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ABSTRACT

The mechanism of catalytic allylic C—H amination reactions promoted by Cp*Rh complexes is reported. Reaction
kinetics experiments, stoichiometric studies, and DFT calculations demonstrate that allylic C—H activation to
generate a Cp*Rh(m-allyl) complex is viable under mild reaction conditions. The role of external oxidant in the
catalytic cycle is elucidated. Quantum mechanical calculations, stoichiometric reactions, and cyclic voltammetry
experiments support an oxidatively induced reductive elimination process of the allyl fragment with an acetate
ligand. Lastly, evidences supporting the amination of an allylic acetate intermediate is presented. Both nucleophilic
substitution catalyzed by Ag* that behaves as a Lewis acid catalyst and an inner-sphere amination catalyzed by
Cp*Rh are shown to be viable for the last step of the allylic amination reaction.
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INTRODUCTION

Transition-metal-mediated direct activation of C(sp®*)-H bonds to install C-X (X = C, N, and O)
functionalities has become an indispensable method in modern synthetic strategy. Precisely controlling the regio-
and diastereo-selectivities in these reactions is a key challenge that has been achieved using directing groups' or
by taking advantage of the inherent reactivities of the C—H bonds.? Direct and efficient synthetic protocols that afford
desired selectivities continue to be actively sought after. In 2004, White and co-workers reported the catalytic allylic
C-H acetoxylation of terminal olefins in complex settings catalyzed by palladium.® In a series of reports that
followed, Pd(m-allyl) intermediates were intercepted with a variety of stabilized carbon, nitrogen, and oxygen
nucleophiles (Scheme 1a).* Cossy and co-workers subsequently reported the use of Cp*Rh to catalyze the
intramolecular cyclization of aminoalkenes by allylic C-H functionalization, as illustrated in Scheme 1b.°> More
recently our group disclosed the intermolecular allylic C—H amination of internal aryl and alkyl alkenes with primary
and secondary amines bearing only one electron withdrawing group (Scheme 1c).®

Scheme 1. Transition metal catalyzed allylic C—H amination with nucleophilic amines
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The development of catalytic methods for C(sp®)-H functionalization has exceeded our mechanistic
understanding of these transformations. In the case of rhodium catalyzed allylic C—H functionalization, Cossy
suggested that a plausible mechanism would involve an allylic C—H insertion to generate a Rh(m-allyl) complex
followed by N-metallation and reductive elimination from a Rh(lll) intermediate to generate the allylic amine and a
Rh(l) species that would be reoxidized to Rh(lll) to complete the catalytic cycle. This mechanism is in accord with
reports on the rhodium catalyzed allylic substitution with phosphine and phosphite supporting ligands.” Similar
catalytic reactions involving Rh(lll/l) have also been proposed for C(sp?)-H bond activations that utilize
cyclopentadienyl supporting ligands.® However, we note that higher oxidation states of rhodium have also been

proposed in Cp*Rh catalyzed C(sp?)-H activation.®

Providing additional complexity to the mechanistic picture, the synthesis and reactivity of several group IX
m-allyl complexes similar to those invoked by Cossy and our group in the Cp*Rh catalyzed allylic C—H amination

have been reported. Bergman isolated and characterized the Cp*Rh(tr-allyl) complex I (Figure 1a)'® and Stryker



subsequently determined the structures of the exo and endo isomers of IrCp*(tr-allyl) complex Il (Figure 1b).1% In
each case, the exo-isomers of the 1-allyl complexes react with hard nucleophiles at the central carbon to generate
metallocyclobutane products. Additionally, Tanaka reported the isolation and characterization of the Rh(ll1)Cp&(11—
allyl) complex Ill bearing a pendent tosyl amine nucleophile (Figure 1c).'° When complex Ill was treated with
AgSbFsto abstract the chloride and generate a vacant coordination site for N—-metallation, the expected cyclization
product was not observed. When complex lll was treated with both AgSbFs and Cu(OAc)2, the expected amination
product was observed in 51% yield. The authors did not postulate specific roles of Cu(OAc)zin this transformation.
However, Jones and coworkers have reported the use of a copper salt as an oxidant to induce reductive elimination
of a C(sp2)-N(sp2) bond from a Cp*Rh''complex.®® In 2017, Chang and Baik reported a detailed mechanistic study
of a C—H arylation reaction catalyzed by Cp*Ir, in which a strong oxidant facilitates the C—H arylation by oxidizing

the metalated —allyl complex via an oxidatively induced reductive elimination (Figure 1d).™
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Figure 1. Previously reported reactions of group IX t-allyl complexes

The reactivity of m-allyl complexes (I-lll) is largely inconsistent with the previously proposed Rh(lll/I)
mechanism for Cp*Rh catalyzed allylic C—H amination. Herein, we describe a detailed study combining
experimental observations including kinetic analysis, isolation and characterizations of reactivities of putative
intermediates, and cyclic voltammetry measurements, that are corroborated with quantum mechanical calculations,
to elucidate the mechanism of the Rh-catalyzed C(sp®)-H activations that afford allylic amination products.

