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ABSTRACT: Hydrogenation of CO: to formic acid or formates is often
carried out using catalysts of the type HiRu(PRs)s (1). These catalysts are
also active for the reverse reaction, i.e. decomposition of formic acid to Ha
and CO.. While numerous catalysts have been developed for the reactions
in both directions, the detailed factors controlling the elementary steps of
the catalytic cycle remain poorly understood. In this work, we synthesize a
series of compounds of the type HsRu(P(CsH4R)3)3 containing both elec-
tron donating and electron withdrawing groups and analyze their influence
on the kinetic and thermodynamic parameters of CO insertion and dein-
sertion. The data are correlated with the catalytic performance of the com-
plexes through linear free energy relationships. The results show that for-
mic acid dissociation from the catalyst is rate-determining during CO; hy-
drogenation, while deinsertion is critical for the decomposition reaction.

Introduction

Complexes of the type H:Ru(PRs)s are a representative subgroup of
the larger family of Ru phosphine catalysts for CO2 hydrogenation and
were among the first reported by Inoue.! The reaction of HsRu(PPhs);
with CO: to form a k’-formate complex, the key elementary step for the
initial C-H bond formation, is rapid and nearly thermoneutral.? Cata-
lysts based on the related Ru(triphos) system hydrogenate CO2 not only
to formate but also to formaldehyde derivatives and even methanol.?
This makes this catalyst family one of the most versatile homogeneous
catalyst systems for CO; reduction.** At the same time, complexes of
this type are also well known as catalysts for the reverse reaction, the de-
composition of formic acid to H and CO».° The reversibility of the re-
action has been suggested as potential basis for hydrogen storage sys-
tems.% ' In particular, it is also a crucial factor in production schemes for
formic acid as a chemical product, where the back reaction has to be sup-
pressed or at least minimized in downstream processing.”

While numerous studies have measured the effect of ligand properties
on CO; hydrogenation activity, relatively few studies have been able to
rationalize the reasons for these ligand effects mechanistically in terms
of the elementary steps. Jessop and coworkers screened over 24 mono-
dentate phosphines at a 3:1 P:Ru ratio for their performance in CO: hy-
drogenation to formic acid.” They found that, while more sterically hin-
dered phosphines have lower activity, there was no simple correlation
between phosphine basicity and activity. The basic mechanistic picture

for transition metal catalyzed CO, hydrogenation to formic acid is well
established.® Initial CO> insertion into a M-H bond is followed by Ha
activation by either an oxidative addition or heterolytic mechanism (o-
bond metathesis or 1-2 addition). Finally, production of formic
acid/formate takes place via either reductive elimination or dissociation,
respectively, with concomitant regeneration of the active metal hydride
species. Following the principle of microscopic reversibility, the reverse
reaction, namely the catalytic decomposition of HCO:H to H: and
CO,,*% ¢ is generally assumed to occur via similar intermediates. How-
ever, a detailed fundamental understanding of the electronic factors that
control these elementary steps is still lacking.

In this paper, we synthesize a series of HyRu(P(p-CsH4R)3)3 com-
plexes with various electron donating and withdrawing groups in the
para position of the aromatic phosphines. This allows us to vary the elec-
tronic properties of the ligand while keeping steric factors constant. We
then study the effect of the ligand’s electronic properties on the overall
rate of formation and decomposition of HCO:H. In addition, we also
measure the thermodynamics and kinetics of the CO: insertion/de-in-
sertion elementary step for all the complexes, which both of these reac-
tions have in common. Our measurements show that the catalytic activ-
ity in both directions increases with increasing electron density before
falling off at higher electron density. The thermodynamics and kinetics
of the reversible CO: insertion corroborated by DFT analysis indicate
that CO» hydrogenation is controlled by the activation energy of formic
acid dissociation, while, for formic acid decomposition (under acidic
conditions), CO: deinsertion from the formate intermediate appears to
be rate limiting.

Results and Discussion

The synthesis of HsRu(P(p-CsH4R)3)s where R = H (1a), CHs (1b),
OMe (1c), CFs(1d) is accomplished using a modification of Chaudret’s
method:!! reacting Ru(cod)(cot) with an excess of Ha (2 bar) and three
equivalents of the desired phosphine (figure 1). These polyhydride
complexes are air and temperature sensitive and unstable to vacuum.
They can, however, be precipitated out of the reaction solution using a
non-polar solvent, filtered, and dried in a stream of argon. Substitution
of the ligand at the para position increases solubility. Precipitation of
complexes 1b and 1d is only possible using the very non-polar solvent
hexamethyldisiloxane (HMDSO), which is key to their isolation as pure
materials. All complexes show similar characterization data to complex
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Table 1. Kinetics and thermodynamics for reaction of CO2 with compounds 1a-d and comparison to DFT calculations.

