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ABSTRACT

Oxidative addition and reductive elimination reactions are central steps in many catalytic processes,
and controlling the energetics of reaction intermediates is key to enabling efficient catalysis. A series of
oxidative addition and reductive elimination reactions using (RPNP)RhX complexes (R = tert-butyl, iso-
propyl, mesityl and phenyl; X = ClI, 1) was studied to deduce the impact of the size of the phosphine
substituents. Using (RPNP)RhCI as starting material, oxidative addition of Mel was observed to produce
(RPNP)Rh(Me)(1)Cl, which was followed by reductive elimination of MeCl to form (RPNP)RhI. The
thermodynamics and kinetics vary with the identity of the substituent "R" on phosphorus of the PNP
ligand. The presence of large steric bulk (e.g., R = tert-butyl, mesityl) on the phosphine favors Rh(l)
compared to the presence of two smaller substituents (e.g., R = iso-propyl, phenyl). An Eyring plot for
the oxidative addition of Mel to (BUPNP)RhCI in THF-ds is consistent with a polar two-step reaction
pathway, and the formation of [(BYPNP)Rh(Me)l]l is also consistent with this mechanism. DFT
calculations show steric bulk affects the reaction energies of addition reactions that generate six-
coordinate complexes by tens of kcal-mol~'. Ligand steric bulk is calculated to have a reduced effect (a

few kcal-mol™") on Sn2 addition barriers, which only require access to one side of the square plane.

R = tert-butyl, mesityl
_ R‘y
R = iso-propyl, phenyl \
+RX

R'X’ = CH,l, CHLCl or CH,Cl,

T
PR;



INTRODUCTION

Oxidative addition and reductive elimination transformations provide reactions that break and form
bonds. These fundamental reactions are incorporated into many catalytic processes. For example, they
are key reactions in catalytic C—C coupling reactions.’® As a result, understanding how the features of
the catalyst (e.g., metal identity, metal oxidation state, ligand donor ability, ligand steric parameters)
dictate the energetics of oxidative addition and reductive elimination reactions is critical to understanding
catalyst activity for better catalysis design. In particular, understanding energy profiles of catalytic
intermediates is important to designing molecular catalysts for light alkane partial oxidations.”-16

Given the inert nature of alkanes, their selective functionalization is a substantial challenge.®-1".17-20
Since Shilov’'s discovery on Pt-mediated alkane functionalization,?2'22 electrophilic late metal
complexes have been developed for catalyzing the functionalization of alkanes.?1621-26 A significant
limitation of this approach is the ability of weakly basic solvents to coordinate to the metal and inhibit
catalyst activity.?’2° While several electrophilic catalysts are efficient for methane functionalization in
superacidic oleum (H2SQO4 + SO3), they are less or not active in more weakly acidic solvents.” A possible
strategy is to use earlier transition metals, such as those based on Rh or Ir, which are anticipated to be
less electrophilic.3%3" Using a putative catalytic cycle that mirrors the proposed Pt(Il)/Pt(1V) cycle of Pt-
catalyzed Shilov type reactions, a Rh catalytic cycle would involve C-H oxidative addition to Rh(l) to
form a Rh(lll) intermediate followed by reductive elimination of the Rh""-R bond (Scheme 1). Thus,
regardless of the specific mechanistic details, a key step in rhodium catalyzed alkane functionalization
using Shilov-type chemistry is the reductive elimination of RX (X = halide or pseudo-halide) from an X—

Rh'"-R intermediate (Scheme 2).'232 While C—H activation by Rh' complexes has been reported,33-42



examples of reductive elimination of alkyl halide from Rh'' complexes are not common.*347
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Scheme 1. Possible Shilov type catalytic cycle for Rh catalyzed hydrocarbon C—H functionalization.??48
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Scheme 2. General energy diagram of Rh-mediated hydrocarbon functionalization that operates via a
Rh!/Rh'" pathway (note: relative energetics are based on unpublished calculations of several Rh
complexes). The Rh'"' intermediate can be thermodynamically favored resulting in a high activation
barrier for the reductive elimination of RX (in the red box).

In addition to alkane functionalization, reductive elimination reactions are important in industrial
processes such as methanol carbonylation and olefin hydroformylation.*®-%3 In non-radical reductive
elimination, Sn2 (polar two-step) and concerted mechanisms are the two most common pathways
(Scheme 3).54%8 In the Sn2 pathway, a charged intermediate is commonly formed upon dissociation of

an anionic ligand from the metal center. This two-step mechanism is often accelerated in polar solvents,
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where the intermediate can be stablized. In the concerted pathway, a three-center transition state is

typically invoked.
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Scheme 3. Common pathways for reductive elimination of RX from a metal center (R = hydrocarbyl
and X = formally anionic species such as hydride, hydrocarbyl, halide, etc.).56:58

Some recent reports have focused on reductive elimination reactions from Rh'', PdV, PtV and Au""
complexes.#34559-62 The Milstein group has reported on mechanistic studies with a focus on ligand
influence for reductive elimination of MeX (X = halide of pseudo halide) from Rh'' complexes ligated by
both PCP ligands and PNP ligands.*345 With our recent reports of Rh-mediated C-H activation and
functionalization,3863-70 we have become interested in understanding how to modify ligands to control
the energetics of redox bond-breaking and bond-forming processes that convert between Rh'!, Rh!, Rh'"
and Rh'V.%* Although understanding ligand effects on reductive eliminations can be more subtle than c-
donor effects,”"7? one strategy to shift Rh//Rh'"" equilibria toward Rh!' is to alter metal electron density
based on ligand donor ability. For example, our group studied reductive elimination from a series of
(Rterpy)Rh(Me)(Cl)(I) complexes (R = tert-butyl, NO;) in acidic media where the electron-withdrawing
nitro group facilitates reductive elimination of the methyl ligand.*64” Most relevant here, steric effects
could also be used to facilitate two-electron reductive eliminations from octahedral d® Rh'"' complexes to
form square planar d® Rh! complexes, where Rh'' complexes can be destablized with bulky ligands. For

example, "axial steric bulk," which is defined as the ligand sterics above/below the coordination plane
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of a square planar complex, could be used to destabilize octahedral Rh'" complexes relative to square
planar Rh' complexes. PNP pincer ligands, which provide a tridentate binding mode, offer an opportunity
to control axial steric bulk based on phosphine substituents (Figure 1). Examples are known where steric
factors are central in reactions of pincer ligated transition metal complexes.44573-76 With interest in
controlling the thermodynamics of bond-breaking/forming reactions that cycle through formal Rh'"
oxidation states as a means to potentially optimize kinetics of catalytic reactions, we have investigated
the axial steric effect on oxidative addition and reductive elimination reactions of a series of (RPNP)Rh
(RPNP = 2,6-bis-(di-hydrocarbylphosphinomethyl)pyridine) complexes with various steric bulk (Scheme
4). Initial computational modeling studies suggested that large substituents on the phosphine ligands
would favor, thermodynamically and kinetically, square planar Rh' complexes over octahedral Rh'
complexes. Experimental studies are consistent with this hypothesis. Herein, we report the details of

these combined computational/experimental studies.

R
e
z N\ X—hi'l
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Figure 1. Generic structure of a metal complex with a "pincer" ligand where substituents R can be
modified to control steric profile.

\ Can steric properties of subsfituents R
/ dictate energetics of d® — df conversions?

Scheme 4. Destabilization of octahedral Rh"' complexes by tuning "axial steric bulk" in (RPNP)Rh
complexes (R = tert-butyl, iso-propyl, mesityl and phenyl).
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RESULTS AND DISCUSSION

Density functional theory calculations were used to predict AG and AG for the elimination of CH3X
products from (RPNP)Rh(Me)(X). intermediates in order to gauge the likelihood of extending this
transformation from catalytic cycles based on more electrophilic metals to rhodium. Sterically
unencumbered and electron-deficient pincer ligands have been observed to form multinuclear””-’8 or
fac-coordinated complexes”. Nonetheless we modeled R = Me, CF3 and tert-butyl variants as mer
pincer complexes to isolate the steric effects of larger phosphine substituents and to assess what free
energy surfaces might be afforded by a more diverse set of ligands.

The R = methyl cases show that elimination is not kinetically or thermodynamically favorable if steric
or electronic factors are not specifically employed to drive the reaction (Scheme 5). Consistent with this,
reductive elimination of methyl halides from (PNP)Rh"" complexes has previously been observed when
trapping agents (e.g., CO) are included to sequester Rh' or CH3X products,* a tactic incompatible with
catalytic cycles. Oxygen-based nucleophiles such as trifluoroacetate and water offer advantages over
halides in C—H activation reactions since their basicity in polar media drives the removal of protons from
hydrocarbons. However, these harder nucleophiles lead to higher Sn2 elimination barriers than iodide.
Increasing the size of the phosphine substituent to tert-butyl imparts an additional 20 kcal-mol=" driving
force to the elimination of methyl trifluoroacetate, while the barrier is reduced by 1.4 kcal-mol™.
Rendering the rhodium center more electrophilic via the trifluoromethyl phosphine substituents benefits

both the activation barrier and reaction energy of elimination, making the elimination of methanol and



methyl trifluoroacetate exergonic. Predicted activation barriers range from roughly 30 to 40 kcal-mol™’,
and only reactions at the low end of this range are suitable for hydrocarbon functionalization cycles even
at temperatures high for homogeneous catalysis. The steric and electronic properties of the ligand and

nucleophile must therefore be limited by this constraint.

TRz F”R2 X TRz
CH, "CH,
- N\
/ \N—/R/h”'—X |l NREEX |—=¢ N—Rh-X + CHX (1M)
= X = | = |
PR, PR, PR,

R = Me' product / solvent
X=1: AGF=29.7 AG =18.4 CH,l / THF
X =CF5CO,: AG¥=136.5 AG=13.8 CF;CO,CH;/CF;CO,H
X =H,0: AGF=425 AG=19.6 CH3OH +H*/H,0 (pH 0)

R=!Bu:

X =CF5CO, AGY=35.1 AG=-72 CF;CO,CH;/CF;CO,H v
R=CFjy R=Me R=CF;

~ X=H,0: act=315 AG=-43 CH3OH +H*/H,O (pH 0) X = CF;COy X=H,0
X =CF,;CO,™ AG¥=30.2 AG=-22 CF3C0,CH;/ CF3CO,H

Scheme 5. Computed activation and reaction free energies (kcal-mol™' at 298 K) for Sy2 elimination
reactions from Rh"' methyl complexes. Representative transition state structures with explicit solvent
molecules are shown on the right with the Rh-CH3 unit represented by spheres.

