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ABSTRACT: Kinetic investigations inspired by the metalloenzyme nitrile
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zacyclononane) were activated by substitution of triphenylphosphine with

substrate in hot dimethylformamide solution. Rate measurements are consistent with a dynamic equilibrium between inactive
aqua (L"Ru—OH,) and active nitrile (L"'Ru—NCR) derivatives with K = 21 + 1,9 + 0.9, and 23 =+ 3 for L' to L?, respectively.
Subsequent hydration of the L'Ru—NCR intermediate yields the amide product with measured hydration rate constants (k’s) of
0.37 + 0.01, 0.82 + 0.07, and 1.59 + 0.12 M h™! for L! to L3, respectively. Temperature dependent studies reveal that sulfur
oxidation lowers the enthalpic barrier by 27 kJ/mol, but increases the entropic barrier by 65 J/(mol K). Density functional theory
(DFT) calculations (B3LYP/LanL2DZ (Ru); 6-31G(d) (all other atoms)) support a nitrile bound catalytic cycle with lowering
of the reaction barrier as a consequence of sulfur oxidation through enhanced nitrile binding and attack of the water nucleophile

through a highly organized transition state.

B INTRODUCTION

Numerous soil bacteria employ nitrile hydratase (NHase) for
the catalytic hydration of nitriles to amides for the initial step in
nitrile assimilation.' > It has been well-documented that post-
translational sulfur oxidation of cysteine residues at the metal-
containing active site is required for catalytic activity in both
Co- and Fe-NHases (Figure 1). While several groups have
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Figure 1. Co-NHase active site (left) and L"RuPPh; (n = 1-3)
(right).

prepared synthetic models of NHase with and without oxidized
S-donors,**™"7 to date there are no reported functional Fe-
based mimics and only four Co-based mimics that catalyze
nitrile hydration.%*'® ), Although there has been much speculation
on the role of S-oxygenation in NHase, the lack of functional
models with variable sulfur oxidation levels and high activity has
prohibited a systematic evaluation of the kinetic effect of S-
oxidation on nitrile hydration. Herein, we report the first such
studies employing catalytically active, bioinspired Ru complexes
with S-donors in three distinct oxidation states (Figure 1).
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Recently, we reported the series of Ru complexes L"RuPPh;
(n = 1-3) with variable S-oxidation levels inspired by the active
site of NHase.'®™2° Using Ru(II) as a surrogate low-spin d°
metal, our complexes reproduce key features of the N,S,
environment at the active site of Fe- and Co-NHase™>>
including the cofacial positioning of the substrate bmdmg site
with sulfenato (RSO™) and sulfinato (RSO,~) donors.*' In our
initial report, we showed the precatalysts L"'RuPPh; (n = 1-3)
display NHase activity with high turnover numbers (TONs)
relative to other NHase mimics.”* Notably, these are the only
structurally characterized, functional mimics of NHase capable
of addressing the kinetic effects of S-oxidation on catalytic
activity. Preliminary studies suggested that S-oxidation
enhances hydration at low nitrile to water ratios and reduces
product inhibition.**

B RESULTS AND DISCUSSION

Kinetic Studies. Although previous results under biphasic
conditions indicated that sulfur oxidation enhances nitrile
hydration at lower nitrile/water ratios, additional insights into
the effect of S-oxidation require the detailed kinetic
investigations described in the present study. Reactions were
conducted in dimethylformamide (DMF) to allow complete mixing
of the benzonitrile and water substrates with the precatalysts as a
homogeneous solution. Preliminary studies under these con-
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Figure 2. Kinetic plots for [L'RuPPh;]: (A) hydration rate (M/h) vs catalyst concentration over a range 0.21—0.84 mM used to determine k; (B)
1/kyys vs 1/[H,0] where kg, = rate/[L'RuPPh;] at constant [PhCN] with [H,0] from 2.8 to 17 M used to evaluate the product k;; and (C) 1/kgp,
vs 1/[PhCN] where kg, = rate/[L'RuPPh;] at constant [H,0] with [PhCN] from 0.12 to 4.0 M used to evaluate the product Kyks.