Compound Kq(313K)  AH’wi®  AS°m’ ki (313K)®  kaeins (313K)*  TOF (COy)¢ TOF (FA) (s7)°
1a(R=H) 1.16(1) 2.5(1)  -7.8(5) 3.7(8) 2.9(6) 11h' (3x10°s?) 1.1

1b (R = CHs) 1.83(3) 30(1)  -8.5(2) 7.2(8) 4.2(5) 461 (13%103s) 43

1c (R=0OMe) 6.2(2) -4.4(3) -10.6(9) 7(1) 1.3(2) Sht(2x103s?) 0.36

1d (R =CF;) 0.50(2) 2.6(3)  -10(1) <0.4¢ <0.4¢ 2.5h1(0.7%x107s!) 0.0047

a) units of kcal mol ™. b) units of cal mol*K™. ¢) units of s. d) 2:1 1,4-dioxane:water, 0.34 M KOH, 40 °C, 30 bar each of Hz and CO;, catalyst
conc. 0.0015 M, TON and TOF measured at 3h. ) 2:1 1,4-dioxane: water, 0.41 M FA, 40 °C, catalyst conc. 0.00083 M.

1a.2 !4 Their 'H NMR spectra have only one signal in the hydride region
(-6.9 - -7.4 ppm) and one signal in their P NMR (S8 - 53 ppm), sug-
gesting that the phosphines and hydrides rapidly exchange on the NMR
timescale, as has been observed for similar complexes.” Full characteri-
zation is shown in the SI (Figures S1-S10). The T1 values of the hydride
signals of 1a-d range from 65-70 ms at 40 °C (Table S3), suggesting that
these are non-classical hydrides.'* This is in agreement with DFT calcu-
lations showing that the tetrahydride form of 1a (RuHa4) is 2.5 keal mol
"higher in energy than the dihydride hydrogen complex (RuH2(H.)).

PR, PRy
H, (2 bar) |~ o, (@2bar) | H o
Ru(cod)(cot R3;P—RuH R3P—Ru——
(cod)(cot) THE 3 ‘ 4 THE 3 ‘ N )\CH
PR3 PR, ©
1 2
R@ QR
P
PR3=
R

R = H (a), Me (b), OMe (c), CF3 (d)
Figure 1. Synthesis of 1a-d and 2a-d.

Complexes HRu(OOCH)(P(CsH4R)s)s (R = H (2a), CHs (2b),
OMe (2c¢), CFs(2d)) are made by reacting the crude solution described
above with CO; (2 bar). These k*-formate complexes are also unstable
under vacuum and at high temperatures and must be isolated by the
same procedure as 1. The characterization of these complexes is also
analogous to those of complex 2a. Their "H NMR spectra show signals
corresponding to Ru-H (~17 - =19 ppm, quartet, Jp-: = 26 — 28 Hz) and
OOCH protons (8.5 - 7.9 ppm). Their *'P NMR spectra show two sig-
nals at around 75 ppm (triplet, ] = 28 Hz) and 42 ppm (doublet, ] = 28
Hz) corresponding to phosphines in the equitorial and axial positions,
respectively, that do not exchange rapidly on the NMR timescale. Bands
at around 1550 and 1360 cm™ in the IR spectrum confirm the presence
of a k?-formate ligand. Full characterization is given in the SI (Figures
S11-S21). Attempts to crystallize complexes 1b-d and 2b-d yielded hy-
dride bridged dimeric species (see Figure $22).

KOH, 1 (0.44 mol%)

COy + Hy HCO,K + H,0 (1)

2:1 dioxane:H,0, 40 °C
1 (0.2 mol%)

2:1 dioxane:H,0, 40 °C

HCO,H CO, + H, (2)

We tested the activity of 1a-d in both the catalytic hydrogenation of
CO:z to give formate (under basic conditions, eq. 1) and the decomposi-
tion of formic acid (under acidic conditions, eq. 2). The complexes were
active for hydrogenation of CO, even at ambient temperatures. Temper-
atures above 70 °C resulted in formation of Ru metal. Catalytic tests
were carried out at 40 °C in a 2:1 mixture of 1,4-dioxane:water (for cat-
alyst solubility) containing 0.34 M KOH with a catalyst loading of 0.44
mol% vs KOH (results shown in Tables 1 and S2). The CO; hydrogena-
tion TOF increases with increasing electron donation from 2.5 h™ for 1d
to 46 h! for 1b before dropping in activity for 1c (5.6 h*). Catalyst 1b
is more active than many other Ru complexes of the same family'* and
operates at a much lower temperature. The measured TOF is zero order
in [KOH], the limiting reagent, and has a first order dependence on the
partial pressures of both CO2 and Ha (Table S2). Since the catalyst con-
centration and partial pressures P(CO2) and P(H,) are all constant dur-
ing the reaction, the formation of [HCO:K] is linear as a function of
time. Measurement of the TOF at different times during the reaction
shows no signs of deactivation after 240 turn overs. The decomposition
of formic acid to CO2 and Hz was also performed at 40 °C in the same
solvent mixture containing 0.41 M formic acid (0.2 mol% catalyst load-
ing). The trend of the activity of formic acid decomposition is similar to
that seen for CO» hydrogenation, where 1d, 1a, 1b, and 1¢ have TOFs
0f0.0047,1.1,4.3,and 0.36 s, respectively. This trend shows that as the
ligands become more electron donating the catalytic activity increases
up to a point, after which it falls off again. Complexes in the middle of
the electron donor scale thus have the best activities for both CO2 hy-
drogenation and formic acid decomposition

