, the C-F
bond activation is promoted by the formation of stable bonds
such as H-F, B-F, Si-F or Al-F bonds among others.****

At rhodium, the complexes [Rh(E)(PEt;);] (E = H, F, boryl,
silyl, germyl) exhibit distinct reaction pathways for the C-F or
C-H bond activation of HFOs."* For example, the activation of
2,3,3,3-tetrafluoropropene using [Rh(F)(PEt;);] in the presence
of fluorosilane resulted in the C-H bond activation and
a concomitant 1,2-fluorine shift.>* On the other hand, £-1,3,3,3-
tetrafluoropropene reacted with [Rh(E)(PEt;);] (E = H, silyl,
germyl) by C-F bond activation via two different reaction
pathways, which impart either insertion into the M-E bond
followed by a B-fluoride elimination step to yield [Rh(F)(PEts);]
or the release of FE leading to a vinyl complex.*

Department of Chemistry, Humboldt-Universitdt zu Berlin, Brook-Taylor-Str. 2, 12489
Berlin, Germany. E-mail: thomas.braun@cms. hu-berlin.de

t Electronic supplementary information (ESI) available: Full characterization,
NMR spectra, DFT details and XYZ coordinates. See DOI: 10.1039/d1sc06713c

N30 | Chem. Sci, 2022, 13, 130-1135

Tetrafluoropropenes are used as refrigerants and blowing
agents. They have zero ozone depletion potential and a very low
global warming potential. On the other hand, there is a certain
concern, because of depletion processes which can involve the
generation of HF or environmentally persistent depletion
products such as trifluoroacetate.”**® Despite the broad
research on HFOs,**** the studies regarding the reactivity of the
isomer Z-1,3,3,3-tetrafluoropropene (Z-HFO-1234ze) are very
scarce, but of interest, because it can be a source for more
valuable building blocks. So far, only Crimmin and co-workers
reported its C-F bond activation via an oxidative addition at an
Al(1) complex.”

Hydrodefluorination is a very well-known reaction pathway
at transition metal complexes for both stoichiometric and
catalytic activation of fluorinated derivatives.''***3* On the
contrary, dehydrofluorination (DHF) reactions at fluoroalkanes
are rare, but can be catalysed by solid materials such as
magnesium-** or aluminium-based catalysts,***” and germylium
ions as the only examples for homogeneous catalysts.*® Metal-
mediated dehydrofluorination reactions of fluoroalkyl or fluo-
roalkenyl moieties to yield HF and the corresponding alkenyl or
alkynyl entity have not been described previously. A report at
scandium complexes involves a B-fluorine elimination step after
a hydrogen atom abstraction, but this will always produce metal
fluorido complexes.** Hughes et al discussed, as part of
a mechanistic proposal, the defluorination of a perfluoroalkyl
ligand bound at a iridium half-sandwich complex.*® A proposed
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intermediate [IrCp*(H)(CH,CF,CF;)(PMe;)] was suggested to
convert into [IrCp*(H)(CH=CFCF;)(PMe;)] and HF.

Herein, the reactivity of Z-1,3,3,3-tetrafluoropropene towards
rhodium(i) complexes is reported. The studies include consec-
utive bond activation reactions of C-F and C-H bonds. The
unprecedented dehydrofluorination of a fluorinated vinyl
complex to yield an alkynyl complex is described and model
studies suggest a fluorido vinylidene complex as an
intermediate.

Results and discussion

A reaction of [Rh(H)(PEt;);] (1) with Z-1,3,3,3-tetra-
fluoropropene resulted after 30 minutes in the formation of
a mixture of the complexes [Rh{(E)-CH=CHCF;}(PEt;);] (2),*
[Rh{(E)-CF=CHCF;)}{PEt;);] (3), [Rh{(Z)-CH=CHCF;}(PEt;);]
(4) and [Rh{F(HF),)}(PEt;);] (5)*** in a 3.8:2:1:4.4 ratio,
as well as the release of 3,3,3-trifluoropropene (Scheme 1).
After 5 hours complex 2 was completely consumed, while
higher amounts of the complexes 3 and 5 were obtained;
and the formation of the rhodium(i) alkynyl complex
[Rh(C=CCF;)(PEt;3);] (6)** was also observed. After one day, the
complexes 5 and 6 were detected in a 1:1 ratio (Scheme 1).
Overall, this suggests that initially, from [Rh(H)(PEt;)s] (1),
the vinyl complexes [Rh{(E)-CH=CHCF;}PEt;);] (2) and
[Rh{(Z)-CH=CHCF;}(PEt;);] (4) are formed by C-F bond acti-
vation, followed by a C-H activation step in the presence of the
olefin to form [Rh{(E)-CF=CHCF;}(PEt;);] (3) together with
3,3,3-trifluoropropene. The latter complex converts into 5 and 6.

