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ABSTRACT: The cationic rhodium complex [Rh(PcPr3)2(η6-PhF)]+[B{3,5-(CF3)2C6H3}4]− (PcPr3 = triscyclopropylphosphine, PhF = ﬂuorobenzene) was used as a catalyst for the hydrogenation of the chargetagged alkyne [Ph3P(CH2)4C2H]+[PF6]−. Pressurized sample infusion
electrospray ionization mass spectrometry (PSI-ESI-MS) was used to
monitor reaction progress. Experiments revealed that the reaction is ﬁrst
order in catalyst and ﬁrst order in hydrogen, so under conditions of excess
hydrogen the reaction is pseudo-zero order. Alkyne hydrogenation was 40
times faster than alkene hydrogenation. The turnover-limiting step is
proposed to be oxidative addition of hydrogen to the alkyne (or alkene)bound complex. Addition of triethylamine caused a dramatic reduction in
rate, suggesting a deprotonation pathway was not operative.

■

(PR3)2]+ precursors8 was further increased to the hydrogenation of imines,9 and since then, the hydrogenations of
prochiral imines for the production of a chiral amines has
become a promising route for synthesis of chiral nitrogencontaining compounds.10 DFT studies have become increasingly popular for the unravelling of mechanistic details of these
systems.11
We have examined rhodium-catalyzed hydrogenation previously using electrospray ionization mass spectrometry (ESIMS), wherein we doped in substoichiometric quantities of a
charged phosphine ligand,12 [Ph2P(CH2)4PPh2Bn]+[PF6]− (Bn
= benzyl), into a reaction mixture consisting of an alkene,
hydrogen, and Wilkinson’s catalyst, using chlorobenzene as a
solvent.13 We observed a large variety of rhodium complexes
consistent with the known speciation of this reaction mixture.
However, because ESI-MS operates only on ions, the overall
progress of the reaction was not tracked, and therefore the
concentration of metal−ligand intermediates cannot be
matched to activity. As such, establishing whether or not an
observed species is an intermediate, a resting state, or a
decomposition product is not easy. We later reexamined the
reaction, where we added a charged tag to the substrate (in this
case an alkyne) rather than the catalyst.14 This paper conﬁrmed
that the turnover-limiting step was ligand dissociation from the
precatalyst to generate the unsaturated, 14-electron species
Rh(PPh3)2Cl. However, since all steps involving the alkyne on