The reason for this unusual trend between electron density and cata-
lytic activity is not immediately obvious. While ligand variation has been
widely used to optimize catalyst performance for CO; hydrogenation,
systematic studies of the effects of ligand electronics on the catalytic ac-
tivity are limited. In the existing examples in the literature, linear free en-
ergy relationships (LFERs) are often used to determine the catalytically-
relevant step and thereby explain the overall effect of electron density on
catalytic activity. Appel and coworkers found that for a series of Co and
Rh complexes better hydride donors (related to the electron donor abil-
ity of the ligands) also have faster turnover frequencies when hydrogen-
ating CO: to formate in the presence of abase.'* Hazari and Mayer found
that increasing the hydricity of Ni-H pincer complexes (e.g. by making
the metal center more electron rich) also increases the rate of CO> in-
sertion.' This is also the case for some Ru pincer complexes.!” However,
Kubiak and coworkers showed that for a different series of Rh phosphine
complexes, poorer hydride donors are better catalysts.'®* LFERs have
also been computationally investigated both for a series of Fe and Co
tripodal complexes'® as well as for a large number of pincer species based
on group 8 and 9 metals.?’ The conclusion of all of these studies is that
the disparate dependencies of TOF on hydricity (electron donation
from the ligands) for various systems is the result of a catalytic cycle in
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Figure 2. Selective EXSY experiment of 1b/2b at 40 °C upon excitation

which either CO: insertion or H: activation is rate-determining. In the
former case, more hydridic hydrides (with electron donor ligands) will
resultin increased TOF. If reformation of the M-H species is rate deter-
mining, then the opposite will be true. However, a trend in which com-
plexes in the middle of the electron density scale have better activity than
those on the extremes does not fall into either of these categories. In or-
der to gain more direct experimental insight into the central elementary
step for the CO; hydrogenation to formic acid and its decomposition,
we measured the thermodynamics and kinetics of the reversible CO. in-
sertion step for all four complexes a-d (eq. 3 and 4).

TR3 PR3
ki H
RsP—RuH, + COyq = R3P—Ru//0\ + Hyg  (3)
‘ deins OQCH
PR3 PR3
1 2
_ kins _ [Z]PHZ (4)
! kdeins [1] PCOZ

As the equilibria shown in eq. 4 are known to lie relatively close to one
and we have isolated both 1 and 2 in each case, we were able to deter-
mine the equilibrium constant Ki by quantitative NMR spectroscopy. In
order to accurately know the partial pressures of the two gases, we satu-
rated the solution with a large excess of a mixture of 1:1 H2:COz at 1.4
barin aJ-Young NMR tube and then monitored the equilibrium starting
from complexes 1 by "H NMR spectroscopy using ferrocene as an inter-
nal standard (Figures $28-S31). The equilibrium was also established
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of the hydride (mixing time 0.01 - 0.5 s) with positive phasing.

starting from a solution of 2 in order to confirm that the same equilib-
rium was reached. The measured equilibrium constants are shown in
Table 1.

120000 -
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Figure 3. Selective EXSY of the 1b/2b system at 40 °C upon excitation of
the hydride signal of 2b. (phased positively for easier analysis)

More electron donating ligands result in more thermodynamically fa-
vorable insertion of CO». Of the complexes here, reaction of CO> at 20
°C with 1c is about 1S times more thermodynamically favorable than
with 1d. We also measured the equilibrium constant at different temper-
atures and thereby measured the enthalpy and entropy of reaction.
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Figure 4. Plausible catalytic cycle for CO; hydrogenation catalyzed by 1a-d.

These data are also shown in Table 1 (see Figures S32 - $35). The en-
thalpy of reaction becomes more negative upon going from electron
withdrawing to electron donating ligands. The entropy of reaction also
becomes more negative with more electron donating ligands. Complex
1d gives both a AH s and AS°xn that are more negative than we would
expect, based on the values of the other complexes. This may be due to
differences in the vibrational entropy of complex 2d (since other factors
should be similar from reaction to reaction). The IR spectra of the for-
mate complexes support this conclusion. The asymmetric formate
stretch of 1d (1543 cm™) is approx. 10 cm™ lower than those of 1a-c
(1555-1551 cm™).