NMR studies at low temperature support this assumption
and give further insight. Thus, treatment of [Rh(H)(PEt;);] (1)
with Z-1,3,3,3-tetrafluoropropene at 233 K led initially to the
formation of complex fac[Rh(H)(CHF=CHCF;)(PEt;);] (7) due
to the coordination of the olefin at rhodium (Scheme 1).
Complex 7 displays characteristic spectroscopic data revealing
a syn-configuration of the CF; group at the coordinated olefin
and the hydrido ligand (see ESIf for DFT calculations), as
previously reported for the coordination of fluoroolefins at
1.227% After warming up the reaction mixture to 273 K, 90% of
complex 7 converted to give the C-F bond activation product
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preference of complex 1 towards C-F bond activation over C-H
bond activation is in accordance with the reactivity of other
fluoroolefins, but in contrast to the observed C-H bond acti-
vation reactions of partially fluorinated aromatics.>*>>***
Finally, at room temperature after 10 min in the presence of Z-
1,3,3,3-tetrafluoropropene, a 45% conversion of complex 2 was
observed towards a mixture of the complexes [Rh{(E)-CF=
CHCF;}(PEt;);] (3) and [Rh{F(HF),}(PEt;);] (5) in a 1:4 ratio
(Scheme 1). Note that [Rh{(E)-CF=CHCF;}(PEt;);] (3) appeared
upon consumption of [Rh{(E)-CH=CHCF;}(PEt;);] (2), whereas
the amount of 3,3,3-trifluoropropene increased accordingly.
The reaction monitoring at 273 K also suggests that complex 5 is
mainly formed from complex 2 - presumably by protonation
with HF - and not from complex 7. However, it cannot be ruled
out that small amounts of complex 7 react by insertion of the
olefin into the Rh-H bond and a subsequent B-F-elimination to
furnish [Rh(F)(PEt;);] and 3,3,3-trifluoropropene, which is
a common pathway in the chemistry of fluorinated
Oleﬁns‘11,22,23,25,46749

Further studies on model reactions give an insight into
particular reaction steps. Thus, an independent synthesis of
complex 2 by C-H bond activation of 3,3,3-trifluoropropene at
[Rh(CH3;)(PEt;);] (8) was developed. Indeed, complex 2 allowed
for the C-H bond activation of Z-HFO-1234ze to give [Rh{(E)-
CF=CHCF;}PEt;);] (3) and 3,3,3-trifluoropropene in less than
one hour (Scheme 2). In addition, complex 2 reacted instantly
with the HF source NEt;-3HF to yield complex [Rh
{F(HF),}(PEt;)s] (5) and 3,3,3-trifluoropropene (Scheme 2).

Alternatively complex 3 can also be synthesized by C-H bond
activation of Z-HFO-1234ze at [Rh(CH;)(PEt;);] (8) which gave
after 50 minutes complex 3 and methane (Scheme 3). When the
reaction was followed at variable temperature, the coordination
of the olefin at rhodium fac-[Rh(CH;)(CHF=CHCF;)(PEt;);] (9)
was observed at 223 K, however, upon warming up to 253 K,
complex 8 was regenerated, to convert into [Rh{(E)-CF=
CHCF;}(PEt;);] (3) at 273 K, which suggests that 9 is not an
intermediate in the formation of 3 (Scheme 2). The nature of
complex 9 was determined by its spectroscopic similarities to
complex 7 and the presence of the resonance for the methyl
ligand in the "H NMR spectrum to 6 —0.74 ppm.

[Rh{(E)-CH=CHCF;}(PEt;);] (2) together with HF. The
FCF PEt, H PEt; M PEt, F3G, PEt, PEt,
\—/ | />—CF3 | />—<:|=3 | />—H L(HF),
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Scheme 1 Reactivity of [Rh(H)(PEts)s] (1) with Z-1,3,3,3-tetrafluoropropene.
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Scheme 2 Synthesis and reactivity of the complexes 2 and 3.
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Scheme 3 Reactivity of complex 3 towards CO.

Complex [Rh{(E)-CF=CHCF;}(PEt;);] (3) is only stable for
about 2 h in solution or after work-up by removing all the
volatiles as an oil. As observed in the reactions described above,
it transformed into a mixture of [Rh(C=CCF;)(PEt;);] (6), and
[Rh{F(HF),}(PEt5)3] (5) (=15%) as well as into Z-HFO-1234ze. If
around two equivalents of NEt;/Cs,CO; are added to complex 3
to trap HF, the dehydrofluorination required two days, but no
formation of complex 5 was observed (Scheme 2). This suggests
that the HF, which is released in the dehydrofluorination step of
the vinyl ligand, can react further with complex 3 to yield the
fluorido complex 5 and Z-1,3,3,3-tetrafluoropropene. Note that
an independent reaction of [Rh{(E)-CF=CHCF;}(PEt;);] (3) with
NEt;-3HF provided indeed complex 5 as the only rhodium
complex and several organic derivatives including Z-HFO-
1234ze.