Based on these computational modeling results, in this work, we sought to quanitfy, experimentally
and computationally, the impact of the axial steric effect on oxidative addition and reductive elimination
reactions for this series of pincer ligated Rh complexes. Multiple small molecules were tested, and Mel
and CH.ClI, were chosen as suitable substrates due to clean reactivity.

Tert-butyl and mesityl were selected as the larger phosphine substituents while iso-propyl and
phenyl were selected as the smaller substituents allowing for the comparison of both alkyl groups and
aryl groups. Although there is not a model that can perfectly quantify axial steric bulkiness, the solid-G
software is able to visualize the shielding of different phosphine substituents perpendicular to the square
plane centered around Rh (Table 1).8° This analysis, based on structures obtained from single-crystal

X-ray diffaction, provides a view of the steric shielding above/below the Rh square plane. The



visualization of steric shielding is shown in rows 4 and 6 of Table 1, where the blue indicates area
blocked by the PNP ligand. Compared with (P"/PNP)RhCI and (P"PNP)RNCI, as expected, (B“PNP)RhCI

and (MesPNP)RhCI have larger ligand shielding (blue area) of the Rh center.

Table 1. Crystal structures (top) of (BUPNP)RhCI (1a), (P"PNP)RhCI (2a), (MesPNP)RhCI (3a) and
(P"PNP)RhNCI (4a), and the visualization of shielding of different ligands on Rh center (bottom). The RPNP
ligand shieldings are indicated in blue, and the CI contributions are indicated in red. In (MesPNP)RhCI,
since there is no C, symmetry in the crystal structure, the shielding is different from above and below
the square plane in the crystal structure. Thus, two images are provided.80-82

Phosphine substituent

tert-butyl® iso-propyl® mesityl phenyl?
ORTEP

e S

Ligand shielding on Rh center

a The crystal structure has been previously reported.8%-82

Reactions of (‘B“PNP)RhCI (1a). The complex (B“PNP)RhCI (1a) was prepared by mixing BUuPNP
and [Rh(u-C2H4).Cl]2 in THF according to a published procedure.® In a THF solution of 1a, Mel was
added dropwise. With increasing amount of added Mel, an orange precipitate was formed, which was

found to be consistent with the reported NMR spectra of [(B“PNP)Rh(Me)l]l (1d").#* In situ observation
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of the reaction of 1a with Mel by '"H NMR spectroscopy indicates that 1a undergoes oxidative addition
to generate a Rh"' complex as an intermediate that quickly eliminates MeCl to form (B'“PNP)RhI (1c)
(Figures 2, 3) and MeCl. With excess Mel added to 1¢, an equilibrium between 1¢, Mel and 1d' was
established (Scheme 6). The Rh"' intermediate was not successfully isolated, but NMR data are
consistent with the expected oxidative addition product (B“PNP)Rh(Me)(Cl)(l). A doublet with 'Jrnp of
101 Hz was observed in the 3'P{"H} NMR spectrum, indicating the formation of Rh"' species.?48 Two
diastereotopic PCH, peaks were observed at 4.39 and 4.02 ppm in the 'TH NMR spectrum, indicating
the loss of a mirror plane. Attempts to generate 1b in situ were made by charging MeCl to THF solutions
of 1c, but no reaction was observed, indicating that the Rh' species 1c is likely favored

thermodynamically over 1b.

P'Bu, PtBuz F"BE‘+ I
N | i +Mel  Anisomer of _-MeCI + Mel —(  |Me
\ /N R|h Cl (tBupNP)Rh(Me C|) N Rh | /N'Rh—|

P'Bu, P‘Bu PBu,
1a 1b 1d’

Scheme 6. Oxidative addition and reductive elimination reactions using (B'PNP)RhCI (1a) as the
starting complex. All the reactions were performed in THF. 1b is a proposed structure without specifying
the exact isomer.
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Figure 2. "H NMR (left) and 3'P{'H} NMR (right) spectra of the reaction of (B“PNP)RhCI (1a) and Mel to
form (BYPNP)RhI (1c¢) in CsDs (from bottom to top: without Mel, 15 min, 50 min). Within 15 minutes of
Mel addition (second from the bottom), the Rh!"" complex, (B“PNP)Rh(Me)(Cl)(l), was observed at 50.3
ppm in 3'P{"H} NMR with "Jprn = 101 Hz.

Complex 1c has been characterized by a single X-ray diffraction study (Figure 3). There is only
slight difference in the bond lengths and bond angles between 1¢ and the previously reported structure

of 1a.8! In 1a, the N-Rh bond length is 2.036(3) A, while the same bond distance for 1¢ is 2.049(6) A.

Figure 3. ORTEP of (B“PNP)RhI (1c). Ellipsoids are drawn at 50% probability level and hydrogen atoms
are omitted for clarity. Selected bond lengths for 1¢ (A): Rh1-N1 2.049(6), Rh1-P1 2.2815(16), Rh1—
P1 2.2815(16), Rh1-I1 2.6077(8). Selected bond angles for 1¢ (°): N1-Rh1-P1 83.49(4), N1-Rh1-P2
83.49(4), P1-Rh1-P2 166.99(8), N1-Rh1-I1 180.00(2), P1-Rh1-11 96.51(4), P2—-Rh1-I1 96.51(4).

The kinetics of reaction between 1a and Mel were probed from 27 °C to 54 °C. The concentrations

of 1a and Mel were monitored with respect to time using integration of '"H NMR spectra (Figure 4). The
11



results demonstrate a good fit to a second order reaction, first order in both 1a and Mel, according to eq

1. The kobs Was determined to be 6.2(5) x 107 M~'-s™" at 300 K, which corresponds to a AG* of 20.6

kcal-mol".

1 [A] [Alo
2 = ke + nll (4
o1, Mg~ KEH I (1)

25
=
E20 3 - c(1c) -c(1a) - c(Mel)
G 15 -\\* AT
N el
g 5 F
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O 2 2 2 2 '
0 50 100 150 200 250
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Figure 4. Concentration changes for (B“PNP)RhCI (1a), Mel and (B“PNP)RhI (1¢) with respect to time.
Conditions: 0.5 mL THF-dg, 16 mM (BY“PNP)RhCI (1a), 20 mM Mel, HMDSO (hexamethyldisiloxane) as
the internal standard, 319 K.

An Eyring plot was obtained using variable temperature NMR experiments from 27 °C to 54 °C
(Figure 5). The Eyring plot gives a good linear fit, and the AH* and AS¥ of the reaction were determined
as 10.4(8) kcal'mol™' and -34(2) cal-mol~'-K™", respectively. The large and negative AS* is consistent
with a Sy2-type mechanism with a five-coordinate square pyramidal complex forming as an intermediate
(Scheme 7).4%86 The proposed structure, [(B“PNP)Rh(Me)(CI)](l) (1b"), is consistent with the reported
crystal structure of 1d', which also has a five-coordinate square pyramidal structure with one iodide
appearing as a counter ion.** This might be due to the large axial steric bulk, which could prevent iodide
from bonding with the Rh center, and it also applies to the case of the intermediate,

[(BuPNP)Rh(Me)(ChH](I) (1b").
12
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Figure 5. Eyring plot for the oxidative addition of Mel to (B“PNP)RhCI (1a). All data points and standard
deviations are the results of at least three independent experiments.
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Scheme 7. Proposed Sn2-type mechanism for the oxidative addition of Mel to (B“PNP)RhCI (1a).

Due to the low solubility of 1d" in THF-ds, determination of the equilibrium constant as a function of
temperature between 1¢/Mel and 1d' was performed in CD2Cl,. The equilibrium constant of this reaction,
at 27 °C, is 78(7) (Note: the Kcq and standard deviation are the result of three independent experiments).
Using the variable temperature data and experimentally determined Keq values, a van’t Hoff plot was
created (Figure 6). The AH and AS of the reaction were calculated to be —15.2(6) kcal-mol~" and -42(2)

cal'mol™"-K™", respectively.
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Figure 6. The van’t Hoff plot of the equilibrium between (B“PNP)RhI (1c), Mel and [(B“PNP)Rh(Me)]l
(1d"). Conditions: 0.5 mL CD.Cl,, 12.6 mM 1d', HMDSO (hexamethyldisiloxane) in CsDs in a capillary
as the internal standard, 300 K — 324 K. All data points and standard deviations are the results of at
least three independent experiments.

Reactions of (P"PNP)RhCI (2a). (P"PNP)RhCI (2a) was synthesized by mixing P"PNP and [Rh(p-
C2H4)2Cl]2 in THF.# The reaction of Mel with 2a in THF-ds generates two Rh'" complexes both exhibiting
"Jern 0f 99 Hz in 3'"P{'"H} NMR spectra. The identities of the complexes have been confirmed by X-ray
crystallography to be isomers of (P"/PNP)Rh(Me)(1)(Cl), and both isomers possess a methyl at the
position cis to the pyridyl (2b-1, 2b-2, Figure 7). The two isomers co-crystallize, with 2b-1 being the
dominant isomer (2b-1:2b-2 = 86:14). Complex 2b-1 has a chlorine atom trans to pyridyl N, giving a
173.0(2)° N-Rh—CI bond angle, while 2b-2 shows a 98.0(3)° N-Rh-CI bond angle. In the '"H NMR
spectrum of 2b-1 and 2b-2, both complexes display Cs symmetry, as determined from the four peaks
due to the isopropyl and the diastereotopic PCHa units.

We were unable to determine the rate of the oxidative addition of Mel to 2a because the reaction is
complete in < 10 minutes at =78 °C. An oxidative reaction experiment of 2a and Mel using the same
starting concentration as the reaction for 1a (Figure 4) was performed in a screw cap NMR tube at

-78 °C. After 10 min, 2a was not observable by '"H NMR spectroscopy. Assuming that reactions undergo
14



the same mechanism as for 1a and 2a and that more than 95% of the starting material was consumed
by 10 min, a rate constant can be estimated to be 2 0.032 M~'-s™" at 195 K. Thus an upper limit on AG*
for this reaction can be estimated at ~13 kcal-mol~'. Heating a THF-ds solution of the mixture of 2b-1
and 2b-2 to 90 °C does not give the reductive elimination product (P"/PNP)RhI (2c¢), and the product of
MeCl reductive elimination followed by Mel oxidation addition, (P"PNP)Rh(Me)(l)., was not observed
after 100 hours at 90 °C. Thus, in contrast to the Bu variant 1b, 2b is stable against MeX (X = Cl, I)
reductive elimination. (PPNP)RhI (2c¢) was then synthesized independently by mixing 2a and Nal in
acetone.?” Charging MeCl to a THF-ds solution of complex 2¢ gives three isomers of 2b according to
NMR spectra.