RESULTS AND DISCUSSION

Kinetic analysis: To obtain experimental data to facilitate a deeper understanding of the mechanism for
the rhodium catalyzed allylic C—H amination, we targeted 1,3-diphenylpropene 1 as a simple model substrate, in
which complications caused by regioselectivity are not present (eq 1). We note that our initial attempt to monitor the
reaction progress using p-toluenesulfonamide as a nucleophile was complicated due to its insolubility, leading us
to choose benzyl carbamate as the nucleophile.

[RhCp*Cla]>
H AgOAc (2.1 equiv)

AgBF4 (12 mol %)
/\)\ * CbzNH; ° /\)\ (1 )
Ph A Ph DCE (0.2 M), 60 °C Ph AN Ph

1 2 3

Analysis of initial rates of reactions of diphenylpropene 1 with benzyl carbamate 2 catalyzed by

[Cp*RhCI2]2/AgBF4 showed that allylic amine production was linearly dependent on the concentrations of the Rh,
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alkene, and carbamate with slopes of k1=2.4+ 0.4 x 10*s™", k»=1.5+0.1x 10°s'and ks=-5.2+ 0.6 x 10°s™
respectively (Figures S2-S4). These data indicate the reaction is first-order in rhodium and alkene concentrations.
Also an inverse rate constant for the carbamate concentration was observed, that is consistent with the carbamate
nucleophile binding to the rhodium catalyst in an off cycle equilibrium (Scheme S1).

Deuterium exchange experiments provide insight into the rate determining step (RDS). A 1:1 mixture of 1
and 1-d2 (0.2 M) in DCE was treated with benzyl carbamate 2 (0.49 M), [Cp*RhCl2]2 ([Rh] = 12 mM), AgBF4 (26
mM), and AgOAc (2.1 equiv). The reaction was stopped after 2 hours (~10% conversion), and allylic amine 3 was
isolated in 5% yield (Figure 2). Analysis of the '"H NMR of 3 established a 14% deuterium incorporation at both C1
and C3, which is consistent with a primary KIE of ku/kp = 2.5. In our original disclosure of the rhodium catalyzed
allylic C-H amination, we showed that C—H cleavage was irreversible.® Taken together, these observations along

with the first order dependence of rate on 1, establish that C—H cleavage is rate-determining."!
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Figure 2. Amination of a 1:1 mixture of 1 and 1-d2 with benzyl carbamate catalyzed by [Cp*RhCl2)2

Synthesis, Characterization, and Reactivity of rhodium Tr-allyl complexes

The kinetic data presented above are consistent with the notion that C—H activation step is rate limiting, and
consequently overall reaction kinetics cannot be used to probe the mechanism of C-N bond formation or catalyst
regeneration. In order to gain insight into this sequence in the catalytic cycle, we synthesized plausible putative
intermediates in the catalytic cycle and examined their reactivities. Analogous to Tanaka’s synthesis of CpERh(1r-
allyl) complex Ill, we attempted to synthesize a Rh(1r-allyl) complex with a Cp* supporting ligand. Initial attempts to
make to make a Cp*Rh(1r-allyl) complex starting from [Cp*RhCl2]z in the presence of AgSbFes were unsuccessful
and led to a complex mixture of products. However, stirring [Cp*Rh(NCMe)s](SbFs)2 with cesium acetate (1.5 equiv)
and 4-phenyl-1-butene (2 equiv) in CH2Cl2 at room temperature for 16 h followed by the addition of
tetraethylammonium chloride, lead to the isolation of a mixture of Rh(1r-allyl) complexes IV and V in 53% yield (9:1
ratio, Figure 3a). By using DCE as a solvent and heating the reaction to 80 °C we were able to isolate complex V
exclusively as the thermodynamic product in 61% yield (Figure 3b).
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Figure 3. Synthesis and structure of Cp*Rh(1-allyl)Cl complex. ORTEP diagram of V depicted with ellipsoids

shown at the 50% probability level and hydrogen atoms omitted for clarity

Complex V was fully characterized by 'H and 3C NMR spectroscopy and single crystal X-ray diffraction.
The '"H NMR spectrum of V displayed a characteristic triplet of doublets at & = 4.55 ppm with coupling constants
Jur=10.7 Hz and Jrnw = 2.0 Hz corresponding to the proton attached to the central carbon of the 1-allyl ligand.
Vapor diffusion of pentane into a concentrated ether solution of V at 25 °C provided crystals suitable for X-ray
analysis (Figure 3b, inset). The allyl ligand of complex V adopts a near planar geometry with dihedral angles C1-
C2-C3-C5=173.8° and C4-C1-C2-C3 = 178.6°. The Rh—C1 and Rh—C3 bond distances are approximately equal
with bond lengths of 2.203(2) and 2.219(2) A respectively while the Rh—C2 bond length is significantly shorter with
a bond length of 2.133(2) A.