When an excess of NEt;/CsCO; was added to a solution of [Rh
{(E)-CF=CHCF;}(PEt;);] (3), conversion into 6 by dehydro-
fluorination was also observed, although it took up to several
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weeks. Similarly, addition of free triethylphosphine hampered
the dehydrofluorination reaction. This behaviour suggests that
the creation of a coordination vacant site might be necessary to
allow for the HF elimination at the vinyl ligand in 3 and that the
presence of NEt; or PEt; might block it. Literature data indicate
that a phosphine dissociation in the ¢rans position to the organyl
ligand is a likely reaction step,*****>* but the coordination site
can be blocked by a CO ligand. To further confirm this hypoth-
esis, [Rh{(E)-CF=CHCF;}(PEt;);] (3) was treated with CO to give
initially trans,cis-[Rh{(E)-CF=CHCF;}(CO),(PEt;),] (10) together
with two unknown minor complexes® (Scheme 3). Complex 10
exhibits a trigonal bipyramidal structure based on DFT calcula-
tions (see ESIT). The *'P{'H} NMR spectrum showed signals for
two inequivalent phosphines. The *'P nuclei coupled to two
equivalent carbonyl ligands for the '*CO isotopologue of
10. Complex 10 is stable in solution, however, after removing
all the volatiles of the mixture containing 10 and the
unknown complexes, one of the CO ligands in 10 is released and
trans-[Rh{(E)-CF=CHCF;}(CO)(PEt;),] (11) was obtained as sole
product (Scheme 3). In contrast to complex 3, complex 11 is
stable in solution or after work-up as an oil for weeks and HF
elimination was not observed. Therefore, it can be assumed that
the initial phosphine dissociation to create a vacant site in the
trans position to the vinyl ligand is necessary for the dehydro-
fluorination reaction.

After phosphine dissociation in 3, a vinylidene intermediate
can be proposed in the dehydrofluorination step at [Rh{(E)-CF=
CHCF;}(PEt;);] (3) (Scheme 2). Indeed, there is literature
precedence for the generation of alkynyl complexes from
vinylidene complexes in presence of a base.”>*® Thus, a vacant
coordination site can allow for a 1,2-fluorine shift to yield
a putative vinylidene complex [Rh(F)(=C=CHCF;)(PEt;),]
bearing a rhodium-bonded fluorido ligand (Scheme 2). The
latter complex would eliminate HF followed by an association of
PEt; and form [Rh(C=CCF;)(PEt;);] (6). Note that compounds
providing Lewis-acidity, such as BF; or LiBF,, were capable to
facilitate the dehydrofluorination reaction at [Rh{(E)-CF=
CHCF;}(PEt;);] (3) within a few minutes, but no cationic vinyl-
idene intermediates where observed even at low temperatures.

Hence, the independent synthesis of a CF; group containing
vinylidene similar to [Rh(F)(=C=CHCF;)(PEt;),] was attemp-
ted. Addition of acids such as HOTf or HBF, to the alkynyl
complex [Rh(C=CCF;)(PEt;);] (6) led only to cationic species
like [Rh(PEt;),]" or [Rh(toluene)(PEt;),]'. The conversions
resemble an independent reaction of 6 with NEt;-3HF to form
the rhodium fluorido complex 5 and the hydrofluorination
product, Z-HFO-1234ze, among other organic derivatives.
Interestingly, when [Rh(C=CCF;)(CO)(PEt;);] (12)** was treated
with an excess of NEt;-3HF or HBF, at 243 K, the formation of
[Rh{(2)-C(PEt;)=CHCF;}(CO)(PEt;),]X (X = F(HF),, BF,) (13)
was observed as main product (Scheme 4, see ESIT for details).

The compound exhibited in the **P{*"H} NMR spectrum two
correlating resonances with a 2 Hz coupling constant between
the phosphines. One signal for the rhodium bonded phosphine
ligand appears at ¢ 14.7 ppm and a second one for the phos-
phonioalkenyl unit at 6 37.1 ppm with a rhodium coupling of
only 4.8 Hz. A doublet of quartets of pseudo quartets in the "H

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Formation of a fluorinated phosphoniopropenyl complex
13.

NMR spectrum for the vinyl proton at § 6.68 ppm reveals a 36 Hz
coupling to the phosphonio moiety, which is typical for a cis
substitution,”***® a 6 Hz coupling to the CF; group which is
typical for the geminal arrangement,****** and 3 Hz coupling to
rhodium and the phosphine ligands.