INTRODUCTION
Hydrogenation of alkynes and alkenes mediated by rhodium
complexes is a classic catalytic organometallic reaction.1 First
introduced by Wilkinson,2 the eponymous catalyst Rh(PPh3)3Cl has been widely employed, thanks to the mild
conditions it operates under and its selectivity for C−C
multiple bonds over other unsaturated sites.3 The mechanism
of the reaction has been studied by a wide range of
approaches.4 It may well be the most well-studied organometallic catalytic reaction. It is relatively complicated, with oﬀcycle equilibria between catalyst monomer and dimer (and
hydrogenated versions thereof) and between di- and
triphosphine species. Cationic rhodium complexes are known
for the hydrogenation of alkynes from Schrock and Osborn’s
work,5 and since then, these types of complexes have served as
precursors in various studies of homogeneous catalysis.
Bis(ditertiaryphosphine) chelate complexes of rhodium(I)
were studied as catalytic hydrogenators of methylenesuccinic
acid, and cationic and hydrido versions of the complex were
found to be more active than corresponding chloro versions,
with activity increasing with increasing chain length of the
diphosphine.6a Semihydrogenation of internal alkynes such as
diphenylacetylene has also been developed with good selectivity
with use of trinuclear cationic rhodium complexes.6b Innately
linked to cationic rhodium hydrogenation is catalytic
asymmetric synthesis to produce enantiomerically pure
compounds due to the possibility of introducing a degree of
chirality in the ligands on the metal center. Extensive work has
been done in this area with rhodium and more recently with
iridium and ruthenium complexes.7 The scope of [Rh(diene)© 2015 American Chemical Society
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ature, 90 °C; desolvation temperature, 180 °C; cone gas ﬂow, 100 L/
h; desolvation gas ﬂow, 100 L/h; collision voltage, 2 V (for MS
experiments); collision voltage, 2−80 V (for MS/MS experiments);
MCP voltage, 2700 V. Mass spectrometric interpretation was aided by
ChemCalc.25
ESI-MS Reaction Monitoring Using Pressurized Sample
Infusion. A Schlenk ﬂask was used for these experiments, as shown
in Figure 1. A 10 mL ﬂuorobenzene solution of 2[PF6] (10−20 mg,
2.1−4.2 mM) was monitored using the pressurized sample infusion
electrospray ionization mass spectrometry (PSI-ESI-MS) setup. The
Schlenk ﬂask was pressurized to 3 psi using 99.999% purity hydrogen
gas. [Rh(PcPr3)2(η6-FPh)]+[BArF4]− (1.0−6.0 mg, 0.75−4.5 μmol, 1−
20% catalyst loading) was dissolved in 1 mL of ﬂuorobenzene and
injected into the well-stirred Schlenk ﬂask via a septum. The solution
end of the PEEK tubing was protected with a standard cannula ﬁlter
system to avoid the tube being blocked by any insoluble byproducts.
Data were processed by normalizing the abundance of each species to
the total ion count of all species identiﬁed as containing the tag. No
smoothing of the data was performed. The triethylamine reaction was
conducted using 2.2 mM of the charged alkyne, 0.22 mM of the
catalyst, and 1.12 mM of NEt3. The reaction with D2 used the same
overpressure as for H2.
1[BArF4]: [Rh(PcPr3)2(η6-C6H5F)]+[BArF4]−. [RhCl(PcPr3)2]2 was
prepared by the procedure described by Goldman et al.26 [RhCl(PcPr3)2]2 (0.100 g, 0.112 mmol) and Na[BArF4] (0.203 g, 0.229
mmol) were added to a Schlenk ﬂask, and ﬂuorobenzene (5 cm3) was
added. After stirring for 1 h the solution was ﬁltered, and the volume
was reduced in vacuo to approximately 2 cm3. This solution was
layered with n-pentane (20 cm3), and storage at room temperature
gave [Rh(PcPr3)2(η6-C6H5F)][BArF4] as brown crystals (0.200 g, 65%)
after 48 h. 1H NMR (C6H5F, 500 MHz): 8.38 (s, 8H, BArF4), 7.69 (s,
4H, BArF4), 6.20 (m, 2H, C6H5F), 6.12 (m, 2H, C6H5F), 5.68 (m, 1H,
C6H5F), 0.60 (br m, 24H, cPr CH2), 0.36 (br m, 6H, cPr CH) ppm.
31 1
P{ H} NMR (C6H5F, 202 MHz): 41.4 (d, 1JPRh = 206 Hz) ppm.
Anal. Calcd for C56H47BF25P2Rh (1370.60 g mol−1): C, 49.07; H, 3.46.
Found: C, 48.84; H, 3.39. ESI-MS(+) (C6H5F, 60 °C): m/z 507.12.
2[I]: [Ph3P(CH2)4C2H]+[I]−, Hex-5-yn-1-yltriphenylphosphonium Iodide. Triphenylphosphine (5.00 g, 19.0 mmol) was dissolved
into 10 mL of toluene in a Schlenk ﬂask at 75 °C, and 6-iodo-1-hexyne
(1.00 g, 4.81 mmol) added dropwise over 10 min. The mixture was
stirred for 72 h, before the product was ﬁltered oﬀ, washed with
toluene, and dried under high vacuum. Final product was a white
powder (2.22 g, 4.72 mmol, 98%). Crystals for X-ray crystallographic
analysis were grown by vapor diﬀusion of hexane into a chloroform
solution. ESI-MS(+): m/z 343.1. ESI-MS(−): m/z 126.9.
2[PF6]: [Ph3P(CH2)4C2H]+[PF6]−, Hex-5-yn-1-yltriphenylphosphonium Hexaﬂuorophosphate(V). Sodium hexaﬂuorophosphate
(0.56 g, 2.12 mmol) was dissolved in 5 mL of water, and 5 mL of a
methanol/water mixed solution of [Ph3P(CH2)4C2H]+[I]− (0.5 g 1.06
mmol) was added dropwise with stirring. The product was ﬁltered and
washed with water and dried under high vacuum for a week. Final
product was a white powder (0.55 g, 1.12 mmol, 53%). 1H NMR
(CDCl3 300 MHz): δ (ppm) 7.81 (m, 3H, PPh3); 7.70 (m, 12H,
PPh3); 3.22 (m, 2H, PPh3CH2); 2.29 (m, 2H, CH2C2H); 1.86, (t, 1H,
CH2CH2CH2C2H); 1.81 (m, 3H, CH2CH2CH2C2H); 1.26 (s, 1H,
C2H). ESI-MS(+): m/z 343.1. ESI-MS(−): m/z 145.0.
5[I]: [Ph3P(CH2)3C(H)CH2]+[PF6]−, Pent-4-en-1-yltriphenylphosphonium Bromide. Triphenylphosphine (5.5 g, 20.1 mmol)
was dissolved into 10 mL of toluene in a Schlenk ﬂask at 75 °C, and 5bromo-1-pentene (2.1 g, 13.4 mmol) added dropwise over 10 min.
The mixture was stirred for 72 h, before the product was ﬁltered oﬀ,
washed with toluene, and dried under high vacuum. Final product was
a white powder (0.50 g, 1.2 mmol, 9%). ESI-MS(+): m/z 331.1. ESIMS(−): m/z 78.9.
5[PF6]: [Ph3P(CH2)3C(H)CH2]+[PF6]−, Pent-4-en-1-yltriphenylphosphonium Hexaﬂuorophosphate(V). Sodium hexaﬂuorophosphate (0.50 g, 3.0 mmol) was dissolved in 5 mL of water, and 5
mL of a water solution of [Ph3P(CH2)3C2H3]+[I]− (0.50 g, 1.2 mmol)
was added dropwise with stirring. The product was ﬁltered and washed
with water and dried under high vacuum for a week. Final product was