We next measured the rate of CO: insertion to see if more thermody-
namically favorable insertions were faster. The insertion rate of CO: into
complexes 1a-d was too fast to measure easily by conventional reaction
monitoring and too slow to measure by NMR line broadening. How-
ever, the exchange between species 1 and 2 can be observed using selec-
tive EXchange SpectroscopY (EXSY).?! In this experiment, one peak in
the "H NMR spectrum is selectively inverted. During a mixing time, this
inversely magnetized proton is then transferred to other positions by
chemical exchange. Varying the mixing time allows us to measure the
concentration profiles of each exchange partner in the reaction and
therefore extract rate constants for their interconversion. In order to
measure the rate constants of CO» insertion and deinsertion, an equilib-
rium mixture of 1 and 2 was established by exposing a solution of either
1 or 2 in CeDs to 1.4 bar of 50:50 H2:CO: at 40 °C. Selected data from
these experiments can be seen in figure 2 as well as figures $36 - $39. The
EXSY NMR of this mixture showed magnetization transfer between

both the hydride and formate positions of 2 as well as to 1 and to free
Ha. The time profile of magnetization transfer for complex 1b is shown
as an example in Figure 3.

We fit the magnetization data to a kinetic model using the Runge-Kutta
method as implemented in the program Berkeley-Madonna.** The ki-
netic model as well as the fitted data are shown in the supporting infor-
mation (Scheme S1, Table S3, Figures $40-S51). This model included
steps for equilibration of 1 and 2, exchange of 1 with Hy, and the T\ re-
laxation of each proton (which were measured by separate inversion re-
covery experiments). The deinsertion rate constant was not directly
modeled, but was instead fixed to the fitted value of the insertion rate
constant using our measured equilibrium constant at 40 °C. An addi-
tional correction was necessary to account for loss of magnetization by
the formation of para-H».** The results of fitting for each complex are
shown above in Table 1. The final rate constants are the averages of
those obtained from individual irradiation of each exchanging signal.

While complexes 1a-c have insertion rates on the order of 3 - 7 s, the
most electron poor complex, 1d, showed no exchange faster than relax-
ation at 40 °C. When either the formate or hydride of 2 was irradiated,
buildup of magnetization into tetrahydride 1 precedes exchange into the
other position of 2. This indicates that the exchange between the for-
mate and hydride positions of 2 happens via the intermediacy of 1. The
insertion rates depend neither on the concentration of complex (uni-
molecular) nor on the concentration of the gas mixture. This is expected
for the deinsertion and suggests that insertion is preceded by dissocia-
tive substitution of coordinated Hz by CO2.In order to correctly model
the data for complex 1c¢, an additional step was necessary in the model
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in which the formate and hydride of 2 can directly exchange, without
going to 1. This step (rate constant kexh) was modeled for all complexes
but played little to no role in the fits of complexes 1a and 1b (result of
fitting was not sensitive to changes in kexc). This suggests that the pre-
sumed CO, complex (4c) is long-lived enough to allow it to directly re-
insert CO: to reform 2c, resulting in overall exchange without the inter-
mediacy of 1c. For complex 2¢, kgeins and kexch are equal, which supports
this hypothesis. The fact that this direct exchange is not important for
complexes 1aand 1b is likely due to the fact that CO»-complexes 4a and
4b are very short-lived and quickly expel COa.

More electron-rich complexes do indeed result in faster insertion up to
a point, after which the rate of insertion no longer increases. The inser-
tion rates of CO: show the same trend as we see for catalytic activity,
with 1b having both the fastest TOF and the highest rate of insertion.
However, the measured rates of CO: insertion are roughly three orders
of magnitude faster than catalysis. This suggests that CO: insertion is
not the rate determining step for the forward reaction. This would ex-
plain why we do not see a similar LFER to those observed for cases when
CO: insertion is rate determining.

If COz insertion plays little to no kinetic role in the overall rate of CO»
hydrogenation, then what is the kinetically relevant step of catalysis?
Looking more closely at the mechanistic evidence will help us answer
this question. We found that CO; hydrogenation is 1* order in both
P(H:) and P(CO2) and 0 order in [KOH] (Table S2), suggesting that
the rate-determining step occurs after CO» insertion and H» activation
but before deprotonation. We also found that the TOFs are not depend-
ent on solvent or base. The TOF of 1a in toluene with 0.34 M NEt; as
base is also 0.003 s*. These data are consistent with a mechanism in
which formic acid dissociation from the complex is rate-determining
(TS6-3, Figure 4). Such a mechanism has been proposed previously for
certain Rh and Ru catalysts that are also 1% order in both Ha and CO»
and 0% order in base.”* Rate-determining formic acid dissociation might
also explain the trend of catalytic activity. Formic acid can more easily
dissociate from electron rich catalysts (i.e. more electron rich catalysts
have a lower barrier for dissociation), making them more active. How-
ever, for very electron rich catalysts, such as 1c, the increased stabiliza-
tion of the resting state 2¢ may result in an overall increased barrier for
formic acid dissociation from 2¢ and lower catalytic activity than for 2b.
Another explanation for the low TOF of 2¢ could be a change in rate
determining step. As the complexes become more electron rich, formic
acid dissociation will become more favored (lower energy for the final
TS6-3 in figure 4), while Hz activation (through transition state TS2-6)
will become disfavored. Itis possible that the energy of TS2-6 for 2¢ thus
becomes the largest energy barrier along the pathway. Such a mecha-
nism would still agree with our experimental data and explain the differ-
ent behavior of 2¢.