ditions revealed a maximum turnover frequency (TOF) of 11
and 62 h™' for precatalysts L'RuPPh; and L’RuPPh;,
respectively. As in the prior study, high reaction temperatures
(368—398 K) were maintained to ensure complete dissociation
of the triphenylphosphine donor from the precatalysts
L'RuPPh;. Aliquots were removed at timed intervals for
analysis by GC—MS with the addition of p-toluamide as
internal standard. Additional experimental details are provided
under the Experimental Section.

Experimental kinetic data is consistent with the nitrile-bound
hydration mechanism outlined in eqs 1—4. The first step
involves activation of the precatalyst via PPh; dissociation to
form the aqua complex LRuOH, (eq 1). Under the reaction
conditions, PPh; dissociation is complete (k; > k ;) such that
[LRuPPh;];iia = [LRuUOH,]ia- The aqua complex is in
equilibrium (K, = k,/k ) with the nitrile complex LRuNCR (eq
2). The kinetic data could be interpreted with either the
LRuOH, or LRuNCR species as the catalytically competent
intermediate. However, since the former is disfavored on the
basis of density functional theory (DFT) calculations (vida
infra), we report the data based on a nitrile bound route.
Hydration of LRuNCR via an activated water molecule (eq 3)
yields the product complex LRuNH,C(O)R. Under the
conditions of low turnover ([NH,C(O)R < [H,0]), the
amide is quickly and effectively substituted by H,O to complete
the cycle (eq 4). The rate law for the proposed mechanism (eq
S) was derived assuming steady-state conditions. Consistent
with this mechanism, the reaction is first-order with respect to
the L'RuPPh, precatalyst (Figure 2A).

k
LRuPPh, + H,0 = LRuOH, + PPh, i~
k_y

k
LRuOH, + RCN = LRuNCR + H,0 2
ko

k
LRuNCR + H,0 = LRuNH,C(O)R (3)

fas
LRuNH,C(O)R + H,O —> LRuOH, + RC(O)NH,

4)
o — _Ksk[LRuPPh][RCN][H,0]
rate =
k,[RCN] + (k; + k_,)[H,0] ()
1 1 1
— = +
kobs k3[HZO:| K2k3[RCN] (6)

Both the water and nitrile substrates display saturation
kinetics for L'RuPPh; and L?RuPPh,. For L*RuPPh, saturation

behavior is observed with nitrile, while a linear dependence is
maintained over the entire water concentration range tested
indicative of relatively fast nitrile binding. A thermodynamic
preference for nitrile is also observed by DFT results (gas and
DMF phase) that show that nitrile binding is favored over
water by 11.6 and 19.5 kJ/mol in gas and DMF phase,
respectively. The hydration rate constant k; and nitrile binding
equilibrium constant K, are determined from the slopes of
double reciprocal plots of k, versus water (Figure 2B) and
nitrile concentrations (Figure 2C) (with the exception of k; for
L*RuPPh, which is calculated from the normal plot of kg, vs
water concentration) according to eq 6. Numerical results are
summarized in Table 1. Each experiment was performed in

Table 1. Water/Nitrile Equilibrium Constant (K,) and
Hydration Rate Constant (k;) for L"RuPPh; (n = 1-3) in
DMF Solvent at 398 K

precatalyst K, = ky/k, ky (M hTY)
L'RuPPh, 21 +1 0.37 £ 0.01
L*RuPPh, 9.0 + 0.9 0.82 + 0.07
L3RuPPh, 23+3 1.59 £ 0.12

triplicate. Reported benzamide concentrations are the average
of the three trials with error bar denoting the standard
deviation. The errors in the measurement of rate and k,, are
determined from a least-squares-fit using the LINEST function
in Excel. For 1/kg,, the error is calculated using the law of error
of propagation. The same technique is used for the calculation
of error in K, and k;.