the metal were relatively fast, we saw no metal-containing
intermediates during the reaction.
ESI-MS is increasingly popular as a method of establishing
solution speciation in organometallic reactions.15 It has been
used on systems with inherently charged catalysts,16 with
neutral catalysts that become charged via oxidation17 or
protonation,18 and with catalysts with deliberately charged
ligands.19 Use of charged substrates is somewhat rarer, as is
continuous monitoring of reaction solutions, but we favor this
approach thanks to the complete picture of speciation it
provides.20 Here, for the ﬁrst time, we combine a charged
substrate with a charged catalyst to allow simultaneous
examination of the abundance and identity of all charged
species in solution. Real-time monitoring of the charged species
in solution was achieved using pressurized sample infusion ESIMS (Figure 1).21

Figure 1. Pressurized sample infusion ESI-MS. The glassware used
consisted of a Schlenk ﬂask modiﬁed to incorporate a reﬂux condenser.

The cationic catalyst [Rh(P c Pr 3 ) 2 (η 6 -PhF)] + [B{3,5(CF3)2C6H3}4]− (1[BArF4]; PcPr3 = triscyclopropylphosphine,
PhF = ﬂuorobenzene) was used, for which similar systems have
been shown to be eﬀective for both amine−borane
dehydrocoupling reactions22,23 and alkene hydroboration.24
Cationic rhodium complexes are well known to be excellent
selective hydrogenators of alkynes, from the classic work of
Schrock and Osborn from the 1970s.5 The charged alkyne
substrate was [Ph3P(CH2)4C2H]+[PF6]− (2[PF6]), which was
hydrogenated over the course of the reaction to the alkene
[Ph3P(CH2)4C(H)CH2]+[PF6]− (3[PF6]) and eventually
the alkane [Ph3P(CH2)5CH3]+[PF6]− (4[PF6]). A slightly
diﬀerent alkene, [Ph3P(CH2)3C(H)CH2]+[PF6]− (5[PF6]),
was also prepared for a competition study.

■

EXPERIMENTAL SECTION

Fluorobenzene was freshly distilled from P2O5 before use. All other
solvents were dispensed from an MBraun solvent puriﬁcation system
immediately before use. All reactions were under a nitrogen or argon
atmosphere. Chemicals and solvents were purchased from Aldrich and
used without subsequent puriﬁcation. The charged alkyne was
prepared by a previously published method.1 All mass spectra were
collected by using a Micromass Q-Tof Micro mass spectrometer in
positive ion mode using pneumatically assisted electrospray ionization:
capillary voltage, 3000 V; extraction voltage, 0.5 V; source temper3022
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a white powder (0.52 g, 1.1 mmol, 91%). 1H NMR (CDCl3 300
MHz): δ (ppm) 7.80 (m, 3H, PPh3); 7.68 (m, 12H, PPh3); 5.68 (m,
1H, −CH2CH2); 5.05 (m, 2H, −CH2CH2); 3.13 (m, 2H, PPh3CH2);
2.30 (m, 2H, −CH2CH2CH2); 1.71 (m, 2H, PPh3CH2CH2). ESIMS(+): m/z 331.1. ESI-MS(−): m/z 145.0.