Based on this mechanism, we would expect much faster rates for formic
acid decomposition, since formic acid dissociation no longer plays arole.
Indeed, the rates of catalytic formate decomposition and the rate con-
stants of CO; elimination are on the same order of magnitude and follow
the same trend in terms of ligand electronics. This suggests that CO»
elimination is the limiting step during formic acid dehydrogenation. The
rate law, which is 1% order in formic acid over four half-lives (Figure
$23), also supports this hypothesis. Such a rate law is consistent with a
mechanism in which pre-equilibrium association of formic acid with the
catalyst is followed by rate-determining elimination of CO2 from the in-
termediate formate complex.

In conclusion, Ru complexes of the type HsRu(PR3); are good cata-
lysts for both the hydrogenation of CO: and the decomposition of for-
mic acid under mild conditions. Varying the electron donor properties
of the ligands shows that mildly electron-donating phosphines give the
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highest activities. The thermodynamics and kinetics of the insertion of
CO: into 1 suggest that CO: insertion plays little role in catalysis. The
difference in reactivity is likely due to variations in the rate of dissocia-
tion of formate caused by the ligands’ electronic properties. These find-
ings show the power of linear free energy relationships as useful mecha-
nistic tools for determining the rate-limiting step of CO» hydrogenation
catalysts. These findings also show that, in addition to CO» insertion and
Ho activation, formic acid dissociation from the catalyst can also play an
important role in CO; hydrogenation.

Experimental

All experiments were carried out under dry and oxygen free argon us-
ing standard Schlenk and glovebox techniques. Pentane, THF, toluene,
HMDSO, 1,4-dioxane, and deuterated benzene were purified by distil-
lation over appropriate drying agents and degassed by argon-bubbling
for at least 1h and was stored over molecular sieves. Air-free solutions in
water were made by using a Milli-Q water purification system with resis-
tivity of 18.2 MQecm and less than S ppb TOC. Phosphine ligands,
KOH, sodium benzoate, benzoic acid, Ha (5.0 purity), CO2 (4.8 purity),
and a 1:1 mixture of H, and CO: (4.8 purity) were purchased and used
as received. Ru(cod)(cot) was synthesized as previously reported.?’

NMR spectra were measured on a 400 MHz Bruker Avance III spec-
trometer. *C NMR spectra and 2D NMR were measured on a S00 MHz
Bruker AVIII spectrometer equipped with a liquid N2 cryoprobe. Quan-
titative "H NMR spectra were measured using a recycle delay of 60 s in
the presence of a known concentration of internal standard. The selec-
tive 1D EXSY/NOESY experiments were performed at a Bruker AVIII
300 MHz WB NMR spectrometer equipped with a S mm BBFO with z-
gradient and a BCU cooling unit for temperature regulation. The tem-
perature was calibrated with a sample of 80% ethylene glycole in DMSO-
ds.?8 IR spectra were measured using a Nicolet iSS IR spectrometer with
a Diamond ATR attachment inside of a glovebox. Elemental analyses
were conducted by Mikroanalytisches Laboratorium Kolbe (Oberhau-
sen, Germany).

Synthesis of Ru Complexes
Synthesis of HiRu(P(CsH.Me)3)s (1b)

Polyhydrides of Ru were made by a modification of the procedure by
Chaudret and coworkers." Ru(cod)(cot) (50 mg, 0.16 mmol) and
P(CsHsMe)s (140 mg, 0.46 mmol) was loaded into a Fisher-Porter bot-
tle, dissolved in 2 mL THF, and stirred for 15 min giving a yellow solu-
tion. The Fisher-Porter bottle was then pressurized with 2 bar of H» and
stirred at room temperature for 3h, after which time the solution had
turned light orange. The desired complex was isolated from the reaction
mixture by addition of 10 mL of HMDSO followed by storage of the ma-
terial at -40 °C. The multicrystalline solid thus obtained was then filtered
and dried under a flow of argon. This compound was an orange, temper-
ature and air sensitive solid which based on NMR and elemental analysis
was obtained as a 3:3:1 complex:THF:HMDSO adduct in the solid
state, and was stored in a glovebox at -40 °C. The solvent could not be
removed without destroying the complex. (120 mg, 74% yield) ‘H NMR
(400 MHz, CsDs, 8) 7.56 (m, 18H), 6.79 (m, 18 H), 2.03 (s, 27H), -
6.87 (brs,4H). *CNMR (100.6 MHz, CsDs, 8) 138.9 (m), 137.3,134.2
(m), 127.8 (overlapping with CsDs peak), 20.7. *P{*H} NMR (162 Hz,
CeDs, 8) 55.8 (5). IR (ATR, cm™) vemsx = 3076, 3053, 3019, 2977, 2921,
2864 (C-H stretch), 1932 (H-Ru stretch). Elemental Analysis: Calc.
72.4%C, 7.1 %H, 8.1 %P. Found 72.2 %C, 6.8 %H, 8.4 %P.