The observations of reactivity of 1a and 2a are consistent with the hypothesis that reduced axial
steric bulk stabilizes Rh'" relative to Rh!, and the AG* for reductive elimination from (P"PNP)Rh(Me)(CI)(I)
(2b) is larger than (B“PNP)Rh(Me)(CI)(I) (1b). Mixing Mel with 2¢ results in a rapid oxidative addition to
form trans-(""/PNP)Rh(Me)l; (2d), turning the solution color from dark red to yellow (Scheme 8). The
reaction of (B“PNP)RhI (1¢) with Mel results in a rapid oxidative addition as well, however followed by
immediate reductive elimination forming a rapid equilibrium between the two species. Compared with
reaction of 1c, the final product of 2c oxidative addition (2d) is a six-coordinate Rh complex with both
iodides binding to the Rh center. Assuming a similar mechanism as the reaction of 1¢, [(P"PNP)Rh(Me)l]l,
with the trans position to the methyl vacant, might be an intermediate of the oxidative addition reaction.
Heating a THF-ds solution of 2d and 10 equivalents of CDasl to 90 °C in a J Young Tube did not give the
product of CDsl exchange, (P"lPNP)Rh(CDs)l, after 7 days, indicating that reductive elimination of Mel

from 2d does not likely occur under this condition.
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Scheme 8. Oxidative addition of Mel and MeCl using (P"/PNP)RhCI (2a) and (P"PNP)RhI (2c) as the
starting complexes. All the reactions were performed in THF. 2b refers to a mixture of isomers of this
complex.

Figure 7. ORTEPs of two isomers of (P"lPNP)Rh(Me)(1)(Cl) (2b; 2b-1 on the left, 2b-2 on the right), which
are found as a co-crystallized mixture. Ellipsoids are drawn at 50% probability level and hydrogen atoms
are omitted for clarity. Selected bond lengths for 2b (A): Rh1-N1 2.050(4), Rh1-C1 2.124(5), Rh1-P1
2.308(1), Rh1-P2 2.353(1). Selected bond lengths for 2b-1: Rh1-CI1 2.362(4), Rh1-I1 2.8424(6).
Selected bond lengths for 2b-2: Rh1-CI1A 2.45(1), Rh1-11A 2.460(8). Selected bond angles for 2b (°):
N1-Rh1-C1 87.2(2), N1-Rh1-P1 82.4(1), C1-Rh1-P1 86.8(1), N1-Rh1-P2 82.3(1), C1-Rh1-P2
91.0(1), P1-Rh1-P2 164.68(5). Selected bond angles for 2b-1 (°): N1-Rh1-CI1 173.0(2), C1-Rh1-ClI1
86.2(2), P1-Rh1-CI1 95.0(2), P2—-Rh1-CI1 100.0(2), N1-Rh1-I11 98.0(1), C1-Rh1-I1 174.8(1), P1-
Rh1-11 94.80(4), P2-Rh1-11 88.79(3), CI1-Rh1-I1 88.7(2). Selected bond angles for 2b-2 (°): N1-—
Rh1-CI1A 98.0(3), C1-Rh1-CIM1A 171.3(4), P1-Rh1-CI1A 100.8(4), P2—Rh1-CI1A 82.8(4), N1-Rh1-—
1A 172.1(2), C1-Rh1-11A 85.3(2), P1-Rh1-11A 94.7(2), P2-Rh1-11A 100.3(2), CI1A-Rh1-11A 89.7(3).

Scheme 9 contains the calculated free energy surfaces for reactions of 1a and 2a with CHsl in THF.
The conversion of the Rh'-Cl 1a to Rh'-I 1¢ is accomplished by the Sn2 addition of CHjsl, rearrangement
of halogen atoms, and Sn2 elimination of CH3Cl. The immediate product of CHsl addition is the five-
coordinate ion pair 1b, which is also predicted to be the most stable geometry for this Rh'' composition.
The rearrangement that exchanges iodine and chlorine is slightly uphill (1b-3) and allows the reaction
to proceed via CH3Cl elimination. The octahedral intermediates 1b-2 and 1b-1 lie 6.1 and 14.5 kcal-mol™"

higher in free energy than 1b, showing that the axial metal-halide bond is only metastable and that the
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equitorial position is less hindered and better suited to host the larger iodide anion. We have not sought
transition states for the halide rearrangement, but take the energy of the octahedral complexes to
indicate that rearrangement may occur without barriers as high as the Sn2 reactions. The transition state
for elimination of CH3;CI (TS2, G = 21.4 kcal-mol™) is higher than that for CHsl addition (TS1). We
interpret that TS2 is responsible for the effective barrier of AG* = 20.6 kcal-mol™' from experimental
results (see above), and that the Rh'" intermediates are not observed spectroscopically because they
are endergonic from the reactants.8 Addition of another CHsl molecule to 1¢c proceeds with a geometry
(TS3) and barrier similar to the first, yielding the five-coordinate 1d'. An alternate pathway from 1b3 to
1d" is intermolecular outersphere halide exchange; however, the observation of 1¢ and MeCl is
consistent with our proposed pathway. Since this addition is predicted to be endergonic, the reaction
appears to be driven by Le Chatelier's principle and the precipitation of product. Computed
thermochemistry (using the M06-L and B3PW91-d3 functionals) is compared to experimental data from
this and related work® in order to estimate expected errors in the ESI.

We sought transition states for the elimination of CH3Cl from 1b with reductive elimination character.
TSRE-1 and TSRE-2, with free energies roughly 20 and 40 kcal-mol~' higher than the Sn2-style TS2,
may be described as migration of a methyl group along the Rh-Cl bond with coordination of the outer-

sphere iodide. Such paths are apparently not kinetically relevant.
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CH4l {(1M)
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P'Bu,

TS2 TSRE-1 TSRE-2

Scheme 9. Computed free energy surface (kcal-mol™" at 298 K) for reactions of 1a (in black) and 2a (in
blue) with CHsl in THF. Inset shows the geometry of Sy2 and reductive elimination pathways for CH3Cl
elimination from 1b.

When the tert-butyl phosphine substituents are replaced with iso-propyl groups, the activation
barriers for addition of CHsl to the square planar 2a and 2b are lowered by about 4 kcal-mol=! from the
analogous tert-butyl values. The dramatic difference between the two free energy surfaces is the stability
of Rh!" states relative to Rh'. The octahedral product of CHsl addition 2b-2 is predicted to be 17.4
kcal-mol~' exergonic, in contrast to the 7.5 kcal'mol~' endergonic for 1b-2. The octahedral
(P'PNP)Rh(CH3)(l). complex 2d is similarly stable. Furthermore, the five-coordinate ion pair
(P'PNP)Rh(CH3)(CI*(l)- lies 12.3 kcal-mol" above the octahedral 2b-2 in free energy. The iodide ion

prefers to be bound to Rh, in qualitative contrast to 1b’. The (P"/PNP)Rh'" states are thermodynamic
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sinks, consistent with the lack of experimentally observed elimination reactions. In addition to being
smaller than tert-butyl groups, the iso-propyl substituents can rotate to best accommodate each other
and axial ligands as needed.

Reactions of (M*sPNP)RhCI (3a). (VesSPNP)RNCI (3a) was synthesized by stirring a THF solution of
[Rh(u-C2H4)2Cll2 and MesPNP in a 1:2 ratio. '"H NMR spectrum of 3a indicates a molecule with four
symmetry equivalent mesityl groups. The 'Jprn of 143 Hz for 3a in the 3'P{"H} NMR spectrum is
consistent with a Rh' oxidation state. To a THF solution of 3a, Mel was added dropwise, resulting in a
color change from red to yellow. Two Rh'' complexes were observed by 3'P{'H} NMR spectroscopy each
with "Jprn = 99 Hz, indicating the likely formation of isomers of (MesSPNP)Rh(Me)(1)(Cl) (3b). Stirring the
yellow solution of the Rh" products results in a color change back to red after ~30 min, and 'H NMR
and ¥'P{'H} NMR spectra are consistent with the formation of (MsSPNP)RhI (3¢) and another unidentified
species as a minor product (Scheme 10). 3¢ was synthesized independently by mixing 3a and Nal in
acetone, and the structure of 3¢ was confirmed by X-ray crystallography (Figure 8). Monitoring the

reaction by NMR spectroscopy indicates the formation of MeCl and CHa..

TMesg I|=’Mesz
— THF ; THF —
An isomer of .
<\:/<\<:R|h Cl  + Mel (MesPNP)Rh(Me)CH() <\:<N(:R|h I+ unknown species + MeCl + CH,
PMes, PMes;

3a 3b 3c
Scheme 10. Oxidative addition Mel to (MesPNP)RhCI (3a) to form (MesPNP)Rh(Me)(I)(Cl) (3b) as a
proposed intermediate and reductive elimination of MeCl to form (MesPNP)RhI (3c). An unidentified
species and methane was also observed as the product. All the reactions were performed in THF.
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Figure 8. ORTEPs of (M*sPNP)RhCI (3a, left) and (M*sPNP)RhI (3c, right). Ellipsoids are drawn at 50%
probability level and hydrogen atoms are omitted for clarity. Selected bond lengths for 3a (A): Rh1-N1
2.056(3), Rh1-P2 2.2703(9), Rh1-P1 2.2963(9), Rh1-CI1 2.3757(8). Selected bond angles for 3a (°):
N1-Rh1-P2 84.66(9), N1-Rh1-P1 84.38(9), P2—Rh1-P1 164.43(3), N1-Rh1-CI1 176.23(9), P2-Rh1—
Cl1 92.43(3), P1-Rh1-CI1 98.00(3). Selected bond lengths for 3¢ (A): Rh1-N1 2.053(9), Rh1-P1
2.281(3), Rh1-P2 2.283(3), Rh1-11 2.591(1). Selected bond angles for 3¢ (°): N1-Rh1-P1 84.9(3), N1—
Rh1-P2 85.3(3), P1-Rh1-P2 167.0(1), N1-Rh1-11 173.7(2), P1-Rh1-11 94.27(7), P2-Rh1-11 94.62(8).