■

RESULTS AND DISCUSSION
Cationic rhodium(I) complexes are, as already mentioned,
known to be active hydrogenation catalysts27 and are readily
detected by ESI-MS. Used here was [Rh(P c Pr 3 ) 2 (η 6 FPh)] + [BAr F 4 ] − (Ar F = 3,5-bis(triﬂuoromethyl)phenyl)
(1[BArF4]),15 as the phosphine is small, tied-back, and unlikely
to partake in C−H activation or intramolecular dehydrogenation reactions that would complicate the mass spectral
analysis. The charged substrate used was [Ph 3 P(CH2)4C2H]+[PF6]− (2[PF6]), which proved to have the
right combination of solubility, high ESI-MS response factor,
and lack of reactivity of the tag for the purposes of reaction
analysis.14 The product alkane, [Ph3P(CH2)5CH3][PF6]
(4[PF6]), was isolated and crystallized to establish that the
reactivity of the charge-tagged alkyne duplicates that of a
regular terminal alkyne; the resulting structure of the
triphenyhexylphosphonium salt was entirely unremarkable
(Figure 2).

Figure 3. PSI-ESI-MS trace for hydrogenation of the alkyne 2[PF6]
under 3 psi of H2, with 13.3% of 1[BArF4] as catalyst at room
temperature with FPh as solvent. Inset: Relative intensity vs time plot
exhibiting behavior of [Rh(PcPr3)2(η6-FPh)]+ (1+) and [Rh(PcPr3)2]+
(1a+).

substrate is not involved in the turnover-limiting step (vide
inf ra). This suggests that the alkyne (alkene) coordination to
the Rh complex is fast and lies a long way toward the alkyne (or
alkene) complex, but that the alkyne still substantially
outcompetes the alkene. The reaction is sensitive to the
temperature it is run at (Figure 4), conﬁrming that the reaction
is taking place in solution rather than being some sort of artifact
of the ESI-MS ionization process.28
The reaction is ﬁrst order in catalyst concentration (see
Supporting Information), there is no induction period, and no

Figure 2. Alkane hydrogenation product 4[PF6]. Key bond lengths
and angles: C5−C6 1.499(3) Å; C4−C5−C6 113.86(19)°.

The kinetic proﬁle of the alkyne hydrogenation reaction
proved to be very diﬀerent from that catalyzed by Wilkinson’s
catalyst, Rh(PPh3)3Cl.1 For Wilkinson’s catalyst, the rate of
alkyne hydrogenation was only 3 times faster than the rate of
alkene hydrogenation, and the turnover-limiting step was
phosphine dissociation from the Rh(PPh3)3Cl precatalyst to
generate the reactive 14-electron species Rh(PPh3) 2Cl.
However, for the cationic rhodium catalyst studied here,
hydrogenation of the alkyne 2+ was 40× faster than
hydrogenation of the corresponding alkene, [Ph 3 P(CH2)4CHCH2]+ (3+), and production of both appeared
to be essentially zero order in alkyne (alkene). No
intermediates were observed that included both rhodium
complex and the charged tag, and the only observed
rhodium-containing species were [Rh(PcPr3)2(η6-FPh)]+ (1+)
and [Rh(PcPr3)2]+ (1a+). These features are summarized in
Figure 3.
The selectivity for alkyne over alkene is striking at the early
stages of reaction (at least 40:1), but because the reaction is
(close to) zero order in alkynes (alkene), we suspect that this