Interestingly, S-oxidation results in a steady increase in the
hydration rate constant k;. The sulfinate complex L*RuNCR
hydrates at twice the rate of the thiolate precursor. Further
oxidation to the mixed sulfenate/sulfinate L*’RuNCR again
results in a doubling of the hydration rate constant. To our
knowledge, these are the first kinetic studies to show an
increase in the nitrile hydration rate constant upon oxidation of
sulfur donors. The influence of S-oxidation on the nitrile/water
binding preference (K,) is less intuitive. All complexes display a
small preference for nitrile coordination although K, drops by a
factor of 2 upon oxidation of L'RuPPh, to L*RuPPh, before
rebounding to its original value upon further oxidation to
L*RuPPh;. Density functional theory calculations (vida infra)
reproduce the unexpected, alternating behavior of nitrile
binding affinity.

Hydration reactions employing deuterium oxide display a
secondary kinetic isotope effect for all three precatalysts with
KIE (ky/kp) values of 1.08 + 0.05, 0.96 + 0.04, and 1.32 +
0.21 for L', L? and L? respectively. This suggests that O—H
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bond dissociation is relatively fast in each case and that some
other step is kinetically limiting. Similar secondary KIEs were
previously observed for other nitrile hydration catalysts.***
Further, the rate of hydration using p-chlorobenzonitrile
substrate with precatalyst L*RuPPh; is 2.5 times faster as
compared to benzonitrile. This suggests the transition state is
negatively charged, which is consistent with attack of water on
metal-bound nitrile as the rate determining step.

Activation Parameters. To gain further insight into the
reaction mechanism, nitrile hydration activation parameters for
L'RuPPh; (n = 1-3) were calculated by performing the
reactions over a temperature range of 368—398 K. For each
complex, a linear Arrhenius plot was obtained (see Supporting
Information). A summary of experimentally determined values
for L"RuPPh; is provided in Table 2 with values for Co-NHase

Table 2. Nitrile Hydration Activation Parameters for
L"RuPPh; (n = 1-3) in DMF Determined over a
Temperature Range 368—398 K and Co-NHase™

precatalyst E, () mol™)  AH* (J mol™!)  AS* (J K™! mol™?)
L'RuPPh, 72.0 + 14.0 689 + 14.0 —67.8 + 18.7
L*RuPPh, 453 + 37 42.1 + 37 —123.7 + 153
L*RuPPh, 43.0 + 83 39.8 +83 —1232 + 352
Co-NHase 230+ 12 18.0 + 0.9 —146.0 + 0.7

provided for comparison. As expected, L'RuPPh; exhibits the
largest activation energy barrier, 72.0 + 14.0 kJ mol ™}, for the
benzonitrile hydration. The activation barrier is similar in
magnitude to that observed by Hirano et al. using a dipalladium
catalyst.”® Sulfur oxidation to the sulfinato complex L*RuPPh;
lowers the activation barrier by almost 27 k] mol™' to 45.3 +
3.7 kJ mol™". Further S-oxidation to the sulfenato/sulfinato
precatalyst L’RuPPh; shows no statistical decrease in the
hydration activation barrier. The same trend and magnitude of
effect is observed in the enthalpy of activations (AH¥).

The entropy of activation (AS¥) sheds significant light on
the effect of S-oxidation on the nature of the transition state.
Sulfur oxidation nearly doubles AS* from the parent complex
L'RuPPh, to the sulfinato complex L*RuPPh; (Table 2). As
with the enthalpic contribution, further S-oxidation to
L’RuPPh, results in no further statistically significant changes.
These results indicate that molecular motions are substantially
more restricted in the transition state of the S-oxidized
catalysts. Interestingly, the AS* values for L?RuPPh; and
L’RuPPh, are statistically similar to those observed for Co-
NHase.”