While attempting to generate (MesPNP)Rh(Me)(l). (3d) through oxidative addition of Mel to
(MesPNP)RhI (3c), the product of intramolecular mesityl methyl C—H activation, (MesSPNP*)Rh(l). (3d"),
was obtained (Scheme 11). The structure of 3d" was determined by X-ray crystallography (Figure 10).
31P{"H} NMR spectrum of 3d" shows a two-bond P-P coupling constant of 462 Hz, which is within the
range of common 2Jpp between two trans phosphorus atoms.8%% Similar C—H activations of the methyl
of mesityl or mesitylene by late transition metal complexes has been reported.'°'%5 The oxidative
addition product, (MesPNP)Rh(Me)(l)2 (3d), could be observed by NMR spectroscopy, but attempts to
isolate it were not successful due to the conversion to 3d" and methane. The 'H NMR spectrum of the
reaction between 3c and Mel reveals a triplet of doublets at 1.59 ppm assigned to the Rh—CH3; of
(MesPNP)Rh(Me)(l)2 (3d). This resonance is absent when 3c is reacted with CDsl. Also, the '"H NMR
spectrum of (MesPNP)Rh(Me)(1)2 (3d) is consistent with the loss of a mirror plane after reacting with Mel,
compared to 3c. A doublet with a 'Jprn of 106 Hz was observed in the 3'P{'"H} NMR spectrum. Methane

(0.19 ppm, singlet) was observed as a product along with the formation of 3d", and, for the reaction of
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3c with CDsl, the observed septet at 0.14 ppm the 'H NMR spectrum is assigned to CDsH (Figure 9). It
is notable that in the reaction of 3a and Mel, methane release was also observed, which suggests the

formation of a similar product, (MssPNP*)Rh(CI)(I) (3b").

TMesQ F"Mesz TMesz
— — | — 1
THF > THF ~
C{th—l + Mel Q%;}h -1 - = <\:/<(NTR|h -1 + CHy
“—PMes

PMes,

3c 3d 3d”
[proposed structure]

Scheme 11. C—H activation of the mesityl substituent of (MesPNP)RhI (3c) in THF.

RhCH3

—~ - M

T T T T T s T T T T
166 164 162 160 158 156022 020 0.18 0.6 0.14
1 (ppm)

Figure 9. Top: Peaks assigned to Rh—CHj3 (left) and CH, (right) in the "TH NMR spectrum of the reaction
3c with CHjsl. Bottom: '"H NMR spectrum of the reaction of 3¢ with CDsl. Reactions were performed in
THF-ds at room temperature.

Figure 10. ORTEP of (MesPNP*)Rh(l). (3d"). Ellipsoids are drawn at 50% probability level and hydrogen
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atoms are omitted for clarity. Selected bond lengths for 3d™ (A): Rh1-N1 2.093(5), Rh1-C1 2.105(7),
Rh1-P1 2.262(2), Rh1-P2 2.481(2), Rh1-I1 2.6622(7), Rh1-I12 2.8175(8). Selected bond angles for
3d" (°): N1I-Rh1-C1 87.0(2), N1-Rh1-P1 81.3(2), C1-Rh1-P1 82.6(2), N1-Rh1-P2 81.8 (2), C1-Rh1-
P2 94.1(2), P1-Rh1-P2 162.92(6), N1-Rh1-I11 175.7(2), C1-Rh1-I11 92.4(2), P1-Rh1-I1 94.45(5), P2—
Rh1-11 102.45(4), N1-Rh1-12 92.5(2), C1-Rh1-12 173.1(2), P1-Rh1-12 90.53(5), P2-Rh1-12 92.68(5),
[1-Rh1-12 87.59(2), C3-P1-C10 107.1(3).

Reactions of (F"PNP)RhCI (4a). (°"PNP)RhCI (4a) was synthesized by stirring a THF solution of
[Rh(u-C2H4)2Cl]2 with PPPNP (2 equivalents).82% The equivalency of four phenyl groups and four PCH;
protons in the 'H NMR spectrum of (P°"PNP)RhCI (4a) is consistent with the formation of 4a, and the
"Jern Of 150 Hz of 4a is consistent with a Rh' oxidation state. Adding Mel to a benzene solution of
(P"PNP)RNCI (4a) gives two Rh'" products (Scheme 12). The major product (4b-1) is one isomer of
(P"PNP)Rh(Me)(CI)(l), with methyl and iodide trans to each other, which is confirmed by X-ray
crystallography (Figure 11). The another product is assigned as another isomer of (""PNP)Rh(Me)(CI)(1),
but efforts to confirm the structure by X-ray diffraction were not successful. Similar as 2b, heating a THF-

ds suspension of 4b at 90 °C did not give the corresponding reductive elimination product.

PPh, PPh, PPh,
—NR|hC Cefts _NRJF:VIE =\
AR | -Cl + Mel \ _|“ -Cl + \ /[\(j:-l|3|hm|
PPh, PPh, PPh,

4a 4b-1
Scheme 12. Oxidative addition of Mel to (°"PNP)RhCI (4a) in benzene.

Figure 11. ORTEP of (P"PNP)Rh(Me)(Cl)(I) (isomer 4b-1). Ellipsoids are drawn at 50% probability level
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and hydrogen atoms are omitted for clarity. Selected bond lengths for 4b-1 (A): Rh1-N1 2.059(6), Rh1—
C1 2.10(2), Rh1-P2 2.298(2), Rh1-P1 2.307(2), Rh1-CI1 2.359(2), Rh1-I1 2.686(1). Selected bond
angles for 4b-1 (°): N1-Rh1-C1 86.1(6), N1-Rh1-P2 82.9(2), C1-Rh1-P2 89.6(5), N1-Rh1-P1 83.9(2),
C1-Rh1-P1 89.3(5), P2-Rh1-P1 166.83(8), N1-Rh1-CI1 178.6(2), C1-Rh1-CI1 93.6(5), P2—Rh1-ClI1
95.74(9), P1-Rh1-CI1 97.43(9), N1-Rh1-11 90.3(2), C1-Rh1-I1 175.7(5), P2-Rh1-I11 87.77(7), P1-
Rh1-11 92.45(7), CI1-Rh1-I1 90.00(7).

Oxidative addition of CH.Cl. to (RPNP)RhCI. CH,Cl, was added to solutions of the four
(RPNP)RhCI complexes in order to compare oxidative addition reactions to form (RPNP)Rh(CH.CI)(Cl)..
The oxidative addition of CH2Cl. only occurred with smaller substituents on phosphorus (i.e., for R = 'Pr
and Ph). In the reaction of (P"PNP)RhCI (2a), two isomers, cis-(P"PNP)Rh(CH.CI)CI. (2e-cis) and trans-
(P'PNP)Rh(CHCI)CI. (2e-trans), were formed in a 2:1 ratio, according to the integration of 3,5-H of
pyridyl in the "H NMR spectrum (Scheme 13 and Figure 12). The structures of 2e-cis and 2e-trans have
been confirmed by a single crystal X-ray diffraction study (Figure 13). In the reaction of (°"PNP)RhCI
(4a), only cis-(P°"PNP)Rh(CH.CI)CI. (4e-cis) was observed by '"H NMR spectroscopy, and the structure
was confirmed by single crystal X-ray diffraction study (Figure 13). There is no reaction between CH,Cl,
and (RPNP)RhCI when R = Bu, Mes. We attempted to gain evidence for the reversible reductive
elimination of CH2Cl> from complexes 2e (a mixture of 2e-cis and 2e-trans) and 4e-cis by heating
solutions of the Rh!"' complexes in CD,Cl,. Reversible reductive elimination should produce free CH.Cl.
and Rh—CD.Cl complexes; however, no reductive elimination was observed, indicating that the oxidative

addition products are likely highly favored for these Rh'' complexes.

PR
| cHac1
R=Ph N- Rh Cl
e, \ Y/ cl |
PR2
F"Rz TRz PR>
— _i CH,CI
THF R="Pr
QZRh-CI + CH,Cl, N Rh cl o+ <:€Rh -CH.CI
PRs PR2 PR2 (2:1 ratio)

R =Mes,t

No reactlon
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Scheme 13. Attempted oxidative addition reactions of CH,Cl, with the Rh complexes (RPNP)RhCI (R =
‘Bu, 'Pr, Mes, Ph).

Zecis
T
A{d) B {d) C{)
4739 39.50 3672
2e-frans J(144.69) KH9621)| | K97 38)
P R I
2a 2e-trans 2e-cis

1

69 68 6'.7'16(.‘: t;_'s 64 63 6250 49 48 47 46 45 4&ﬁ4$; 4'2)4'1 40 39 38 37 36 3
pm ppm
Figure 12. '"H NMR (pyridyl region, left) and 3'P{'H} NMR (right) spectra from the reaction of
(P'PNP)RNCI (2a) and CHCI; to form cis-(P"PNP)Rh(CH.CI)Cl, (2e-cis, 36.7 ppm, 'Jprn = 97 Hz in
31P{'"H} NMR) and trans-(P"PNP)Rh(CHCI)Cl, (2e-trans, 39.5 ppm, "Jprn = 96 Hz in 3'P{"H} NMR). From
bottom to top: starting complex 2a, reaction after 4 hours and after 15 hours. Reaction conditions: 60 °C,
CsDs as the solvent.

Z2a

Figure 13. ORTEPs of (P"lPNP)Rh(CH.CI)CI. (2e; 2e-cis on the left and 2e-trans in the middle) and cis-
(P"PNP)Rh(CHCI)CI. (4e-cis, right). Ellipsoids are drawn at 50% probability level and hydrogen atoms
are omitted for clarity. 2e refers to the mixture of 2e-cis and 2e-trans. Selected bond lengths for 2e (A):
Rh1-N1 2.143(3), Rh1-P1 2.3434(9), Rh1-P2 2.3472(9), Rh1-CI2 2.3669(8). Selected bond lengths
for 2e-cis (A): Rh1—C20A 2.08(8), Rh1-CI1A 2.41(2). Selected bond lengths for 2e-trans (A): Rh1-C20
2.099(5), Rh1-CI1 2.365(1). Selected bond angles for 2e (°): N1-Rh1-P1 81.96(7), N1-Rh1-P2
82.02(7), P1-Rh1-P2 163.95(3), P1-Rh1-CI2 84.35(3). Selected bond angles for 2e-cis (°): C20A—
Rh1-N1 87.0(3), C20A—Rh1-P1 94.(3), C20A—Rh1-P2 86.(3), C20A—Rh1-CI2 176.(3), N1-Rh1-CI2
89.29(7), P2-Rh1-CI2 94.52(3), C20A—Rh1-CI1A 85.(3), N1-Rh1-CI1A 171.3(4), P1-Rh1-CI1A
100.9(4), P2—Rh1-CI1A 95.1(4), CI2-Rh1-CI1A 99.1(4). Selected bond angles for 2e-trans (°). C20—-
Rh1-N1 177.9(2), C20—-Rh1-P1 97.4(2), N1—-C20-Rh1-P2 98.6(2), C20—-Rh1-CI1 87.5(1), N1-Rh1—
Cl1 90.53(7), P1-Rh1-CI1 95.13(4), P2—-Rh1-CI1 85.95(4), C20-Rh1-CI2 92.7(1), N1-Rh1-CI2
89.29(7), P2-Rh1-CI2 94.52(3), CI1-Rh1-CI2 179.47(4). Selected bond lengths for 4e-cis (A): Rh1—
N1 2.081(13), Rh1-C1 2.13(2), Rh1-P1 2.311(3), Rh1-CI1 2.346(4), Rh1-CI2 2.536(5). Selected bond
angles for 4e-cis (°): N1-Rh1-C1 92.6(8), N1-Rh1-P1 83.31(7), C1-Rh1-P1 90.5(9), C1-Rh1-P1
90.1(9), P1-Rh1-P1 166.61(14), N1-Rh1-CI1 180.0, C1-Rh1-CI1 87.4(8), P1-Rh1-CI1 96.69(7), N1—
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Rh1-CI2 89.0(2), P1-Rh1-CI2 95.8(2), P1-Rh1-CI2 84.0(2), CI1-Rh1-CI2 91.0(2), N1-Rh1-CI2
89.0(2), P1-Rh1-CI2 84.0(2), P1-Rh-CI2 95.8(2), CI1-Rh1-CI2 91.0(2), CI2-Rh1-CI2 178.0(3).