Synthesis of HiRu(P(CsHiOMe)s)s (1c)

Same procedure as above. Addition of 10 mL of hexamethyldisiloxane
(HMDSO) resulted in the formation of a redish precipitate, which was
then filtered. This powder was then dried under flowing argon. This
compound was a redish-orange temperature and air sensitive powder
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and therefore stored in a glovebox at -40 °C. (111 mg, 60% yield) ‘H
NMR (400 MHz, CsDe, §) 7.55 (m, 18H), 6.60 (m, 18 H), 3.27 (s,
27H), -6.92 (br s, 4H). ®C NMR (100.6 MHz, C¢Ds, ) 159.8, 135.6
(m), 133.7 (m), 112.7 (m), 54.3. 3P{'H} NMR (162 Hz, CsDs, §) 53.3
(s). IR (ATR, cm™) vimex = 3068, 3004, 2951, 2902, 2834, (C-H stretch),
2046,1921 (H-Rustretch). Elemental Analysis: Calc. 64.0 %C, 6.1 %H,
7.6 %P, 1.83 %Si. Found. 63.3 %C, 5.5 %H, 7.5 %P, 1.83 %Si.

Synthesis of HiRu(P(CsH4CF3)3)3¢ THF (1d)

Same procedure as above. The desired complex was isolated from the
reaction mixture by addition of 10 mL of HMDSO followed by storage
of the material at -40 °C. The multicrystalline solid thus obtained was
then filtered and dried under a flow of argon. This compound is a yellow,
temperature and air sensitive solid isolated as the 1:1 compound: THF
adduct and stored in a gloveboxat -40 °C. (110 mg, 68% yield) 'H NMR
(400 MHz, CsDs, 8) 7.09 (m, 18H), 7.01 (m, 18 H), -7.42 (br s, 4H).
13C NMR (125.7 MHz, C¢Ds, §) 142.6 (m), 133.5 (m), 131.6 (q,] =
32.7 Hz), 124.6 (m), 123.8 (q, ] = 272.8 Hz). *'P{*H} NMR (162 Hz,
CéDs, 8) 57.6. IR (ATR, cm™) Vmax = 3066 (C-H stretch), 1930 (br) (H-
Ru stretch). Elemental Analysis: Calc. 51.1 %C, 3.1 %H, 5.9 %P. Found.
50.8 %C, 2.8 %H, 6.0 %P.

Synthesis of HRu(OOCH )(P(CsHiMe)s)3+ PhMe (2b)

Ru(cod)(cot) (50 mg, 0.16 mmol) and P(CsH+OMe)s (150 mg, 0.43
mmol, 2.67 equiv) was loaded into a Fisher-Porter bottle, dissolved in §
mL THF, and stirred for 15 min giving a yellow solution. The Fisher-
Porter bottle was then pressurized with 2 bar of H, and stirred at room
temperature for 3h, after which time the solution had turned light or-
ange. The gas phase was then removed with vacuum and the bottle filled
with 2 bar of CO> under vigorous stirring. The solution turned darker
orange almost immediately. This was stirred for 2h. We bubbled a
stream of COz through the crude solution to concentrate it to one third
of its original volume. To this concentrated solution was added 20 mL
of pentane to form a slightly cloudy solution. This was placed at -78 °C
causing a precipitate to form from the solution. This was then filtered,
washed with pentane at -78 °C (3x4 mL), and dried under a stream of
CO: for 30 min to give a pure yellow powder. 40 mg, 24% yield. Stored
at-35 °Cin a glovebox. Alternatively, this crude product could be recrys-
tallized by vapor diffusion of pentane into a concentrated toluene solu-
tion at -35°C. Recrystallized material obtained as the toluene adduct in
the solid state. 'H NMR (400 MHz, C¢Ds, §) 8.25 (1H, s), 7.52 (m,
18H), 6.85 (d,] =8 Hz 12 H), 6.71 (d, J = 8 Hz, 6 H), 2.05 and 2.03
(overlapping s, 27H), -18.41 (q, Jexr= 26.7 Hz, 1H). *C NMR (125.7
MHz, CsDs, §) 172.2,137.9,137.6,135.3 (d,] = 45.2Hz), 135.0 (vt, Japp
=5.7Hz),134.5 (d,] = 10.0 Hz), 134.1 (vt, Jupp = 18.8 Hz), 127.9, 127.4
(these two resonances are hidden under the CeDs signal but are visible
in the HMBC spectrum shown below), 20.9, 20.8. *'P{'"H} NMR (162
Hz, CeDs, 8) 76.4 (td, ] = 29 Hz, ] = 5.4 Hz), 42.0 (dd, ] = 28.3 Hz, ] =
5.7 Hz). IR (ATR, cm™) vinax = 3064, 3008, 2927 (C-H stretches), 2836
(H-COORu stretch), 1551 (HCOO sym), 1362 (HCOO asym). Ele-
mental Analysis: Calc. 74.0 %C, 6.4 %H, 8.1 %P. Found 73.6 %C, 6.7
9%H, 8.3 %P.