Figure 4. PSI-ESI-MS traces for (top) the disappearance of alkyne 2+
at 23, 38, and 49 °C (fast at all temperatures); (middle) appearance
and consumption of alkene 3+; (bottom) appearance of alkane 4+.
3023
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or the alkene needs justifying. We can do so on several
grounds:
(a) Monodentate alky(e)nes are diﬃcult to characterize by
ESI-MS at the best of times because they are generally weakly
bound and easily lost during the desolvation process.13 This is
exacerbated for a cationic metal complex binding a cationic
alky(e)ne, as the charges repel each other.
(b) Addition of octyne to 1[BAr F 4 ] displaces the
ﬂuorobenzene and produces the ions [Rh(PcPr3)2(octyne)n]+
(n = 1 or 2; see Supporting Information). This observation
suggests that ﬂuorobenzene is a relatively weakly bound
ligand32 and is easily displaced by alkynes. Interestingly, with
diﬀerent, chelating, ligands and CH2Cl2 solvent PhF dissociation is slow.33
(c) We never observe ions of the form [Rh(PcPr3)(H)2]+ in
the mass spectrometer in the presence of H2, suggesting that
addition of H2 to the catalyst is either slow or lies a long way in
the wrong direction (hydrides are readily observed by ESIMS).34 We examined complex 1[BArF4] with 1H and 31P{1H}
NMR spectroscopy under a pressure of ∼4 atm of H2 in PhF
solvent, and there were no observable changes at room
temperature (storage of this solution under H2 overnight led to
the appearance of a doublet of multiplets at δ 4.33 ppm (2JHF =
48.8 Hz) and several multiplets from δ 1.68 to 0.73 ppm
characteristic of ﬂuorocyclohexane35 from the hydrogenation of
ﬂuorobenzene, a process that has been shown previously to
proceed via a colloidal Rh catalytic route36). By contrast,
addition of alkyne (1-octyne) to a PhF solution of 1[BArF4] at
5 mol % loadings resulted in complex 31P{1H} and 1H NMR
spectra that showed many species to be present. No distinctive
signals at high ﬁeld in the 1H NMR spectrum that would
indicate Rh−H species were observed. Addition of 1-octyne to
a sample of 1[BArF4] under 4 atm of H2 led to very similar
31 1
P{ H} and 1H NMR spectra, suggesting similar speciation
under H2. 1-Octene was also observed, consistent with catalytic
turnover. These NMR data suggest that H2 addition is the
limiting rate, and thus the complex speciation observed by
solution NMR spectroscopy represents the resting state of the
system.
Osborn and Schrock outlined three possible mechanisms for
the hydrogenation of alkenes by cationic rhodium complexes
(Scheme 1).5
Path A involved addition of H2 to [RhLn ] + , then
deprotonation to form an active neutral catalyst of the form
HRhLn. Alkene coordination, migration, H2 addition, and
reductive elimination of alkane followed. Path B involved
addition of H2, then coordination of alkene to [RhLn]+,
followed by migration and reductive elimination of the product
alkane. Path C is the same as path B, except the order of H2 and
alkene addition is reversed. Osborn and Schrock considered
path A to predominate in the polar solvents acetone, 2methoxyethanol, and tetrahydrofuran, except where binding of
the alkene was particularly strong, such as in the selective
hydrogenation of dienes.5 THF is capable of deprotonating
metal hydrides.37
Halpern and co-workers studied hydrogenation of 1-hexene
and other substrates using a variety of [Rh(PP)]+ (PP =
chelating bisphosphine) complexes as catalysts under mild
conditions in methanol (ambient temperature and 1 atm of
H2).38 They found that oxidative addition of H2 to [Rh(PP)(alkene)]+ was rate-determining, consistent with pathway C
being operative. They found that the bis(triphenylphosphine)
complex seemed to proceed via pathway B, with the slow steps

di- or polynuclear rhodium species are observed, suggesting
that the reaction involves a mononuclear rhodium species as
catalyst. Hydrogen was present in large excess during the
preliminary catalytic runs, so another experiment was carried
out to establish whether the reaction proﬁle changed under
stoichiometric conditions. The experiment was reexamined
using a single equivalent of H2 (170 μL); the (well-stirred, to
avoid diﬀusion eﬀects) reaction was much slower, and the
overall reaction displayed ﬁrst-order characteristics (Figure 5).

Figure 5. PSI-ESI-MS traces for the selective hydrogenation of the
charge-tagged alkyne 2+ in the presence of 1.1 equiv of H2. Inset: ln[x]
vs time plot exhibiting ﬁrst-order behavior.