Activation and reaction free energies were calculated for the Sy2 addition of CH2Cl; to the four
(RPNP)RhCI complexes (Scheme 14). As for the addition of CHsl to (RPNP)RhCI, the phosphine
substituent exerts a far greater influence on the calculated exothermicity of the reaction than on the
activation barrier. The AG* for R = Mes is 19.3 kcal-mol=*, 5 kcal-mol~" higher than the phenyl analog.
For R ='Bu, AG* = 18.8 kcal-mol™*, only two kcal-mol~" higher than for R = 'Pr. This small difference may
not explain the distinct reactivity observed for the two alkyl substituents. The standard reaction free
energies for the bulky substituents R = 'Bu and Mes are +2.0 kcal-mol~" and —8.5 kcal-mol~', respectively,
while the reactions with R = 'Pr and Ph are irreversibly exergonic at AG = —26.7 kcal-mol~' and —25.6
kcal-mol='. Again, the stability of the Rh'" intermediates is consistent with the absence of elimination

reactions for the smaller substituents.

CH.Ch (1M)

+

PR,

/ \NRh|CI

PR,

G = 0.0 kcalimol

G=-267

Scheme 14. Computed activation and reaction free energies (kcal-mol=" at 298 K in THF) for the addition
of CH2Cl, to (RPNP)RhK!'CI complexes.
CONCLUSIONS

We speculated that axial steric bulk of PNP ligands could be used to control the energetics of Rh'!!
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oxidative addition/reductive elimination sequences. The hypothesis was validated by combining
computational modeling and experimental studies (Scheme 13). For reactions of Mel with (RPNP)RhCI
complexes, the results vary with the identity of the substituents R. For the large substituents such as
tert-butyl and mesityl, Mel oxidative addition is slow relative to PNP ligands with the smaller substituents,
and subsequent MeCl reductive elimination is observed. In contrast, the smaller substituents iso-propyl
and phenyl facilitate Mel oxidative addition, and the reductive elimination of MeCl or Mel was not
observed due to the high stability of Rh"' products. While the results are consistent with steric influence
being most important, it is not possible to eliminate a potential role for ligand donor ability as a function
of the substituents. When using CH-Cl, as the oxidative addition reagent, the reactions only occur with
PNP ligands that possess the smaller substituents, iso-propyl and phenyl. An Eyring analysis for the
oxidative addition of Mel to (B“PNP)RhCI (1a) indicates that the AH* and AS* are 10.4(8) kcal-mol~" and
-34(2) cal-mol='-K™", respectively. The AG* at =78 °C is ~17 kcal-mol~". The rate of oxidative addition of
Mel to (F"PNP)RhCI (2a) at —78 °C is too fast to be measured by NMR spectroscopy, but an upper limit
for the AG?* of < 13 kcal-mol~" was estimated. Thus, the AAG?* for Mel oxidative addition to 1a and 2a is
proposed to be 2 4 kcal-mol~'. Calculated thermochemistry corroborates that the activation barriers for
Sn2 addition reactions at square planar Rh', which require access to only one site, are perturbed by 2-
5 kcal'-mol~" when steric bulk is varied. The stability of six-coordinate products, however, changes by
more than 25 kcal-mol™'. These results indicate that the rates of Rh"!" oxidative addition/reductive
elimination processes can be controlled through variation of axial steric bulk (Scheme 15). By adjusting
the steric properties of the intermediates in the proposed mechanism of hydrocarbon oxidations

(Scheme 1), it offers another stragety to tune the energetics of both C—H activation and reductive

26



elimination.

PR2 PR, PRy
—MeCl /= | iMel  — |Me
N Rh cl N Rh cl N-Rh-I \ MN-Rh-l
+ MeCl Y, ‘ - Mel 7 |
PRz PR>

@ Favored when small steric bulk is applied (b, d)
o Favored when large steric bulk is applied (c)

Scheme 15. Axial steric effect on the oxidative addition and reductive elimination of (RPNP)Rh
complexes.

EXPERIMENTAL SECTION

General Methods. Unless otherwise noted, all reactions and manipulations were performed under
a nitrogen atmosphere in a glovebox or using standard Schlenk techniques with dried and degassed
solvents. All solvents were reagent grade or better. Deuterated solvents were used as received. All the
solvents were kept in the glovebox over 4 A molecular sieves. All NMR spectra were recorded on Varian
Inova 600 MHz or 500 MHz spectrometer, or Bruker Avance Il 800 MHz spectrometer. Operating
frequency for *C{'H} NMR is 150 MHz (on 600 MHz instrument) or 201 MHz (on 800 MHz instrument),
and for 3'"P{"H} NMR is 243 MHz (on 600 MHz instrument) or 202 MHz (on 500 MHz instrument). All 'H
and "C{'H} NMR spectra are referenced against residual 'H resonances (‘H NMR) or "SC{'H}
resonances ("*C{'H} NMR) of the deuterated solvents. 3'P{"H} NMR spectra are referenced with 85%
HsPO.4 in HO (used as an external standard). All spectra were recorded at 25 °C unless otherwise
indicated. For the variable temperature NMR experiments, the temperature is calibrated using
methanol.®” Literature procedures were used to prepare ®B'PNP, PPNP, MesPNP, PPPNP and

[Rh(CZH4)2CI]2.89,96,98_1 00
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Synthesis and Characterization. (‘|®"“PNP)RhCI (1a). A procedure modified from literature is
applied.®3 In a glass vial a THF (5 mL) solution of BY“PNP (210 mg, 531 umol) was added to a THF (5
mL) solution of [Rh(u-C2H4)2Cl]2 (110 mg, 283 pmol) and stirred for 10 min. The color turned from orange
to red. The solvent was removed under vacuum, and the solid was washed with pentane (5 mL x 2) and
then dried under vacuum, and the pure product of (B“PNP)RhCI was obtained as a red solid. The
isolated yield is 81%. '"H NMR (C¢Ds, 600 MHz): & 6.89 (t, 1H, 3Jun = 8 Hz, py H-4), 6.27 (d, 2H, 3Jpn =
8 Hz, py H-3,5), 2.57 (vt, 4H, CH.P), 1.46 (vt, 36H, 2J4p = 6 Hz, PC(CHs)s). 3C{'"H} NMR (CsDs¢, 151
MHz): 5 164.4 (vt, py C-2,6), 128.7 (s, py C-4), 119.8 (vt, 3Jrc = 5 Hz, py C-3,5), 36.5 (vt, CH2P), 34.9
(vt, PC(CHa)s), 29.6 (vt, PC(CHsa)3). 3'"P{"H} NMR (C¢Ds, 243 MHz): 5 58.1 (d, "Jprn = 145 Hz).

(P"PNP)RNCI (2a). A procedure modified from the literature was used.*> A THF solution (3 mL) of
PIPNP (95.6 mg, 282 umol) was added to a stirred solution of [Rh(u-C2H.)2Cl]2 (54.8 mg, 141 pymol) in
THF (5 mL) leading to a color change from orange to dark red. The reaction mixture was stirred at
ambient temperature for 30 min followed by solvent removal under vacuum to give a red solid. The solid
was washed with cold pentane (5 mL x 2). The isolated yield is 72%. Crystals suitable for X-ray analysis
were obtained by layering a concentrated THF solution of (P"lPNP)RhCI with pentane. "TH NMR (CgDs,
600 MHz): 8 6.90 (t, 3Jun = 8 Hz, 1H, py 4-H), 6.30 (d, 3Jun = 8 Hz, 2H, py 3,5-H), 2.44 (vt, 2Jpy = 4 Hz,
4H, PCH,), 2.08 (svt, 3Jun = 8 Hz, 4H, CH), 1.52 (dvt, 12H, Me of 'Pr), 1.07 (dvt, 12H, Me of Pr).
BC{'HINMR (CsDs, 151 MHz): & 163.9 (vt, py C-2,6), 128.9 (s, py C-4), 112.0 (vt, py C-3,5), 35.9 (v,
CH2P), 24.3 (vt, CHMey), 19.4 (vt, CH(CHz3)2), 18.0 (s, vt, CH(CHz3)2). 3'P{"H} NMR (CsDs, 243 MHz): &
47.4 (d, "Jprn = 145 Hz).

(MesPNP)RhCI (3a). In a 100 mL round bottom flask, a THF (20 mL) solution of MesPNP (31.7 mg,
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492 ymol,) was added to a THF (20 mL) solution of [Rh(u-C2H4)2Cl]2 (95.6 mg, 246 ymol,) and stirred
for 3 hours. The color turned from orange to red. The solvent was removed under vacuum, and the solid
was washed with pentane (10 mL x 2) and then dried under vacuum. The pure product of (V¢sSPNP)RhCI
was obtained as a red solid with 62% yield. Crystals suitable for X-ray analysis were obtained by slowly
evaporating pentane into a concentrated THF solution of (M*sPNP)RhCI. '"H NMR (THF-ds, 600 MHz): &
7.52 (t, 1H, 3Jun = 8 Hz, py H-4), 7.04 (d, 2H, 3Jun = 8 Hz, py H-3,5), 6.73 (s, 8H, mesityl H-3,5), 4.00
(vt, 4H, PCH>), 2.19 (s, 12H, mesityl 4-Me), 2.15 (s, 24H, mesityl 2,6-Me). *C{'H} NMR (DCM-d>, 151
MHz): 163.6 (vt, py C-2,6), 141.1 (vt, Mes C-2,6), 138.8 (s, Mes C-4), 133.2 (vt, Mes C-1), 130.8 (vt.
Mes C-3,5), 128.9 (s, py C-4), 121.1 (vt, py C-3,5), 48.0 (vt, CH2P), 25.2 (vt, Mes 2,6-CH3), 21.1 (s, Mes
4-CHj3). 3'P{'"H} NMR (THF-ds, 243 MHz): & 11.8 (d, '"Jrnp = 143 Hz). Acceptable elemental analysis
results for 3a could not be obtained. The NMR spectra of 3a appear in Figure S7, S8 and S9.