With complex V in hand, we began to investigate Cp*Rh(1r-allyl) complexes’ reactivity toward nucleophiles.
In an initial experiment, complex V was treated with a single equivalent of benzyl carbamate 2 in CH2Clz at 23 °C.
Unsurprisingly, even after 48 h, complex V remained unreacted. However, when complex V was treated with
benzylcarbamate (2, 1.1 equiv) in the presence of AgSbFe(2.2 equiv, as a halide abstractor) and AgOAc (1.5 equiv)
in CH2Cl2at 23 °C to mimic the reaction conditions that yielded aminated products, allylic acetate 4 and the expected
allylic amine 5 were generated in 31% and 43% vyield respectively (Figure 3c). This result suggests that while V is
likely not a catalytically relevant species, the cationic complex generated from abstracting a chloride from V could
be. Also the result indicate that silver additives are essential for the activation of the Rh(mr-allyl) complex V. Lastly,
the significant quantities of allylic acetate 4 observed in the reaction lead us to consider the possibility that the

amination reaction might proceed through an allylic acetate intermediate.
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Figure 4. Synthesis of Cp*Rh(lll)(1r-allyl) complexes bearing acetonitrile, tosylamine and acetate ligands

To further probe these possibilities we synthesized the cationic Cp*Rh(mr-allyl)(MeCN)(SbFs) complex VI
(Figure 4a), the Cp*Rh(1-allyl)(NHTs) complex VII (Figure 4b) and the Cp*Rh(r-allyl)(OAc) complex VIII (Figure
4c). Complexes VI, VIl and VIIl were characterized by 'H and "*C NMR spectroscopy and VII and VIl were further
characterized by single crystal X-ray diffractions (Figures S5 and S6). The isolation of complexes VII and VIII
unambiguously rules out the possibility that allylic C-N or C-O bond formation by reductive elimination from these
Rh(IIl) species is possible under the catalytic conditions (Figures S5 and S6). Furthermore, the fact that no allylic
amine or allylic acetate product was observed during the synthesis of complexes suggests that outer-sphere
nucleophilic attack of these nucleophiles on cationic Rh(lll)(1r-allyl) complexes is also not a plausible explanation
for product formation in the catalytic reaction.

This conclusion is further supported by the observation that when cationic complex VI was reacted with
benzylcarbamate at 40°C for 14h that did not yield allylic amine. Instead, Cp*Rh(t-allyl)Cl complex V was recovered
in 92% yield after a chloride quench (Figure 5a). To investigate the potential for an oxidatively induced reductive
elimination mechanism to be operating, we exposed both Cp*Rh(m-allyl)(NHTs) complex VII and Cp*Rh(-
allyl)(OAc) complex VIII to two equivalents AgSbFe. In the reaction of Cp*Rh(mr-allyl)(NHTs) complex VII, two
equivalents of benzensulfonamide were included that allows us to probe both an oxidatively induced inner-sphere
reductive elimination, and an oxidatively induced outer-sphere nucleophilic attack. In this reaction, only 10%
combined yield of allylic amine products (6 and 7) was observed. No rhodium(tr-allyl) complexes could be recovered
(Figure 5b). In contrast, when the Cp*Rh(-allyl)(OAc) complex VIII was oxidized with two equivalents AgSbFe,
clean conversion to the allylic acetate product 4 was observed (Figure 5c). These observations suggest that the
catalytic allylic amination reactions proceed through an allylic acetate intermediate, obtained by an oxidatively

induced reductive elimination mechanism.
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Figure 5. Reactivity of Cp*Rh(lll)(1r-allyl) complexes demonstrating the feasibility of oxidatively induced reductive
elimination of an allyl acetate. ?Yields were determined by 'H NMR analysis of the reaction mixture using 1,4-

dinitrobenzene as an internal standard.

To complete our experimental investigation, we demonstrated that allylic acetate 4 is readily converted to
the allylic amine 3 in the presence of the Lewis acid components present in the catalytic reactions (Table 1). Both
cationic Ag(l) and cationic Rh(lll) are able to promote this reaction. In the absence of either silver cation or Cp*Rh,
the allylic acetate remained unchanged. These data provide a plausible hypothesis of the pathway toward the
completion of the allylic amination catalytic cycle.

Table 1. Reactivity of allylic acetate 4 benzyl carbamate 2 in the presence of Ag(l) or Rh(lll) as a catalyst.

OAc  CbzNHy, (2.5 equiv) NHCbz

/\)\ Catalyst (20 mol %) /\)\
Ph M Ph Me

e DCE,60°C,3h

4 5

entry Catalyst Yield
1 AgSbFs 91%
2 AgBF4 76%
3 [Cp*RhCl2]2/AgSbFe? 73%
4 [Cp*Rh(NCMe)s](SbFs)2 84%
5 none 0%”

a[Cp*RhCl2]2 (25 mM) and AgSbFe (40 mM) were stirred in
DCM with benzyl carbamate (2) at 60 °C for 30 min before
allylic acetate 6 was added to be sure that there was no Ag*

in solution. ®Allylic amine was not observed by 'H NMR.