On the basis of these results we hypothesize that sulfur
oxidation helps in the formation of an early transition state that
leads to lower enthaplic barriers. This is consistent with DFT
studies as discussed in more detail in the Computational
Studies section. However, this imposes the significant entropy
of activation observed for L*RuPPh; and L*RuPPh,, and Co-
NHase. However, this is more than offset by the substantial
decrease in the enthalpy of activation upon S-oxidation.
Notably, the enhanced Lewis acidity of the metal center upon
S-oxidation, as noted in electrochemical studies (positive shift
of half potential as result of sulfur oxidation) and XAS and DFT
studies on L"RuPPhs,'?® is also expected to lower the
enthalpic barrier. The further lowering of the enthalpy of
activation of Co-NHase relative to L*RuPPh; and L*RuPPh,
can be attributed to the greater Lewis of acidity of Co(III) as
compared to Ru(II).

Computational Studies. To corroborate the experimental
results, we employed a series of DFT studies using the B3LYP
hybrid functional with the LanL2DZ basis set for Ru and 6-
31G(d) for all other atoms.>”*® All calculations were performed
both in the gas phase and in DMF with consistent trends
between the two series. Since the Fe(III) derivative of
L'RuPPh; was previously reported to bind nitrile, water, and
amide in experimental studies,” we first evaluated the relative
free energies of L"'RuPPh; (n = 1—3) with water, benzonitrile,
and benzamide coordinated in place of PPh, (Table 3). For all

Table 3. Relative Free Energies (kJ/mol) for L"RuPPh, (n =
1-3) upon Substitution of PPh; with H,O, Benzonitrile
(PhCN), and Benzamide (PhC(O)NH,) from Gas Phase
(and DMF) DFT Computations Using the B3LYP Hybrid
Functional with the LanL2DZ Basis Set for Ru and 6-31G(d)
for All Other Atoms

ligand L'RuPPh, L*RuPPh, L*RuPPh,
PPh, 0 (0) 0 (0) 0 (0)
H,0 —29.4 (—=33.3) —45.8 (—49.5) —30.7 (—30.4)
PhCN —25.1 (—39.6) —36.1 (—58.0) —42.3 (—49.9)
PhC(O) 11.4 (5.0) —13.1 (—4.6) —10.3 (+1.9)
NH,

three series, substrate binding is thermodynamically preferred
over product or PPh; coordination consistent with the
observed catalysis. Precatalysts L'RuPPh; and L?RuPPh,
display a preference for water over benzonitrile with the
oxidized L* ligand more strongly favoring water coordination.
Further oxidation to L*RuPPh, switches binding preference to
nitrile consistent with the alternating effects of S-oxidation on
nitrile binding affinity noted experimentally. Calculations in
DMF show that each one of the ligands L', L% and L? favors
nitrile binding over water where the nitrile coordination is
much more pronounced for ligand L’.

Given the relative energies of nitrile versus water binding for
L"RuPPh; (n = 1-3), we considered both nitrile-bound and
water-bound catalytic hydration mechanisms. However, we
could only locate a transition state for the former, using DFT,
and the water-bound route was dismissed from further
consideration. The calculated hydration mechanism involves
nucleophilic attack of an associated water molecule on a metal-
bound nitrile as the rate controlling step (Figure 3). The
resulting iminol bound intermediate then rearranges to an N-
bound amide product, which is readily displaced by water or
nitrile completing the cycle.

The parent L'RuNCR complex exhibits the largest enthalpic
barrier in the gas phase (81.7 kJ/mol), which matches the
experimentally measured barrier of 68.9 + 14.0 kJ/mol. This
barrier is significantly lower than the transition state enthalpy
(203 KkJ/mol) calculated for benzonitrile hydration in the
absence of catalyst that serves as the blank reaction to compare
the DFT calculated barriers. Oxidation to the sulfinato
derivative L’RuNCR reduces the enthalpic barrier by 21.7 kJ/
mol to a barrier of 60.0 kJ/mol. The absolute decrease in
calculated enthalpy matches the experimentally observed
decrease of 26.8 kJ/mol remarkably well. Further S-oxidation
to L*RuNCR is predicted to lower the barrier by an additional
14.3 kJ/mol.