(P"PNP)RNCI (4a). A procedure modified from literature was used.®2 In a 100 mL round bottom flask,
a THF (20 mL) suspension of P"PNP (270 mg, 560 umol) was added to a THF (5 mL) solution of
[Rh(C2H4)2Cl]2 (120 mg, 309 umol) and stirred for 90 min. The reaction mixture turned to a red
suspension. The mixture was filtered, and the precipitate was washed with pentane (5 mL x 2) and dried.
The product (P"PNP)RhCI was isolated as a reddish orange solid in 43% yield. '"H NMR (C¢Ds, 600 MHz):
0 8.17 (8H, m, phenyl H-2,6), 7.06 (t, 8H, 3Jun = 7 Hz, phenyl H-3,5), 7.00 (t, 4H, 3Jun = 7 Hz, phenyl H-
4), 6.76 (t, 1H, 3Jun = 8 Hz, py H-4), 6.28 (t, 2H, 3Jun = 8 Hz, py H-3,5), 3.21 (vt, 4H, CH.P). 3C{'H}
NMR (CsDs, 151 MHz): 8 162.3 (vt, py C-2,6), 135.7 (vt, Ph C-1), 133.5 (vt, Ph C-2,6), 130.6 (s, Ph C-
4),129.7 (s, py C-4), 128.7 (vt, Ph C-3,5), 120.5 (vt, py C-3,5), 44.0 (vt, CH2P). 3'"P{'"H} NMR (C¢Ds, 243
MHz): 6 22.2 (d, 'Jprn = 150 Hz).
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(P'PNP)Rh(Me)(CI)(I) (2b). In a glass vial, 0.5 mL of Mel was added dropwise into a stirring THF
(10 mL) solution of (P"PNP)RhCI (54.1 mg, 113 pmol,). The solution turned from red to yellow in 5
seconds. The solvent was removed under vacuum. The product was dissolved in a minimal amount of
DCM (3 mL), crushed out with addition of pentane (50 mL) and collected by filtration. The solid was
washed with pentane (10 mL x 2) and then dried under vacuum. The product (P"PNP)Rh(Me)(CI)(l) was
obtained as a yellow solid. The isolated yield is 78%. Crystals suitable for X-ray analysis were obtained
by slowly evaporating Mel into a benzene solution of (FPNP)RhCI. The NMR is the data for one isomer
of 2b-1 and 2b-2, and the elemental analysis data is for the mixture of two complexes. '"H NMR (CsDes,
600 MHz): 6 6.70 (t, 3Jun = 8 Hz, 1H, py 4-H), 6.39 (d, 3Jun = 8 Hz, 2H, py 3,5-H), 4.05 (m, 2H, CH), 3.86
(dvt, 2dun = 17 Hz, 2H, PCH->), 3.01 (dvt, 2Jun = 17 Hz, 2H, PCH>), 2.45 (m, 2H, CH), 1.68 (q, J = 8 Hz,
6H, Me of 'Pr), 1.52 (td, 2Jrat = 2 Hz, 3H, Rh—-Me), 1.33 (q, J = 7 Hz, 6H, Me of iPr), 1.19 (q, J = 7 Hz,
6H, Me of 'Pr), 1.07 (q, 6H, Me of iPr). '3C{'"H} NMR (THF-ds, 151 MHz): 163.9 (vt, py C-2,6), 136.0 (s,
py C-4), 120.8 (vt, py C-3,5), 40.2 (vt, PCHz), 30.6 (vt, PCHMe>), 23.6 (vt, PCHMe>), 20.1 (s, CH(CHz3)2),
19.9 (s, CH(CHs3)2), 19.8 (s, CH(CHa)2), 19.4 (s, CH(CHzs)2). 3'"P{'H} NMR (CsDs, 243 MHz): & 36.0 (d,
'Jrrn = 100 Hz). Anal. Calcd for C20H3sCIINP2Rh: C, 38.76; H, 6.18; N, 2.26. Found: C, 38.98; H, 6.33;
N, 2.28.

(P"PNP)Rh(Me)(CI)(l) (4b-1). In a 20 mL glass vial, (F"PNP)RhCI (82.9 mg, 135 ymol) was dissolved
in 10 mL CH.Cl,. The reaction mixture was stirred overnight, and the solvent was evacuated under
vacuum. The product was dissolved in a minimal amount of DCM (3 mL), precipitated with addition of
pentane (50 mL) and collected by filtration. The product was washed with pentane (10 mL x 2). A yellow

solid was obtained as the final product. The isolated yield is 89%. Crystals suitable for X-ray analysis
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were obtained by slowly evaporating Mel into a benzene solution of (*"PNP)RhCI. '"H NMR (600 MHz,
DCM-d>): d 7.95 (m, 4H, phenyl H), 7.74 (t, 1H, 3Jun = 8 Hz, py H-4), 7.68 (m, 4H, phenyl H), 7.52 (d,
2H, 3Jun = 8 Hz, py H-3,5), 7.41 (m, 12H, phenyl H), 4.80 (vdt, 2H, 3Jrnn = 5 Hz, PCH>), 4.39 (vdt, 2H,
3Jrnh = 5 Hz, PCH>), 0.72 (td, 3H, "Jrn1 = 2 Hz, 2Jpn = 6 Hz, Rh—CH?s). *C{'H} NMR (202 MHz, DCM-
d2): 163.1 (vt), 138.6, 134.8 (vt), 132.8 (vt), 131.4, 130.9, 129.1 (vt), 128.5 (vt), 122.3 (vt), 42.9 (vt).
31P{'"H} NMR (243 MHz, DCM-d>): & 23.2 (d, 'Jprn = 106 Hz). Anal. Calcd for Cs,H30CIINP2Rh: C, 50.85;
H, 4.00; N, 1.85. Found: C, 50.82; H, 3.91; N, 1.91.

(*®“PNP)RAhI (1¢). In a 50 mL round bottom flask, 5 mL of Mel was added to a THF (20 mL) solution
of (B“PNP)RNCI (92.3 mg, 0.172 umol). The reaction mixture turned from a dark red solution to an
orange suspension in 20 seconds. After stirring for 20 min, the solvent was removed under vacuum, and
another 20 mL of THF was added. The resulting red solution was again left under vacuum to remove
the solvent. The addition of THF and removal of solvent was repeated three times, resulting in dark red
solid as the product. The isolated yield is 99%. Crystals suitable for X-ray analysis were obtained by
layering a concentrated THF solution of (B“PNP)RhI with pentane. "H NMR (CD.Cl,, 600 MHz): & 7.55
(t, 1H, 3Jun = 8 Hz, py H-4), 7.04 (d, 2H, 3Jun = 8 Hz, py H-3,5), 3.07 (vt, 4H, CH2P), 1.43 (vt, 36H,
PC(CHs)s). BC{'H} NMR (CsDs, 151 MHz): 6 164.0 (vt, py C-2,6), 130.0 (s, py C-4), 119.7 (vt, 3Jpc = 5
Hz, py C-3,5), 37.7 (vt, 'Upc = 5 Hz, CH2P), 35.4 (vt, "Jrc = 6 Hz, PC(CH3)s), 30.0 (vt, 2Jpc = 4 Hz,
PC(CHs3)s3). 3'P{"H} NMR (CD.Cl;, 243 MHz): 6 60.5 (d, 'Jprn = 138 Hz).

(P'PNP)RAhI (2c). A reported procedure was used.®’ In a glass vial, an acetone (0.6 mL) solution of
Nal (45.5 mg, 304 umol,) was added into an acetone (0.5 mL) solution of (P"PNP)RhCI (72.7 mg, 152

pumol,). The reaction mixture was stirred for 10 minutes, and the solvent was removed under vacuum. A
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few drops of benzene were added to fully dissolve the red product, and the mixture was filtered through
a fine porosity frit loaded with Celite. Benzene was removed under vacuum, and the product was washed
with cold pentane (10 mL x 2). A red solid was obtained in 85% yield. '"H NMR (600 MHz, C¢Ds): & 6.98
(t, 3Jun = 8 Hz, 1H, py H-4), 6.38 (d, 3Jun = 8 Hz, 2H, py H-3,5), 2.48 (vt, 4H, PCH2), 2.19 (m, 4H,
PCH(CHs)2), 1.53 (dvt, 3Jun = 7 Hz, 12H, PCH(CHs)2), 0.97 (dvt, 3Jun = 7 Hz, 12H, PCH(CHs)2). *C{'H}
NMR (151 MHz, Ce¢Ds): & 163.7 (vt, py C-2,6), 130.0 (s, py C-4), 120.1 (vt, py C-3,5), 36.9 (vt, PCHy),
24.6 (vt, PCH(CHs)2), 19.8 (br s, PCH(CHs3)2), 18.0 (br s, PCH(CHj3)2). 3'P{"H} NMR (243 MHz, C¢Ds): d
51.1 (d, "Jrrn = 138 Hz). Anal. Calcd for C19H3s5INP2Rh: C, 40.09; H, 6.20; N, 2.46. Found: C, 39.93; H,
6.17; N, 2.54.

(MesPNP)RhI (3c). In a glass vial, an acetone solution (3 mL) of Nal (24.6 mg) was added into an
acetone suspension (5 mL) of (MesSPNP)RhCI (64.2 mg). The reaction mixture was stirred for 30 min, and
it quickly turned from an orange suspension into a dark red solution. After the solvent was removed
under vacuum, the mixture was dissolved in 5 mL of benzene, and was filtered through frits loaded with
Celite to remove NaCl. Benzene was removed under vacuum, and the product was washed using
pentane (5 mL x 2). Adark red solid was obtained as the product after dried under vacuum. The yield is
89%. Crystals suitable for X-ray analysis were obtained by vapor diffusion of pentane into a concentrated
THF solution of (MesPNP)RhI. "H NMR (CgDe, 600 MHz): 6 6.72 (m, 9H, py H-4 and mesityl H), 6.16 (d,
2H, 3Jun = 7 Hz, py H-3,5), 3.90 (vt, 4H, PCH.), 2.80 (s, 24H, mesityl 2,6-Me), 2.05 (s, 12H, mesityl 4-
Me). BC{'H} NMR (C¢D¢, 151 MHz): 162.3 (vt, py C-2,6), 141.1 (vt, Mes C-2,6), 138.4 (s, Mes C-4),
133.4 (vt, Mes C-1), 130.9 (vt. Mes C-3,5), 128.4 (s, py C-4), 120.3 (vt, py C-3,5), 50.1 (vt, CH2P), 26.4

(vt, Mes 2,6-CHs), 20.9 (s, Mes 4-CHs). 3'P{'H} NMR (Ce¢Ds, 243 MHz): 5 14.2 (d, "Jrnp = 140 Hz).
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Acceptable elemental analysis results for 3¢ could not be obtained. The NMR spectra of 3¢ appear in
Figure S25, S26 and S27.