Computational Investigation of the key steps in the catalytic cycle

Density functional theory (DFT) calculations were carried out to construct a catalytic mechanism
incorporating the experimental observations mentioned above. Using 1,3-diphenylpropene 1 as the substrate, we
compared the activation barriers of the reductive elimination from the three relevant oxidation states Rh(lIl), Rh(IV)
and Rh(V), as illustrated in Figure 6. The reductive elimination initiated from the Rh(lll) intermediate to give Rh(l) is
not viable, as the computed activation barrier of 38.4 kcal/mol corresponds to an Eyring rate of 0.6x10°'° mol/day
at 298 K (Figure 6a). As expected, the oxidation of the metal center to Rh(IV) lowers the activation barrier notably
by more than 21 kcal/mol to 17.6 kcal/mol (Figure 6b), which suggests an acceleration of the reaction by more than
10" fold compared to the Rh(lll) intermediate. Our calculations suggest that a second oxidation to access the Rh(V)

center does not enhance the reaction rate further, as the calculated barrier increases to 19.5 kcal/mol (Figure 6c¢).
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Figure 6. Calculated energy profiles for reductive elimination from the a) Rh(lll)—, b) Rh(IV)-, and ¢) Rh(V)—-allyl
intermediates, leading to the Rh(l), Rh(Il), and Rh(lll) products, respectively. The detailed molecular structure of

each TS is shown as well. The unit of energy is kcal/mol and of bond length is A.

A closer inspection of the transition structures reveals that the two oxygen atoms of the acetate introduce

a slight variation in the transition states. During the reductive elimination from the Rh(lll)-center, the O-C bond is
formed by the acetate-oxygen that is directly bound to the metal, as illustrated in Figure 6a. The Rh—O bond
elongates from 2.121 to 2.211 A as the transition state XI-TS is traversed with the C—O distance being 1.839 A.
This bond forming event is best conceptualized by considering that the allylic fragment formally donates two
electrons to the Rh-center to accomplish the reductive part of the reductive elimination step. Consequently, it
becomes a positively polarized electrophile that can engage the acetate and form the C-O bond. Of course, these
two processes are concerted in reality, but it is instructive to visualize them separately. When the metal is oxidized
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to Rh(IV) or Rh(V), it is the distal oxygen of the acetate that attacks the carbon and the Rh—O bond is mostly
maintained with the Rh—O bond lengths being 2.110 (XII-TS) and 2.100 A (XVII-TS), respectively, as illustrated in
Figures 6b and 6¢. Thus, whereas the Rh(lll) center carries out a classical reductive elimination, the other higher
valent metal centers prefer to reductively couple the acetate with the allyl functionality without eliminating the
acetate. This subtle change in mechanism is easy to understand considering that the Rh—O bond becomes much
stronger in Rh(IV) and Rh(V) compared to Rh(lll). As the acetate acts as a nucleophile in this step, the higher
oxidation state at the metal decreases its nucleophilicity and results in a higher barrier in the Rh(V)-complex. Thus,
Rh(IV) constitutes an ideal compromise between the two governing forces, namely the ability of the metal center to
oxidize the allyl fragment and the nucleophilicity of the acetate.
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Figure 7. Cyclic voltammograms of rhodium acetate complex VIII. Voltammograms recorded in CH,Cl, with 0.1 M
TBAPFe as the supporting electrolyte.

To test the proposed catalytic mechanism, cyclic voltammetry experiments were carried out. Complex VIII
showed two irreversible oxidation waves, suggesting that both Rh(IV) and Rh(V) are accessible on an
electrochemical time scale (Figures 7a and 7b). As is expected for an electrochemical step that is coupled with a
chemical event, the peak position of both steps are scan rate dependent (Figures 7c and 7d). The first oxidation
occurs at Ep = ~0.42 V versus Fc/Fc* which we assign to the Rh(lll)/(IV) couple, and the second event occurs at Ep
=~0.85V that is attributed to the Rh(IV)/(V) couple. Importantly, even at fast scan rates of 2,000 mV/s the Rh(lll)/(1V)
redox event is irreversible suggesting that reductive elimination from Rh(1V) is fast (Figure 7c). Given that the redox
potential of Ag*” in CH2Clzis 0.65 V, it is unlikely that the Rh(V) complex can be accessed via chemical oxidation.
Taken together, these data support a catalytic cycle that consists of the sequence Rh(lll) - Rh(IV) — Rh(Il) —
Rh(lll).