However, the anticipated decrease in the enthalpic barrier for
L’RuPPh; compared to L?RuPPh; as suggested by DFT
studies, as a result of sulfur oxidation to sulfenato, can neither
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Figure 3. Calculated energetics of the nitrile-bound pathway for benzonitrile hydration for precatalysts L'RuPPh; (black), L*RuPPh; (blue), and
L*RuPPh, (red) using B3LYP hybrid functional and LanL2DZ basis set for Ru atom and 6-31G(d) for all other atoms under standard conditions
(298 K). Enthalpies (kJ/mol) are given for gas phase and for DMF solvent phase in parentheses (TS = transition state).

Figure 4. Gas phase transition state structures for L"RuTS (n = 1-3).

be confirmed nor discounted due to experimental error
associated with the experimentally determined barriers for
precatalysts L’RuPPh; and L*RuPPh,. Calculated activation
enthalpies in DMF are higher than experimental results, but
display the same trend upon S-oxidation. Further, our DFT
results are consistent with prior reports by Himo and
coworkers that note a reduction in the enthalpic barrier when
sulfenate acts as a local base to activate water in NHase.>
Examination of transition structures for L'RuTS (n = 1-3)
confirms the high ordering foreshadowed by the entropic
activation parameters (Figure 4). For all three catalysts, the
Ru—N-C bond angle in the transition state structure is bent
indicating substantial imidate character. The transition state of
L’*RuPPh, displays a partial proton transfer from water to the
sulfenato O with HO---H and SO---H distances of 1.318 and
1.143 A, respectively. The corresponding distances in the
transition state of L>RuPPh, indicate slightly less transfer of the
proton from the water. In L'RuPPh,, the proton is partially
transferred to the thiolate donor with a slightly longer HO---H
(1331 A) and a S--H distance of 1.561 A. Taken together,
these distances suggest lesser proton transfer is required in the
transition state upon increased S-oxidation. All these
observations indicate that an early transition state is observed
for precatalyst with sulfur modification. An earlier transition
state in the S-oxidized complexes is also indicated by the C—
OH distance that increases from 1.616 to 1.779 to 1.801 A from

12375

L'RuPPh; to L*RuPPh;, with a corresponding decrease in the
C—N distance due to additional triple bond character. The
bond distance between Ru and N atom of nitrile (Ru—N_ ;) is
2.068, 2.076, and 2.091 A in transition state structures (gas
phase) for L'RuTS, L’RuTS, and L’RuTS, respectively. A
similar elongation trend is observed for transitions states
L'RuTS in the DMF phase. Elongation in Ru—N,;;. bond
distance is also observed in the optimized nitrile-bound
structures for L' PRuNCPh in gas and DMF phase
concomitant of sulfur oxidation. Therefore, it seems logical
that early transition state formation for L?~ is responsible for
observed decrease in enthalpic barrier. The natural charges in
the gas phase for L' *RuNCPh suggest that sulfur oxidation
enhances the polarization of the nitrile leading to formation of
early transition state and decreased enthalpic barriers. A similar
polarization trend is observed for natural charges calculated in
the DMF phase. On the basis of the suggestion by an
anonymous reviewer, we also investigated the Ru—OH
catalyzed reaction for L’RuPPh, precatalyst, but we were
unable to locate a transition state for the metal-bound
hydroxide reacting with the nitrile.