Synthesis of HRu(OOCH)(P(CsHsOMe)3)3+1/2 HMDSO (2c)

Same procedure as above. The compound was then precipitated out of
the concentrated THF solution by addition of HMDSO. This powder
was then dried in a flow of CO1. The product was obtained as 2:1 adduct
with HMDSO. This compound was temperature and air sensitive and
therefore stored in a glovebox at -35 °C. In some cases, the product still
contained some impurities after this procedure. These could be re-
moved by recrystallizing by slow vapor diffusion of pentane into a satu-
rated toluene solution at -35 °C (the NMRs shown below are after pen-
tane/toluene crystallization). (107 mg, 56% yield) 'H NMR (400 MHz,

CsDs, 8) 8.49 (1H, s), 7.81-7.46 (m, 18H), 6.68-6.52 (m, 18 H), 3.30-
3.29 (overlapping s, 27H), -18.52 (q, Jor = 28 Hz, 1H). *C NMR
(125.7 MHz, CsDs, 8) 172.2,160.2,160.0, 136.3 (vt, Jopp = 6.3Hz), 135.8
(d,J=11.3),129.0 (vt, Japp = 21.4), 112.8 (vt, Juopp = SHz), 112.3 (d, ] =
10 Hz), 54.3, 54.2.3'P{'H} NMR (162 Hz, CsDs, §) 74.5 (t,] = 29 Hz),
39.2(d,J =28 Hz).IR (ATR, cm™) vumax = 3066, 2997, 2935,2902 (C-H
stretch), 2834 (H-COORu stretch), 1554 (HCOO sym), 1361
(HCOO asym). Elemental Analysis: Calc. 62.6 %C, 5.8 %H, 7.2 %P.
Found 62.7 %C, 5.3 %H, 7.5 %P.

Synthesis of HRu(OOCH)(P(CsH4CFs)3)3+1/4HMDSO (2d)

Same procedure as above. To the concentrated solution was added 20
mL of hexamethyldisiloxane (HMDSO) to form a slightly cloudy solu-
tion. This was placed at -78 °C freezing most of the solution with only a
thin layer of liquid on top. This liquid was filtered off and the solution
allowed to thaw, forming a yellow orange precipitate. This was then fil-
tered, washed with more HMDSO (2x4 mL), and dried under a stream
of CO: for 30 min to give a pure yellow powder that is soluble in pentane
and sparingly soluble in HMDSO. More solid formed from the filtrate
and washings and thus a second batch was isolated from the washings by
filtration and drying under CO». Total yield 95 mg, 38% yield. Some
HMDSO remained in the powder after isolation (the sample was ap-
proximately 20% HMDSO). Stored at -35 °C in a glovebox. 'H NMR
(400 MHz, CsDs, 8) 7.84 (1H, dt,J1 = 2 Hz, J. = 4 Hz), 7.16-7.13 (m,
overlapping with CsDs), 7.04 (m, 12 H), 6.97-6.91 (m, 12 H), -18.58
(q,Jp=26.7Hz, 1H). ®*C NMR (125.7 MHz, CsDs, §) 174.3,138.9 (d,
] = 452 Hz), 138.0 (vt, Japp = 18.9 Hz), 134.4 (¥, Jupp = 6.3 Hz), 133.7
(d,J = 10.0 Hz), 132.1 (q,J = 32.7 Hz), 132.0 (q, ] = 32.7 Hz), 124.6
(m), 124.3 (m), 123.8 (q, J = 272.8 Hz), 123.6 (q, J = 272.8 Hz).
3P{'H} NMR (162 Hz, CsDs, §) 76.4 (t,] =27.5 Hz), 42.4 (d,] =27.5
Hz). F{'H} NMR (376.5 Hz, CsDs, §) -63.09, -63.22. IR (ATR, cmr’
1) Vaax = 3072 (br) (Aromatic C-H stretch), 2808 (H-COORu stretch),
2002 (w, Ru-H stretch), 1543 (HCOO sym), 1363 (HCOO asym),
1398, 1320 (CFs stretch) 1172, 1125, 1109, 1054, 1017. Elemental
Analysis: Calc. 49.6 %C, 2.7 %C, 5.9 %P Found. 49.1 %C, 2.7 %H, 5.9 %
p.

Catalytic Reactions
Formic Acid Decomposition

Two mL of a degassed 1.23 M formic acid solution in water with ben-
zoic acid as internal standard were added to a 4 mL solution containing
0.005 mmol of Ru catalyst that had been preheated to 40 °C. Samples
(0.1 mL) were taken periodically, diluted in oxygenated D,O (to oxidize
the catalyst) and quantitative 'H NMR measured immediately. The con-
centration of formic acid still in the solution, was determined by com-
parison with the internal standard. The reactions were first order in for-
mic acid for at least four half-lives.

Base-Promoted Hydrogenation of CO;

Caution: High-pressure experiments with compressed gases are dangerous
and should only be carried out using suitable equipment and appropriate
safety measures.