Scheme 2 summarizes the proposed mechanism of the Rh catalyzed allylic acetylation and the
corresponding reaction energy profile is shown in Figure 8. The catalytic cycle begins with the coordination of the
acetate and the olefin substrates 1 to the Cp*Rh fragment to form the initial reactant complex IX, which undergoes
a concerted metalation deprotonation (CMD) traversing the transition VI-TS to activate the allylic C—H bond. The
computed activation energy for this step is 26.7 kcal/mol, which is in good agreement with the experimental
observation that a mildly elevated temperature is required to prepare the acetylated intermediate XIll (vide supra).
Ligand exchange affords the Cp*Rh(lll)(1r-allyl)OAc complex XI. As discussed above, reductive elimination from
this intermediate is associated with a very high barrier (Figure 6a). To push the reaction forward, one electron
oxidation of Rh(lll) to Rh(lV) is needed which enables the reductive elimination via XIV-TS with a computed barrier
of 17.6 kcal/mol. Intermediate Xlll can easily undergo an one-electron oxidation to form the Rh(lll) intermediate XIV,

which releases product 4 via ligand exchange steps.

Scheme 2. Proposed catalytic mechanism of the rhodium catalyzed allylic acetylation going through
Rh(IV)—Rh(II)
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Figure 8. Energy profile for Rh-catalyzed allylic acetylation going through Rh (IV—II)

Formation of Allylic Amines With the detailed mechanism of the intermediate allylic acetate formation in
hand, we turned our attention to the role of the silver and rhodium salts in the conversion of the allylic acetate to
the allylic amine product, seeking to differentiate between simple Lewis acid promoted nucleophilic substitution or
a more complicated allylic substitution proceeding through additional t-allyl complexes. In the following, we
delineate the mechanistic details of the two possible mechanistic hypotheses for the formation of allylic amine

product from the allylic acetate intermediate, by means of DFT calculations.

Scheme 3. Proposed mechanism for AgSbFe catalyzed allylic C—H amination from allylic acetate
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Inspired by the related AgSbFs catalyzed amination of allylic acetate,'? we compiled a plausible mechanistic
pathway for the amination reaction which involves an initial Ag* addition to allylic acetate to prepare a silver
coordinated allylic acetate complex, as illustrated in Scheme 3. The energy profile for the allylic amination of allylic
acetate 8 catalyzed by Ag*is depicted in Figure 9. The catalytic cycle is initiated by the addition of Ag* to allylic
acetate intermediate yielding 9. Out of the three possible scenarios of the nucleophilic substitutions (Sn1, Sn2, and
Sn2’), our DFT calculations suggested that the Sn1 mechanism is the most plausible route for the nucleophilic
substitution. The dissociation of AgOAc, facilitated by Ag* as a Lewis acid, yields an allylic cation intermediate 9a,
associated with an activation barrier of 14.4 kcal/mol (9-TS). The addition of nucleophile (9a-TS) requires 16.7
kcal/mol of activation energy, which is predicted to be the most difficult step to activate of the amination reaction,
yet is viable under the reaction condition used. In comparison, the Sn2 and Sn2' reactions are much more difficult
to activate with the calculated activation barriers being 23.0 and 27.6 kcal/mol, respectively. To push the reaction
forward, the aminated intermediate 9b undergoes a concerted deprotonation via traversing the transition structure

9b-TS to produce the allylic amine product bound to a silver cation 9c.
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Figure 9. Energy profile for AgSbFe catalyzed allylic C—H amination from allylic acetate
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Scheme 4. Proposed mechanism of the inner-sphere Rh-catalyzed allylic C—H amination from allylic
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The catalytic cycle for a Cp*Rh catalyzed allylic amination of allylic acetate via the inner—sphere mechanism
is depicted schematically in Scheme 4. A complete energy profile of the inner-sphere amination is depicted in Figure
10. To reduce the computational cost, we simplified the amine source to methylcarbamate. Commencing from the
active catalyst XVIII, an intermediate XIX is formed through coordination of the allylic double bond, that is 12.8
kcal/mol uphill in energy. A ligand exchange step follows to allow the acetate of the substrate to coordinate the
metal center to form XX, that is found at 9.5 kcal/mol higher in energy from that of the active catalyst. Subsequent
oxidative addition of acetate takes places to yield an intermediate XXI that is 15.9 kcal/mol uphill in energy, via
traversing the transition state XX-TS with an activation barrier of 22.8 kcal/mol. After the addition of acetate, a
ligand exchange step follows to replace a coordinating acetonitrile with the amine ligand (XXIlI). The amine ligand
undergoes a concerted metalation and deprotonation step (CMD) with the removal of an acetic acid molecule via a
transition structure (XXII-TS) with the activation barrier of 26.2 kcal/mol, to find an intermediate XXIII that is 20.1
kcal/mol uphill in energy. In the next step, Rh(V) complex undergoes the reductive elimination from Rh(V)—Rh(lll)
to construct a new C—N bond via traversing a transition structure XXIII-TS with an activation energy barrier of 27.3
kcal/mol. The reductive elimination is the most difficult step to activate throughout the inner-sphere amination
pathway. The computed activation energy barrier is moderately high yet is predicted to be viable under the reaction
conditions used in some of the catalytic amination reactions (60°C), as the computed Eyring rate of the activation
is 0.2 mol/day at 60°C. Upon completion of the reductive elimination, ligand exchanges steps follow to yield the
aminated product 10 and to regenerate the catalyst XXIIl. We also investigated the nucleophilic substitution of
acetate by amine via the outer-sphere mechanism (Scheme S4 and Figure S10), and found a computed activation
energy barrier for the amination of 41.0 kcal/mol, precluding this mechanism under the reaction conditions used.
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Figure 10. energy profile of the inner-sphere Rh-catalyzed amination of allylic acetate 4