The reaction rate doubled if two equivalents of H2 were used
instead of one (see the Supporting Information), suggesting the
reaction is not limited by mass transport under these
experimental conditions.
Given that the turnover-limiting step seemed to involve
hydrogen, it was reasonable to assume that a primary kinetic
isotope eﬀect (KIE)29 may be detectable in the reaction. As
such, the reaction was examined using D2 instead of H2, and we
found the alkene → alkane reduction to be appreciably faster
for H2, by a factor of kH/kD = 2.1 ± 0.2 (Figure 6). This value is

Figure 6. PSI-ESI-MS traces for the reduction of alkyne 2+ to alkane
4+ using H2 (blue/yellow) vs D2 (green/red).

consistent with oxidative addition (OA) being the slow step,
since concerted OA requires the breaking of a H−H (D−D)
bond. This KIE is larger than expected if hydride insertion or
reductive elimination was rate-determining.30 We cannot
discount that equilibrium isotope eﬀects are operating prior
to such a step, and reactions involving small molecules such as
H2 can generate isotope eﬀects that are highly dependent on
system and temperature.31 However, other evidence points to
H2 addition after alkyne (or alkene) binding being turnoverlimiting (vide inf ra).
So while the kinetics point to the oxidative addition of H2
being turnover-limiting, the fact we are unable to identify
intermediates by ESI-MS containing the charge-tagged alkyne
3024
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Scheme 1. Pathways for Alkene Hydrogenation, after Schrock and Osborn5

(d) The solvent used, ﬂuorobenzene, is inimical to
deprotonation compared to the polar solvents used by Schrock
and Osborn (tetrahydrofuran, acetone, 2-methoxyethanol).
(e) The numerical modeling (vide inf ra) proved most
tractable for path C, providing excellent correlation with
experimental data. Neither path A nor path B provided sensible
solutions. This evidence is circumstantial given that the ﬁt of
eight rate constants is underdetermined, but nonetheless it
conﬁrms that there exist plausible sets of rate constants for path
C that ﬁt nicely to the experimental data. Path C has been
redrawn in Scheme 2 and elaborated to include the alkyne and
the alkene on the same plot.

being addition of the alkene to [H 2Rh(PPh3) 2]+ and
elimination of the alkane, but that the observed kinetics were
also consistent with pathway C if oxidative addition of H2 was
fast and the equilibrium lay a long way to the product.39
We considered all three mechanisms as possible candidates
to explain our observations, but ultimately settled on path C,
for the following reasons:
(a) Neither HRhLn (path A) nor [H2RhLn]+ (path B) could
be detected by 1H NMR spectroscopy when examining
[RhP2(η6-FPh)]+ in the presence of H2, nor could [H2RhLn]+
(path B) be observed by ESI-MS. If path B is operative, the
equilibrium must lie a long way toward the left.
(b) If path A was operative, any of the intermediates
HRhP2(alkene), RhRP2, and RhH2RP2 would be expected to be
observable as monocations using ESI-MS, due to the charged
tag. None of these species were in fact observed. If this path
was operative, at least one (the resting state) should be seen.
(c) Addition of bases such as NEt3 ought to accelerate
reactions proceeding through a fast path A, due to the
deprotonation equilibrium being perturbed in the direction of
RhHP2. However, no such acceleration was observed. Indeed,
the reaction was slowed in the presence of NEt3 (Figure 7), and
the reaction became much less selective for the alkyne.

Scheme 2. Mechanism of Alkyne/Alkene Hydrogenationa

Figure 7. PSI-ESI-MS traces showing the eﬀect of NEt3 on the rate
and selectivity of hydrogenation.

a

P = P(cyclopropyl)3.

Using the cycle in Scheme 2, we constructed a numerical
model and used the program COPASI40 to generate a set of
rate constants compatible with the results that we observe. We
then tested a variety of optimization methods and starting
points. Given the number of independent parameters (if all
steps in the cycle were reversible, there are 18 rate constants to
consider), we simpliﬁed the picture by assuming hydride
migration and reductive elimination steps were fast and (quasi)
irreversible, leaving a more tractable 10 rate constants to
optimize. Two out of these 10 rate constants, 1+ → 1a+ and 1a+

The reaction reached a maximum of 50% in alkene only, very
similar to the degree of selectivity exhibited by Wilkinson’s
catalyst.1 Addition of NEt3 to [RhP2]+ in the presence of H2
resulted in disappearance of [RhP2]+ and the appearance of
[HNEt3]+ (see the Supporting Information), suggesting the
formation of neutral RhHP2 and the operation of the slower
and less alkyne-selective path A.
3025
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Figure 8. Direct comparison between simulated (colored lines) and experimental results (black, from PSI-ESI-MS) for path C and, in the inset, paths
A and B.