In a steel autoclave outfitted with a glass liner and magnetic stirbar,
0.006 mmol of 1 was dissolved in 2 mL of 1,4-dioxane. To this was added
1 mL of degassed IM KOH in water. The autoclave was then pressurized
with 30 bar each of H, and COs. The reaction was stirred at 40 °C for
17h and the progress checked by 'H NMR spectroscopy using sodium
benzoate as an internal standard. During this amount of time, the pres-
sures in the autoclaves did not change. However, in the case of 1a and
1b, the amount of KOOCH visible in the solution suggested 100% con-
version (complete consumption of KOH). Thus, these reactions were
rerun and tested after only 3 hours. The conversion at these conditions
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was less than 30%, allowing the use of the initial rates method. Changing
both the pressure of H, and CO: resulted in a consequent first order
change in the rate of reaction. Taking samples at different times showed
that the reactions were also 1st order in KOH.

Equilibrium Measurements

Each compound (1 and 2) was weighed into a separate J-Young NMR
tube (approximately 10 mg) along with a known amount of internal
standard (ferrocene, 10 mg) and 0.6 mL of C¢De. This mixture was then
frozen in a salt water - ice bath (20 °C), the atmosphere removed under
vacuum, and filled with 1.4 bar of a 50:50 mixture of CO; and Ha. The
solution was then thawed and thoroughly mixed with the gas phase. This
process was repeated once more to ensure accurate partial pressures of
the two gases. This mixture was then placed in the probe of a 400 MHz
NMR spectrometer heated to the desired temperature and allowed to
equilibrate for 10 min. After this equilibration time an NMR was meas-
ured (recycle delay 10 s) and the mixture was ejected from the NMR,
mixed with the gas phase, and placed back in the probe to equilibrate for
another 10 min. This process was repeated until the NMR spectrum was
constant to ensure good equilibration of the gas and liquid phases at the
desired temperature. Both samples were found to give the same values
of equilibrium constant for each temperature to within a maximum of
7% error. The measurements were performed at 283K, 293K, 303K, and
313K and the average values of both the measurements starting from ei-
ther 1 or 2 taken as the final value for the equilibrium constants at each
temperature.

Selective 1D Exchange Spectroscopy (SEXSY) Measurements

Exchange rate constants were measured usinga 1D EXSY/NOESY ex-
periment.”” For this experiment, the standard sequence from the
BRUKER library (selnoegp) was used and modified to a pseudo-2D ver-
sion to measure different exchange times in one experiment and decou-
ple *'P during acquisition. The standard proton xr/2 pulse length was 14
ps. For selective inversion of the hydride signal a 5.2 ms Gaussian shaped
7 degree pulse was used. For the other resonances an 11 ms Gaussian
shaped w degree pulse was used. Samples were prepared as above for the
equilibrium measurements and warmed to 313 K, once again with suc-
cessive equilibration and shaking of the tube to equilibrate the gas and
liquid phases. Four separate EXSY experiments were then measured, in
which the formate signal of 2 (8.2 ppm), the hydride signal of 2 (-18.5
ppm), the hydride signal of 1 (~-6.9 ppm), and Ha (4.5 ppm) were suc-
cessively excited. The evolution of the magnetization transfer was mon-
itored after different exchange times (0.01 s,0.02's,0.03 s, 0.04'5,0.0S s,
0.06s,0.07s,0.085,0.095,0.15,0.1255,0.145,0.165,0.185,0.25,0.22
s,0.245,0.265,0.285,0.35,0.355,0.4 5,045 s, 0.5 s), after which time
most of the magnetization had been lost to relaxation.

Kinetic Modelling of NMR Exchange Data

The integrals of each of the four signals from the above experiments
versus time were fitted to the model shown in scheme S1 using a stand-
ard Runge-Kutta minimization procedure in the program Berkeley Ma-
donna. The relaxation rates were measured by a standard inversion re-
covery experiment and fixed to these values during fitting. To conserve
‘mass’ during data fitting we introduced the fictitious species E, to rep-
resent all of the relaxed magnetization. In order to minimize variables,
the rate of deinsertion was fixed to the rate of insertion using the equi-
librium constant measured previously. Also included in this model are
corrections for formation of para-hydrogen. Since para-Hz, which has no
NMR signal, accounts for 25% of all H; at room temperature, every re-
action that makes H will lose 25% magnetization due to formation of
para-Hz. In order to fit the data for excitation of the formate or hydride
signals of 2, it was necessary to vary the relaxation time of the excited
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proton. The fitted value was always somewhat slower than that meas-
ured by inversion recovery. We attribute this difference to the contribu-
tion of exchange to the relaxation rate measured with inversion recovery
(i.e. more slowly relaxing protons (e.g. those in the molecule 2) are able
to exchange into 1, which relax many times faster).

The fitted rate constants for insertion and deinsertion are shown in Ta-
bles 1 and S2. Included in this model, are the rate constants for exchange
of RuH. and Ha with each other. However, these rates in reality depend
on the concentration of the unobserved intermediate (P(Ar););RuHo,
and thus are not easily comparable to each other or to other complexes,
which undergo similar processes. For system 1d/2d, no exchange oc-
curred between 1d and 2d. Therefore, we estimated the upper limit of
its deinsertion rate as S times slower than the slowest relaxation rate or
<04s™.
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