Phosphonioalkenyl complexes are commonly obtained by
nucleophilic addition of a phosphine to a n°-coordinated
alkyne.**-®> Other methodologies such as nucleophilic substi-
tution of a fluorine atom at the B-position of a vinyl ligand® or
nucleophilic attack at the a-position of a vinylidene ligand have
been scarcely reported.*® Noteworthy, only in the latter case the
phosphonio moiety is bonded to the a-carbon. Therefore,
mechanistically, the formation of complex 13 can be explained
by the attack of PEt; at the electrophilic a-carbon atom of an
intermediate vinylidene complex. Obviously, the polyfluoride
anion is not nucleophilic enough to react with the vinylidene
and remains as counter anion. A reaction of the square planar
derivative [Rh(C=CCF;)(CO)(PEt;),] with NEt;-3HF does not
result in the generation of any vinylidene complex. Instead,
a mixture of unknown products and cationic complexes is ob-
tained, suggesting a low stability of a putative vinylidene ligand.

Werner and co-workers described the synthesis of the vinyl-
idene rhodium complex trans-{Rh(F)(=C=CH(Ph)(P'Pr;),)] by
reaction of the binuclear complex [Rh(F)(P'Pr;),], (14a)
with phenylacetylene.* Though, treatment of [Rh(F)(PEt;),],
(14b)*> with two equivalents of 3,3,3-trifluoropropyne led to
a mixture of products where only [Rh(H)(C=CCFs;),(PEt;3);]
and [Rh{(E)-CH=CHCF;}({C=CCF;),(PEt;);] were identified.*
Similarly, the wuse of phenylacetylene or penta-
fluorophenylacetylene did not provide any vinylidene complex.

Interestingly, when complex 14a was treated with 3,3,3-tri-
fluoropropyne the formation of n*-alkyne complex trans-
[Rh(F)(HC=CCF;)(P'Pr;),] (15) was observed (Scheme 5). In

PiPrz or

| NEt | .
| taw '| "

| ; CDs
PrsP F e Gl |

CoDs| PEts
t1h| _pipy,
PEt; PEty
| (P,
EtP—Rh—==—CF, + EISP—Flin——F
PEts PEty

Scheme 5 Reactivity of rhodium() fluorido dimer 14 towards 3,3,3-
trifluoropropyne.

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

View Article Online

Chemical Science

contrast to trans-{Rh(F)(HC=CPh)(P'Pr;),],** complex 15 is
stable for days. It is remarkable that after 3 weeks in the pres-
ence of phosphine or another base such as trimethylamine, 15
transformed into the vinylidene complex trans-[Rh(F)(=C=
CHCF;)(P'Pr3),] (16) (Scheme 5). In '°F NMR spectrum, complex
15 exhibits a rhodium fluorido resonance at 6 = —242.9 ppm
which shifts to 6 = —208.0 ppm for complex 16. Similarly, in 'H
NMR, the signal for the coordinated alkyne proton in 15 at 6 =
4.52 ppm shifts to § = 0.67 ppm for the vinylidene complex 16.
Finally, the "*C{'"H} NMR shifts confirmed the #*-alkyne ligand
of 15 with two resonances at 6 = 61 and 83 ppm, while complex
16 displays the typical signals for carbon atoms at rhodium
vinylidene complexes at 6 = 104 and 282 ppm.***°

Complex 16, which represents the first example for a CF;-
containing vinylidene complex described, is also stable in
solution and any release of HF was not observed within one
week. Remarkably, upon addition of triethylphosphine, HF
elimination, i.e. dehydrofluorination, took place together with
phosphine exchange and the formation of the alkynyl complex
[Rh(C=CCF3;)(PEt;);] (6) and complex 5 (Scheme 5).

Conclusions

In conclusion, the selective C-H bond activation of Z-HFO-
1234ze using a fluorinated vinyl rhodium complex has been
described. This reaction was preceded by the initial C-F bond
activation of the olefin at a rhodium hydrido complex. The
transformation of a fluorovinyl complex into an alkynyl complex
by dehydrofluorination is unprecedented. Whereas hydro-
defluorination and dehydrofluorination play a crucial role for
the depletion of fluororganyl compounds, the latter had not
been directly observed at transition metals. Mechanistic studies
strongly support a vinylidene complex as an intermediate.
Complex trans-[Rh(F)(=C=CHCF;)(P'Pr;),] was synthesized
independently and HF elimination could be triggered by PEt;
addition (i.e. phosphine exchange). In general, the reactivity
patterns demonstrate versatile activation pathways at rho-
dium(1) complexes, which can be useful tools for the study of
catalytic transformations.
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