[(*B“PNP)Rh(Me)I]l (1d’). In a 50 mL round bottom flask, 5 mL Mel were added to a THF (20 mL)
solution of (B“PNP)RhCI (92.3 mg, 172 pmol,). The reaction mixture turned from a dark red solution to
a orange suspension in 20 seconds. The reaction mixture was allowed to stir overnight. The mixture
was filtered, and the solid was washed with a mixture of Mel and pentane (1:3 v/v, 10 mL) and dried
under vacuum. The product was obtained as an orange solid, and the NMR spectra are consistent with
published results.** The yield is 65%. '"H NMR (600 MHz, DCM-d,): & 8.01-7.93 (m, 3H, py H-3,4,5),
4.30 (dvt, 2Jpn = 18 Hz, 2H, PCH>), 4.04 (dvt, 2Jun = 18 Hz, 2H, PCH-), 2.30 (vtd, 2Jra = 3 Hz, 3H,
RhCHs), 1.56 (vt, 18H, PC(CHs)s), 1.38 (vt, 18H, PC(CHs)s). *C{'H} NMR (DCM-d>, 151 MHz): 165.1
(vt, py C-2,6), 140.1 (s, py C-4), 124.1 (vt, py C-3,5), 39.2 (vtd, 2Jrnc = 2 Hz, PCHy), 38.1 (vt, PC(CH3)3),
37.5 (vt, PC(CHzs)s), 31.3 (vt, PC(CHBa)s3), 29.8 (vt, PC(CHs3)3), 9.2 (dt, "Jrnc = 25 Hz, 2Jpc = 4 Hz, RhCHG).
31P{"H} NMR (243 MHz, DCM-d,): 6 51.8 (d, 'Jprn = 100 Hz). Leaving the sample under vacuum for 2
weeks did not remove all the THF, and 0.08 molecule of THF is included in calculation of theoretical
value of elemental analysis, based on the integration in 'H NMR spectrum. Calcd for
C24.32H46.6412NP2RhOo 08: C, 37.78; H, 6.08; N, 1.81. Found: C, 38.03; H, 6.25; N, 1.87.

cis-(P"PNP)Rh(Me)(l). (2d). The procedure was modified from literature.s In a 100 mL round
bottom flask, (P"/PNP)RhI (54.2 mg, 95 umol) was dissolved in THF, and 0.5 mL of Mel was added. The
solution quickly turned from red to bright yellow. The reaction mixture was stirred for 10 min, and then
the solvent was removed under vacuum. The resulting solid was dissolved in small amount of DCM, and

50 mL of pentane was added to precipitate the product. The mixture was filtered through a frit with fine
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porosity, and the yellow solid, cis-(PPNP)Rh(Me)l,, was collected. The product was washed with
pentane (5 mL x 2). The isolated yield is 88%. '"H NMR (CgDs, 600 MHz): & 6.69 (t, 3Jun = 8 Hz, 1H, py
4-H), 6.38 (d, 3Jun = 8 Hz, 2H, py 3,5-H), 3.97-3.90 (m, 4H, CH and PCH.), 3.08 (dvt, 2Jun = 17 Hz, 2H,
PCH.), 2.47 (m, 2H, CH), 1.71 (q, J = 8 Hz, 6H, Me of 'Pr), 1.40 (td, 2Jrnx = 2 Hz, 3H, Rh—-Me), 1.37 (q,
J =7 Hz, 6H, Me of iPr), 1.22 (q, J = 7 Hz, 6H, Me of Pr), 1.06 (q, 6H, Me of 'Pr). *C{"H} NMR (DCM-
d2, 151 MHz): 8 163.6 (vt, py C-2,6), 137.9 (s, py C-4), 121.7 (vt, py C-3,5), 41.6 (vt, PCH,), 31.0 (vt,
CH(CHa)2), 24.6 (vt, CH(CHs)2), 21.5 (s, CH(CHa)2), 21.1 (s, CH(CHs)2), 20.3 (s, CH(CHa)2), 20.1 (s,
CH(CHz3)2), -0.5 (m, Rh—CHs). 3'P{"H} NMR (CsDs, 243 MHz): & 38.0 (d, 'Jrrn = 99 Hz). Calcd for
C20H3sl2NP2Rh: C, 33.78; H, 5.39; N, 1.97. Found: C, 34.32; H, 5.55; N, 2.06.

(MsPNP*)Rhl. (3d"). In a glass vial, Mel (1 mL) was added dropwise into a THF solution of
(MesPNP)RhI (34.2 mg, 39 umol). The solution turned from red to yellow quickly. The reaction was
allowed to stir for 24 h, and then the solvent was removed under vacuum, and pentane was used to
wash the solid. 'TH NMR (CDCl,, 500 MHz): & 7.41 (t, 3Jun = 7 Hz, 1H, py H-4), 7.16 (d, 3Jun = 8 Hz, 1H,
py H-3/5), 7.06 (s, 1H, Mes H-3/5), 7.03 (s, 1H, Mes H), 7.00 (d, 3Jun = 7 Hz, 1H, py H-5/3), 6.88 (s, 1H,
Mes H), 6.84 (s, 1H, Mes H), 6.79 (s, 1H, Mes H), 6.66 (s, 2H, Mes H), 6.61 (s, 1H, Mes H), 6.04 (d,
2Jun = 13 Hz, 1H, RhCHy), 4.85 (d, 2Jun = 15 Hz, 1H, PCH>), 4.55 (d, 2Jun = 12 Hz, 1H, PCH>), 4.38 (vtd,
2Jun = 15 Hz, 2Jpp = 7 Hz, 1H, RhCH>), 4.02 (d, 2Jun = 18 Hz, 1H, PCH,), 3.41 (t, 2Jun = 12 Hz, 1H,
PCH>), 3.19 (s, 3H, Me), 3.16 (s, 3H, Me), 2.33 (s, 3H, Me), 2.31 (s, 3H, Me), 2.29 (s, 3H, Me), 2.24 (s,
3H, Me), 2.09 (s, 3H, Me), 2.06 (s, 3H, Me), 1.94 (s, 3H, Me), 1.91 (s, 3H, Me). *C{'H} NMR (CD.Cl,
201 MHz): d 162.4 (s), 160.6 (s), 157.6 (d, 'Jcp = 28 Hz), 146.1 (d, 2Jcp = 12 Hz), 144.3 (d, 'Jcp = 21

Hz), 142.3 (s), 141.7 (s), 141.5 (s), 141.5 (s), 141.3 (s), 141.1 (s), 140.1 (s), 139.1 (d, "Jep = 27 Hz),
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138.2 (s), 133.6 (d, "Jcp = 26 Hz), 132.4 (s), 132.3 (s), 131.6 (d, 2Jcp = 10 Hz), 131.9 (d, 2Jcr = 8 Hz),
131.8 (d, 2Jcp = 8 Hz), 129.5 (d, 2Jcp = 6 Hz), 129.3 (s), 125.9 (s), 125.8 (s), 121.5 (d, 3Jcp = 12 Hz),
121.2 (d, 3Jcp = 12 Hz), 53.6 (s, RhCHz), 46.8 (d, "Jcp = 19 Hz, PCH>), 32.8 (d, 'Jcp = 19 Hz, PCH>),
26.9 (d, 3Jcp = 6 Hz), 26.7 (s), 25.4 (s), 24.8 (d, 3Jcp = 11 Hz), 23.7 (s), 21.3 (s), 21.1 (s), 21.1 (s), 21.0
(s), 20.3 (s). 3'"P{"H} NMR (CD2Cl,, 243 MHz): & 61.0 (dd, 2Jpp = 462 Hz, "Jprn = 113 Hz), 5.8 (dd, 2Jpp =
462 Hz, "Jprn = 90 Hz). Acceptable elemental analysis results for 3d™ could not be obtained. The NMR
spectra of 3d", including COSY and HSQC, appear in Figure S34, S35, S36, S37 and S38.
cis-(P"'PNP)Rh(CH.CI)CI. (2e-cis) and trans-(P"PNP)Rh(CH.CI)ClI. (2e-trans). In a 100 mL round
bottom flask, (P"PNP)RhCI (52.6 mg, 110 umol) was dissolved in DCM (30 mL), and the mixture was
stirred for 24 h. The reaction mixture gradually turned from red to light orange. The solvent was removed
under vacuum, and the resulting solid was dissolved in minimal amount of DCM (3 mL). 50 mL of
pentane was added to precipitate a yellow solid. The product was collected using filtration, washed with
pentane (5 mL x 2) and dried under vacuum. The product is a mixture of cis-(P"/PNP)Rh(CH.CI)Cl, and
trans-(P'/PNP)Rh(CHCI)Cl.. The isolated yield is 87%. Crystals suitable for X-ray analysis were obtained
by vapor diffusion of pentane into a concentrated THF solution of (P'PNP)Rh(CH.CI)Cl.. cis-
(P'PNP)Rh(CHCI)CI; (2e-cis). '"H NMR (497 MHz, Benzene-ds): 8 6.73 (t, 3Jun = 8 Hz, 1H, pyridine H-
4),6.42 (d, 3Jun = 8 Hz, 2H, pyridine H-3,5), 5.15 (td, 3Jup = 7 Hz, 2Jurn = 3 Hz, 2H, RhCH:Cl), 3.67 (dvt,
2dun = 17 Hz, 2H, PCH), 3.33 (dvt, 2Jun = 17 Hz, 2H, PCH.), 2.82 (m, 2H, PCHMe>), 2.68 (m, 2H,
PCHMey), 1.66 (dvt, 3Jpn = 7 Hz, 6H, PCH(CHa)2), 1.46 (dvt, 3Jun = 7 Hz, 6H, PCH(CHs)2), 1.30 (dvt,
3Jnn =7 Hz, 6H, PCH(CHs)2), 1.06 (dvt, 3Jnun = 7 Hz, 6H, PCH(CHs)2). *C{'H} NMR (201 MHz, Benzene-