Relevance to Nitrile Hydratase. A proposed mechanism
consistent with the kinetic data for L"RuPPh; (n = 1-3) is
detailed in Figure S. The six-coordinate L"RuPPh; precatalysts
dissociate phosphine to give the inactive L"RuOH, and active
L"RuNCR species in dynamic equilibrium. The latter under-
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Figure 5. Proposed nitrile hydration catalytic cycle for L'RuTS (n =
2-3; R = phenyl, L" ligand abbreviated as L ~ SO, for clarity).

goes nucleophilic attack by water to form the highly ordered
transition state complex. Rearrangement affords the N-bound
iminol intermediate which tautomerizes to give the enthalpi-
cally preferred product complex L"RuNH,C(O)R. Substitution
of amide by either the water or nitrile substrate completes the
cycle.

Mechanistic proposals for NHase include both water-bound”
and nitrile-bound pathways.* >* Our previous and current
studies show a tendency for L' based ligand systems to bind
both substrates in equilibrium.” Interestingly, S-oxidation to
the sulfinate shifts binding in favor of water, whereas the mixed
sulfenato/sulfinato donor set favors nitrile coordination. As the
water-bound complex is catalytically impotent, the mixed
sulfenato/sulfinato donor set most favors the kinetically
competent intermediate. Interestingly, in NHase both the
thiolate and sulfinato derivative are inactive, and only the mixed
sulfenato/sulfinato donor set is catalytically active. This may be
due, in part, to heightened affinity of nitrile over water for this
S-oxidation state. However, by maintaining some binding
affinity for water, NHase would be able to protect against
undesirable metal-binding/activation of oxygen or other small
molecules, while maintaining a reservoir of catalyst ready for
activation upon the introduction of nitrile substrate.

Increased nitrile binding affinity is not the only advantage of
the mixed sulfenato/sulfinato donor set. Sulfur oxidation
enhances the polarization of the nitrile carbon, and that leads
to attack of water through highly ordered organization of the
transition state through H-bonding. Both our oxidized
precatalysts (L’RuPPh, and L*RuPPh;) and Co-NHase show
a large and negative entropy of activation (AS*) of similar
magnitude (Table 2). The enhanced polarization of the nitrile
is reflected in the formation of early transition state and hence
decreased enthalpic barrier for L*RuPPh; and L°RuPPh,
relative to L'RuPPh,, which approach the barrier observed
for Co-NHase (Table 2). While such lowering of enthalpic barrier
of the reaction has been long postulated, our series of complexes
provided for the first experimental kinetic data to clearly
demonstrate the anticipated enthalpic and entropic trends of S-
oxidation on nitrile hydration.

A significant difference between our complexes and the active
site of NHase is the magnitude of effect observed upon S-
oxidation. In our complexes, a 4-fold increase in hydration rate

is observed, whereas in NHase the catalyst goes from inactive to
highly active after S-oxidation. One possible explanation is that
Co(III) more strongly favors water coordination than our
Ru(II) catalysts and that S-oxidation is mandatory for
significant nitrile coordination in the latter. It should be
noted that an alternate, ligand-centered nitrile hydration
mechanism has been recently proposed for NHase on the
basis of experimental and DFT studies in which the sulfenato
(RSO") ligand serves as the active nucleophile.***> While such
a mechanism is inconsistent with the activity trends of
L"RuPPh; (n = 1-3), we are actively pursuing other model
complexes to experimentally assess the validity of this
mechanism.

B CONCLUSIONS

In conclusion, the NHase inspired ruthenium(II) based
precatalysts L"'RuPPh; (n = 1—3) provide a unique series of
complexes to study the kinetic effect of S-oxidation on catalytic
nitrile hydration. Through such studies, we show that S-
oxidation increases the hydration rate 4-fold through enhanced
nitrile binding and formation of early transition state due to
greater nitrile polarization. We propose that both effects are
responsible for the S-oxidation requirement in NHase for nitrile
hydration activity. With our models, we have detailed for the
first time substantial shifts in enthalpic and entropic parameters
upon S-oxidation that promote nitrile hydration activity.
Specifically, the entropic term approaches that observed for
NHase supporting a highly organized transition state upon S-
oxidation. The experimental findings are well correlated with
the density functional theory results.