CONCLUSIONS

The computational and experimental data provided a detailed picture of the rhodium-catalyzed C(sp*)-H
allylic amination. Overall, the rate-determining step of the entire catalytic cycles examined computationally was
found to be the C—H activation of allylic substrate with a DFT-computed barrier of 26.8 kcal/mol. This is consistent
with the experimental kinetic observations that also support C—H activation as the rate determining step in this
transformation. Calculations revealed that the Rh catalyst facilitates the formation of the allylic acetate using the
silver salt as an oxidizing agent via an oxidatively induced reductive elimination reaction'” where the Rh(lll) center
of the key intermediate is first oxidized to Rh(lV). Interestingly, the two-electron oxidation to possibly access the
Rh(V) analogue is not found to be helpful and we found good experimental evidence that Rh(IV) is indeed the
catalytically competent species. Further experimental studies as well as DFT calculations suggested that the
amination of the allylic acetate intermediate proceeds by an Sn1 ligand exchange mechanism mediated by silver
acting as a Lewis acid catalyst. Although a Cp*Rh catalyzed pathway was calculated to be feasible under the
reaction conditions, the barriers were significantly higher than those calculated for the silver promoted pathway,
and are unlikely to contribute significantly to product formation. We note that this study provides insights that are
likely applicable to the related rhodium catalyzed allylic etherification and arylation reactions that were recently

disclosed,® but likely do not explain the allylic arylation reaction utilizing aryl boronic acids,* or the allylic amidation
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processes using dioxazolone reagents.'® Further studies to provide a unified mechanistic picture of this emergent

field are required.

Computational details

Al calculations were constructed using computer models based on density functional theory (DFT)'® implemented
in the Jaguar 9.1 suite’” of ab initio quantum chemistry programs. Geometry optimizations were performed using
the B3LYP'8 functional including Grimme’s D3 dispersion correction'® and the 6-31G(d,p) basis set, where rhodium
was represented with the Los Alamos LACVP basis set,?° which incorporates effective core potentials that describes
the relativistic effects (B3LYP-D3/LACVP). Upon completion of the geometry optimizations, single point SCF
electronic energies of the optimized geometries were calculated using Dunning’s correlation consistent triple-¢ basis
set (cc-pVTZ(-f))*! that includes a double set of the polarization functions. For rhodium, a modified version of
LACVP, designed as LACV3P is used to match the effective core potential with triple-¢ quality was used for the
single point SCF calculations (B3LYP-D3/cc-pVTZ(—f)/LACV3P). Solvation energies were evaluated using the self-
consistent reaction field (SCRF)?? approach based on the accurate numerical solutions of the Poisson-Boltzmann
equation. For the solvation calculations, 6-31G(d,p)/LACVP basis at the optimized gas-phase geometries were used
with the solvent dielectric constant of € = 9.08 for the solvent medium considered (1,2-dichloroethane). It is noted
that the solvation energies are contingent on the empirical parameterization of atomic radii used to generate the
solute surface, wherein we used the standard set of optimized radii for H (1.150 A), C (1.900 A), N (1.600 A), O
(1.550 A), Ag (1.574 A), Sb (2.210 A), F (1.682 A), and Rh (1.464 A) that are employed in the Jaguar 9.1 suite.?
To confirm the proper convergence to well-defined minima (intermediates and products) or saddle points (transition
structures) on the potential energy surface, vibrational frequencies based on harmonic approximation were
computed with the 6-31G**/LACVP basis set. The energy components were calculated by adopting the protocol

given below (egs 2-6):

G(Sol) = G(gas) + G(solv) (2)

G(gas) = H(gas) — TS(gas) (3

H(gas) = E(SCF) + ZPE (4
(
(

~ ~

AE(SCF) = 2E(SCF) for products — XE(SCF) for reactants 5
AG(sol) = ZG(sol) for products — 2G(sol) for reactants 6)

~

, G(sol) is the Gibbs free energy in solution phase, G(gas) is the Gibbs free energy in gas phase, G(solv) is the free
energy of solvation, H(gas) is the enthalpy in gas phase, T is the temperature (298.15 K), S(gas) is the entropy in
gas phase, ZPE is the zero point energy, and E(SCF) is the self-consistent electronic field energy calculated by the

SCF procedure.?*
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ABSTRACT

The mechanism of catalytic allylic C—H amination reactions promoted by Cp*Rh complexes is reported. Reaction
kinetics experiments, stoichiometric studies, and DFT calculations demonstrate that allylic C—H activation to
generate a Cp*Rh(m-allyl) complex is viable under mild reaction conditions. The role of external oxidant in the
catalytic cycle is elucidated. Quantum mechanical calculations, stoichiometric reactions, and cyclic voltammetry
experiments support an oxidatively induced reductive elimination process of the allyl fragment with an acetate
ligand. Lastly, evidences supporting the amination of an allylic acetate intermediate is presented. Both
nucleophilic substitution catalyzed by Ag* that behaves as a Lewis acid catalyst and an inner-sphere amination

catalyzed by Cp*Rh are shown to be viable for the last step of the allylic amination reaction.