ds): 5 163.8 (vt, pyridine C-2,6), 136.5 (s, pyridine C-4), 120.9 (vt, pyridine C-3,5), 39.2 (vt, PCH,), 38.19
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(dt, "Jecrn = 28 Hz, 2Jcp = 6 Hz, RhCHCI), 24.7 (vt, PCHMey), 24.2 (vt, PCHMey), 20.2 (s, PCH(CHs)y),
19.6 (s, PCH(CHz)2), 19.5 (s, PCH(CHs)2), 19.0 (s, PCH(CHz)2). 3'"P{'H} NMR (201 MHz, Benzene-d):
36.7 (d, "Jern = 97 Hz). trans-(P'PNP)Rh(CH.CI)CI; (2e-trans). '"H NMR (497 MHz, Benzene-ds): 6 6.87
(t, 3Jrn = 8 Hz, 1H, pyridine H-4), 6.52 (d, 3Jnun = 8 Hz, 2H, pyridine H-3,5), 5.75 (td, 3Jnp = 5 Hz, 2Jhrn =
3 Hz, 2H, RhCH-CI), 3.54 (m, 4H, PCHMe>), 3.49 (vt, 4H, PCH.), 1.27 — 1.20 (m, 24H, PCH(CHs).).
BC{'H} NMR (201 MHz, Benzene-ds): d 160.9 (vt, pyridine C-2,6), 137.4 (s, pyridine C-4), 120.5 (v,
pyridine C-3,5), 39.1 (vt, PCHy), 34.0 (d, "Jcrn = 21 Hz, 2Jcp = 6 Hz, RhCHCI), 26.0 (vt, PCHMe2), 19.6
(s, PCH(CHs3)2), 19.2 (s, PCH(CHs)2). *'P{"H} NMR (201 MHz, Benzene-ds): 39.5 (d, 'Jprn = 96 Hz). Anal.
Calcd for C20H37CIsNP2Rh: C, 42.69; H, 6.63; N, 2.49. Found: C, 42.85; H, 6.72; N, 2.57.
cis-(""PNP)Rh(CH:CI)CI. (4e-cis). (°"PNP)RhCI (50 mg, 81.5 uymol) was dissolved in 10 mL DCM,
and was allowed to stir for 48 h. The solution gradually turned from red to yellow. The solvent was
removed under vacuum, and resulting solid was dissolved in minimal amount of DCM (3 mL). 50 mL of
pentane was added into the reaction mixture to precipitate the product. After filtering through a fine
porosity frit, the yellow solid, cis-(P"PNP)Rh(CH.CI)Cl,, was washed with 10 mL of pentane and dried
under vacuum. The isolated yield is 92%. Crystals suitable for X-ray analysis were obtained by vapor
diffusion of DCM into a concentrated benzene solution of (P"PNP)Rh(CH.CI)Cl,. '"H NMR (600 MHz,
CD2Cly): 8.02 (m, 4H, phenyl H), 7.81 — 7.74 (m, 5H, pyridine H-4 and phenyl H), 7.52 (d, 3Jun = 8 Hz,
2H, pyridine H-3,5), 7.50 — 7.40 (m, 12H, phenyl H), 4.68 (dvt, 2Jun = 17 Hz, 2H, PCH-), 4.58 (dvt, 2Jun
=17 Hz, 2H, PCH.), 3.91 (td, 3Jue = 8 Hz, 2Jirn = 3 Hz, 2H, RhCH-CI). BC{'H} NMR (201 MHz, CDCl,):
0 162.7 (vt), 138.9 (s), 134.6 (vt), 132.6 (vt), 131.3 (s), 131.3 (s), 131.1 (vt), 130.9 (vt), 129.2 (vt), 128.7

(vt), 122.5 (vt), 42.7 (dt, "Jorn = 27 Hz, 2Jcp = 6 Hz), 42.3 (vt). 3'P{'H} NMR (243 MHz, CD,Cl.): 27.1 (d,
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'Jrrn = 103 Hz). Anal. Calcd for Ca2H29CIsNP2Rh: C, 55.00; H, 4.18; N, 2.00. Found: C, 55.20; H, 4.24;
N, 2.10.

Kinetic studies. Oxidative addition of Mel to (‘|®“PNP)RhCI (1a) in THF-ds. A J Young NMR tube
was charged with a THF-ds solution of (B“PNP)RhCI (1a, 16 mM) and hexamethyldisiloxane (HMDSO,
internal standard) in the glovebox. After a '"H NMR spectrum was obtained for the starting solution, the
J Young tube was brought back into the glove box, and approximately 1 pyL of Mel was injected into the
tube. The tube was then quickly analyzed and 'H NMR spectra were collected every 1 min using an
arrayed experiment. Each data point consists of 4 scans with a delay time of 10 s. Concentrations were
determined using the NMR integrals of the 3,5-H of pyridyl of the starting and final complexes. The
reactions were run at constant temperature. The reaction was run at 300 K, 309 K, 319 Kand 327 K in
the NMR instrument with spectra recorded.

Equilibrium between (‘B“PNP)RhI (1c) and [(B“PNP)Rh(Me)I]l (1d') in DCM-d-. A J Young NMR
tube was charged with a DCM-d; solution of [(B“PNP)Rh(Me)l]l (1d’, 12 mM) and hexamethylbenzene
(HMB, internal standard) in the glovebox. After the '"H NMR was obtained for the starting solution (at this
time point there is already an equilibrium established), the J Young tube was brought back into the glove
box, and Mel was injected into the tube. Another NMR was taken, and another injection was done. Four
points were taken for each sample to calculate the equilibrium constant. The reaction was run at 300 K,
309 K, 319 K and 327 K in the NMR instrument with spectra recorded.

Computational Methods. Species’ free enegies (1M at 298K) were calculated as

G = Gsol + ZPE + H = T(ASvib + ASeiec + AStansirot — ksln(24.5))

including Gsol (the sum of the self-consistently determined electronic energy and solvation free energy),
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zero point energy, enthalpy and entropy (including vibrational, electronic, translational and rotational
contributions as well as the contribution by compression from 1 atm to 1M, which complements the
solvation free energy from the continuum model). Geometries were first optimized in vacuum using the
B3PW91-D3 functional'®! including the D3 dispersion corrections'%?, 6-311G**103 pasis set on organic
elements with an extra “tight” d-shell (o« = 1.35) on phosphorus, 6-311G**++'% on chlorine, cc-PVTZ-
PP'% sans f-functions for iodine, and the Los Alamos small core effective core potential (including 4s
and 4p electrons explicitely to better describe shielding of the 4d valence electrons) and triple-§ valence
functions'® for rhodium. Frequencies computed at these geometries were used for the zero point,
enthalpy and entropy terms above. To obtain Gs,, geometries were reoptimized with the M06-L'%7
functional and we applied PBF implicit solvation'® (using € = 7.6 and solvent radius 2.52 A for THF, ¢ =
8.55 and solvent radius 2.45 A for trifluoroacetic acid, ¢ = 8037 and solvent radius 1.40 A for water, ¢ =
8.93 and solvent radius 2.33 A for DCM, ¢ = 20.7 and solvent radius 2.44 A for acetone).

We used a larger basis: 6-311G**++ for organic elements, and 6-311++G-3df-3pd'% for chlorine and
phosphorus. For iodine we used the cc-PVTZ-PP basis set with the Los Alamos effective core potential
and we supplemented the valence basis functions with two f-shells'® for rhodium. For the reactions
involving CHCl; (i.e. Scheme 14), the frequency-dependent terms for all species were calculated using
the B3LYP'%".110 functional, 6-31G**++'"".112 basis on non-metal elements, and the Los Alamos effective
core potential with double-( valence functions. For the survey of anions and ligands in Scheme 5,
frequency dependent terms were calculated using B3LYP and 6-31G**. Computed frequencies below
50 cm™" were replaced with a value of 50 cm™ in the calculation of vibrational entropy to avoid spurious

contributions to entropy from numerical error in force constants. All calculations were performed with
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Jaguar 8.4.113

Crystallographic Analysis. A single crystal of 1c, 2a, 2b, 2e, 3a, 3c, 3d", 4b-1 or 4e-cis was
coated with Paratone oil and mounted on a MiTeGen MicroLoop. The X-ray intensity data were
measured on a Bruker Kappa APEXII Duo system. The Incoatec Microfocus 1uS (Cu Kq, A = 1.54178 A)
and a multilayer mirror monochromator were used for 4e-cis. The graphite monochromator and a Mo
Ko fine-focus sealed tube (A = 0.71073 A) were used for all other crystals. All frames were integrated
with the Bruker SAINT software package''* using a narrow-frame algorithm. Data were corrected for
absorption effects using the Multi-Scan method (SADABS)."* Each structure was solved and refined
using the Bruker SHELXTL Software Package'® within APEX3''* and OLEX2."6 Non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were placed in geometrically calculated positions with Uiso
= 1.2Uequiv Of the parent atom (Uiso = 1.5 Uequiv for methyl). During the structure solution of 1¢ and 2a,
electron density difference maps revealed that there was disordered solvent that could not be
successfully modeled with or without restraints. Thus, the structure factors were modified using the
PLATON SQUEEZE" technique, in order to produce a “solvate-free” structure factor set. For 1c,
PLATON reported a total electron density of 201 e and total solvent accessible volume of 771 A3,
likely representing one pentane molecule per asymmetric unit. For 2a, PLATON reported a total
electron density of 334 e and total solvent accessible volume of 1477 A3. This corresponds to
approximately one-half of a pentane molecule per asymmetric unit. In 2b, the halide atoms were
refined as a mixture of Cl and |. The relative occupancy was freely refined, converging at 86/14 for the
major and minor conformations, respectively. Constraints were used on the thermal displacement

parameters of the disordered atoms and restraints were used on CI-Rh and I-Rh bonds in the minor
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component of the disorder. Three independent sites of disorder were identified in 2e. The relative
occupancies of the sets of disordered atoms were freely refined, converging at major/minor ratios of
59/41 for the solvent disorder, 53/47 for the isopropyl disorder, and 92/8 for the chloride disorder.
Constraints were used on the anisotropic displacement parameters of the disordered atoms. In 3¢, the
THF solvent molecule and one of the mesityl groups were each found to be disordered over two
positions. The relative occupancy of the two positions of each fragment was freely refined, converging
at 68/32 for the major and minor conformations of the THF and 57/43 for the mesityl. Constraints were
used on the thermal displacement parameters of the disordered atoms and restraints were used on
bond lengths in the solvent. In 3d", one void space within the crystal was found to be partially occupied
by a co-crystallized methyl iodide molecule. Its occupancy was freely refined, converging at 66%. In 4b-
1, the | and CH3; substituents were disordered over two positions. The relative occupancy was freely
refined, converging at 52/48 for the major and minor conformations, respectively. Constraints were used
on the anisotropic displacement parameters of the disordered atoms. In 4e-cis, constraints were used

on the anisotropic displacement parameters of the symmetry-disordered CH/Cl substituents.
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