→ 1+, can be approximated based on the experimental
measurements. These showed that a stable amount of 1a+
exists in the reacting solution. After we ﬁx these values to
produce the roughly equivalent amounts of 1+ and 1a+ as seen
in the ESI-MS traces, the remaining eight rate constants can be
optimized by COPASI by using a variety of mathematical
methods (see the Supporting Information). All these methods
generated similar rate constants and high-quality matches for
the experimental data for path C. Similar procedures carried out
with paths A and B produce signiﬁcantly worse matches, being
unable to replicate the close to zero-order behavior or the
signiﬁcant quantities of 1+ and 1a+ present throughout the
reaction (Figure 8).
The lack of any initiation time suggested that ﬂuorobenzene
dissociation (1+ → 1a+) was fast. As such, trying to model this
dissociation step added complexity to the model without
adding anything to our understanding of the productive part of
the cycle. Accordingly, we inspected the catalyst behavior over
the course of the reaction and selected rate constants that
reﬂected the relative abundances of 1+ and 1a+. These values
were approximated to 10 min−1 and 0.1 min−1 mmol−1 L,
respectively. All models predicted that binding of the alkene to
1a+ was slower than the binding of the alkyne to 1a+ (1a+ →
X+) by a factor of at about 40, but that both were relatively fast.
However, this factor appeared to be just part of the reason for
the selectivity for alkyne over alkene. Oxidative addition of
hydrogen (X+ → Y+) seems to be turnover-limiting, as
predicted by the stoichiometric H2 addition, the overall zeroorder kinetics, and the primary KIE established from the D2
experiment. As expected, the numerical modeling is in
agreement: this step is slow and, especially so for the alkene,
by a factor of about 40 compared to the alkyne. No attempt was
made to model the migration and reductive elimination (Y+ →
Z+ and Z+ → 1a+) steps. Y+ and Z+ are indistinguishable by MS
because they are isomers, and the fact that neither could be
observed makes it unlikely that they are resting states.
Further conﬁrmation of the mechanism came through
competition experiments. We took the charge-tagged alkyne
2[PF6] and a similar charge-tagged alkene, 5[PF6], and
conducted an excess H2 reduction competitively. Neither
alkene (3[PF6] as derived from 2[PF6] or 5[PF6]) reacted
until practically all of the alkyne 2[PF6] was consumed, at
which point the observed rates of alkene consumption were
fairly similar to each other (Supporting Information): 3.2 ×
10−4 mol L−1 min−1 for 5[PF6] + H2 and 2.5 × 10−4 mol L−1
min−1 for 3[PF6] + H2. The fractionally faster rate for

[Ph 3P(CH2) 3CHCH2]+ was perhaps due to a small
electronic eﬀect due to the greater proximity of the charged tag.
Examination of catalyst behavior showed that the ratio of 1+
to 1a+ stayed fairly constant and fairly similar in intensity
throughout the reaction (see the Supporting Information). The
absolute intensity reached a maximum soon after catalyst
addition, and the intensity drops as the reaction proceeds,
stabilizing at the completion of the reaction. We attribute this
behavior to a competitive catalyst decomposition pathway
stemming from a reaction intermediate (if the decomposition
was from a catalyst precursor, the decomposition ought to
continue after the cessation of the reaction). We could not
identify any charged rhodium-containing species that could
account for the disappearance of signal, suggesting that the
decomposition product is neutral. RhP2H is one such
possibility; there was no color change that might indicate the
formation of metallic rhodium.

■

CONCLUSIONS
Analysis of alkyne hydrogenation using a charge-tagged alkyne
and a cationic rhodium catalyst revealed the catalyst to be a
highly eﬃcient partial hydrogenator, with a rate of alkyne
hydrogenation in excess of 40 times faster than alkene
hydrogenation. The mechanism was shown by a combination
of ESI-MS, NMR, kinetic isotope eﬀects, and numerical
modeling methods to most likely have a turnover-limiting
step of oxidative addition of hydrogen following alkyne/alkene
binding. Using a stoichiometric amount of hydrogen was shown
to be an eﬀective means of enabling selective hydrogenation to
the alkene.
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