Keywords: Density Functional Theory, C—H amination, Rhodium, Allylic functionalization, Mechanism



INTRODUCTION

Transition-metal-mediated direct activation of C(sp®)—H bonds to install C-X (X = C, N, and O)
functionalities has become an indispensable method in modern synthetic strategy. Precisely controlling the regio-
and diastereo-selectivities in these reactions is a key challenge that has been achieved using directing groups® or
by taking advantage of the inherent reactivities of the C—H bonds.? Direct and efficient synthetic protocols that
afford desired selectivities continue to be actively sought after. In 2004, White and co-workers reported the
catalytic allylic C—H acetoxylation of terminal olefins in complex settings catalyzed by palladium.® In a series of
reports that followed, Pd(mt-allyl) intermediates were intercepted with a variety of stabilized carbon, nitrogen, and
oxygen nucleophiles (Scheme 1a).* Cossy and co-workers subsequently reported the use of Cp*Rh to catalyze
the intramolecular cyclization of aminoalkenes by allylic C—H functionalization, as illustrated in Scheme 1b.° More
recently our group disclosed the intermolecular allylic C—H amination of internal aryl and alkyl alkenes with

primary and secondary amines bearing only one electron withdrawing group (Scheme 1c).9

Scheme 1. Transition metal catalyzed allylic C—H amination with nucleophilic amines

a)
H
R)\/ +  NuH Pd(INL, _ RNy (White 2004 - 2018)

NuH = RCO,H, CHy(EWG),, TSNH(CO ,Me), TiNH,

R
b) H . N
n n

n=1.2

C) H Rz, . R3

. N
+ R2R3NH Cp*Rh(lIL, . (Blakey 2017)
SN

The development of catalytic methods for C(sp®)—H functionalization has exceeded our mechanistic
understanding of these transformations. In the case of rhodium catalyzed allylic C—H functionalization, Cossy
suggested that a plausible mechanism would involve an allylic C—H insertion to generate a Rh(rt-allyl) complex
followed by N-metallation and reductive elimination from a Rh(lll) intermediate to generate the allylic amine and a
Rh(l) species that would be reoxidized to Rh(lll) to complete the catalytic cycle. This mechanism is in accord with
reports on the rhodium catalyzed allylic substitution with phosphine and phosphite supporting ligands.” Similar
catalytic reactions involving Rh(lll/l) have also been proposed for C(sp?)—H bond activations that utilize
cyclopentadienyl supporting ligands.® However, we note that higher oxidation states of rhodium have also been
proposed in Cp*Rh catalyzed C(sp?-H activation.®

Providing additional complexity to the mechanistic picture, the synthesis and reactivity of several group IX
1-allyl complexes similar to those invoked by Cossy and our group in the Cp*Rh catalyzed allylic C—H amination

have been reported. Bergman isolated and characterized the Cp*Rh(mt-allyl) complex I (Figure 1a)* and Stryker



subsequently determined the structures of the exo and endo isomers of IrCp*(tt-allyl) complex Il (Figure 1b).*® In
each case, the exo-isomers of the 1t-allyl complexes react with hard nucleophiles at the central carbon to
generate metallocyclobutane products. Additionally, Tanaka reported the isolation and characterization of the
Rh(I1)Cp&(m—allyl) complex lll bearing a pendent tosyl amine nucleophile (Figure 1c).**® When complex Ill was
treated with AgSbF¢to abstract the chloride and generate a vacant coordination site for N—metallation, the
expected cyclization product was not observed. When complex lll was treated with both AgSbFs and Cu(OAc).,
the expected amination product was observed in 51% yield. The authors did not postulate specific roles of
Cu(OAc). in this transformation. However, Jones and coworkers have reported the use of a copper salt as an
oxidant to induce reductive elimination of a C(sp2)-N(sp2) bond from a Cp*Rh"complex.* In 2017, Chang and
Baik reported a detailed mechanistic study of a C—H arylation reaction catalyzed by Cp*Ir, in which a strong
oxidant facilitates the C—H arylation by oxidizing the metalated m—allyl complex via an oxidatively induced
reductive elimination (Figure 1d).™*

(Bergman 1984) (Stryker 1991)
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Figure 1. Previously reported reactions of group IX 1t-allyl complexes

The reactivity of tt-allyl complexes (I-1ll) is largely inconsistent with the previously proposed Rh(llI/I)
mechanism for Cp*Rh catalyzed allylic C—H amination. Herein, we describe a detailed study combining
experimental observations including kinetic analysis, isolation and characterizations of reactivities of putative
intermediates, and cyclic voltammetry measurements, that are corroborated with quantum mechanical
calculations, to elucidate the mechanism of the Rh-catalyzed C(sp®)—H activations that afford allylic amination

products.