B EXPERIMENTAL SECTION

Materials and Methods. All manipulations involving air- or
moisture-sensitive compounds were carried out using standard Schlenk
techniques under argon. Samples were stored in a glovebox under
argon atmosphere. Benzonitrile was purchased from Alfa-Aesar while
benzamide, p-tolunitrile, p-toluamide, and nuclease free water were all
purchased from Sigma-Aldrich. The precatalysts L'RuPPh;, L’RuPPh,,
and L*RuPPh; were synthesized using the established protocols as
reported earlier.'®'? The purity of each complex was confirmed using
square wave voltammetry.

Instrumentation. The GC—MS instrument used in the studies
was obtained from Agilent Technologies augmented with 7820A GC
system and 5978 series MSD using helium as a carrier gas at a flow rate
of 1.00 mL/min. The oven and inlet temperature were set to and 180
and 300 °C, respectively. The column used was poly(5% diphenyl,
95% dimethylsiloxane) with length 30 m, 250 ym inner diameter, and
0.25 pm thickness. A split ratio of 20:1 was employed in the studies.

Computational Methodology. The DFT calculations were
carried out at the B3LYP level of theory using 6-31G(d) basis set
for C, H, N, S, O, and P atoms and LanL2DZ basis set for Ru atom
with effective core potential. The initial coordinates for precatalyst
L'RuPPh, were obtained from the crystal structure, and for L?RuPPh;
and L*RuPPh; coordinates were generated from L'RuPPh, by addition
of required number of oxygen atoms. The initial coordinates for
derivatives of precatalyst L'RuPPh; (benzonitrile/water at the place of
PPh, etc.) were obtained by substituting the phosphine with the
corresponding group, and then it was optimized. Similar methodology
was undertaken for derivatives of precatalyst L?’RuPPh; and L*RuPPh,.
The optimized coordinates are listed for all the compounds. The
calculations were carried out in gas phase as well as in solution phase,
using N,N’-dimethylformamide (DMF) solvent. The polarity effect of
bulk solvent was evaluated by the conductor-like polarized continuum
model (CPCM) at the same level of theory. The frequency
calculations were performed at the aforementioned level of theory to
identify the nature of all stationary points, and the transition states
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were identified as the ones with only single negative frequency. All the
reported enthalpies and free energies of reactions have been corrected
for zero-point energies. All quantum-chemical calculations were
performed with Gaussian09 program package>® The Chemcraft
software was utilized for visualization. The natural population analysis
was performed using NBO program included in the Gaussian 09.”

Typical Procedure for Kinetic Studies. The reactions were
carried out in an 8 mL glass vial, open top closure sealed with PTFE
septa, equipped with a magnetic stir bar. A typical run included 500 uL
of catalyst stock solution in DMF, 500 uL of benzonitrile, S00 uL of
H,0, and 1000 xL of DMF solvent, keeping a total volume of 2.500
mL. The samples were prepared under inert conditions and were
placed in an oil bath at 398 K. The concentration of catalyst was
changed using different volumes of stock solution, and similarly, PhCN
and H,O concentrations were varied. The volume of DMF was
adjusted to keep the total reaction volume 2.500 mL. The aliquots
were removed periodically depending upon the catalyst, then internal
standard was added to the aliquots, and the samples were subjected to
GC—MS analysis.

B ASSOCIATED CONTENT

© Supporting Information

Kinetic traces for L'"RuPPh,, rate law derivation, and
optimized coordinates from density functional theory studies
for L'Ru and L'RuX (X = PPh;, PhCN, H,0, PhCONH,,
PhC(OH)NH, and TS) in gas and DMF solvent phase. The
material is available free of charge from via the Internet at
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