RESULTS AND DISCUSSION

Kinetic analysis: To obtain experimental data to facilitate a deeper understanding of the mechanism for
the rhodium catalyzed allylic C—H amination, we targeted 1,3-diphenylpropene 1 as a simple model substrate, in
which complications caused by regioselectivity are not present (eq 1). We note that our initial attempt to monitor
the reaction progress using p-toluenesulfonamide as a nucleophile was complicated due to its insolubility, leading
us to choose benzyl carbamate as the nucleophile.

[RhCp*Cl3]>
H AgOAc (2.1 equiv) NHCbz

AgBF,4 (12 mol %)
+  ChzNH, /\/j\ (1)
Ph/\)\ o DCE (0.2 M), 60 °C Bk AN Bk
1 2 3




Analysis of initial rates of reactions of diphenylpropene 1 with benzyl carbamate 2 catalyzed by
[Cp*RhCl;])./AgBF.showed that allylic amine production was linearly dependent on the concentrations of the Rh,
alkene, and carbamate with slopes of k1= 2.4 £+ 0.4 x 10* s, k,=15+0.1 x 10°s*and k3=-5.2+ 0.6 x 10°s™
respectively (Figures S2-S4). These data indicate the reaction is first-order in rhodium and alkene concentrations.
Also an inverse rate constant for the carbamate concentration was observed, that is consistent with the
carbamate nucleophile binding to the rhodium catalyst in an off cycle equilibrium (Scheme S1).

Deuterium exchange experiments provide insight into the rate determining step (RDS). A 1:1 mixture of 1
and 1-d. (0.2 M) in DCE was treated with benzyl carbamate 2 (0.49 M), [Cp*RhCl.]. ([Rh] = 12 mM), AgBF, (26
mM), and AgOAc (2.1 equiv). The reaction was stopped after 2 hours (~10% conversion), and allylic amine 3 was
isolated in 5% yield (Figure 2). Analysis of the '"H NMR of 3 established a 14% deuterium incorporation at both C1
and C3, which is consistent with a primary KIE of ku/kp = 2.5. In our original disclosure of the rhodium catalyzed
allylic C-H amination, we showed that C—H cleavage was irreversible.® Taken together, these observations along

with the first order dependence of rate on 1, establish that C-H cleavage is rate-determining.*

H H
[Cp*Rh(CI), ([Rh] = 12 mM) 14% D
Ph XX Ph AgBF 4 (26 mM) '/ \
1 . CbzNH; AgOAc (2.1 equiv)
> H/DH/D NHCbz
b P (049 M) DCE 0.2 M), 60 °C, 2h
~
Ph” ™ Ph Ph Ph
1-ds 3,5%

Figure 2. Amination of a 1:1 mixture of 1 and 1-d. with benzyl carbamate catalyzed by [Cp*RhCl.].

Synthesis, Characterization, and Reactivity of rhodium 1t-allyl complexes

The kinetic data presented above are consistent with the notion that C—H activation step is rate limiting, and
consequently overall reaction kinetics cannot be used to probe the mechanism of C—N bond formation or catalyst
regeneration. In order to gain insight into this sequence in the catalytic cycle, we synthesized plausible putative
intermediates in the catalytic cycle and examined their reactivities. Analogous to Tanaka's synthesis of Cp®Rh(Tt-
allyl) complex lll, we attempted to synthesize a Rh(mt-allyl) complex with a Cp* supporting ligand. Initial attempts
to make to make a Cp*Rh(tt-allyl) complex starting from [Cp*RhCl;]. in the presence of AgSbFswere unsuccessful
and led to a complex mixture of products. However, stirring [Cp*Rh(NCMe);](SbFs). with cesium acetate (1.5
equiv) and 4-phenyl-1-butene (2 equiv) in CH,Cl; at room temperature for 16 h followed by the addition of
tetraethylammonium chloride, lead to the isolation of a mixture of Rh(tt-allyl) complexes IV and V in 53% yield
(9:1 ratio, Figure 3a). By using DCE as a solvent and heating the reaction to 80 °C we were able to isolate

complex V exclusively as the thermodynamic product in 61% yield (Figure 3b).
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Figure 3. Synthesis and structure of Cp*Rh(rt-allyl)Cl complex. ORTEP diagram of V depicted with ellipsoids

shown at the 50% probability level and hydrogen atoms omitted for clarity

Complex V was fully characterized by *H and **C NMR spectroscopy and single crystal X-ray diffraction.
The *H NMR spectrum of V displayed a characteristic triplet of doublets at & = 4.55 ppm with coupling constants
Jun=10.7 Hz and Jernw= 2.0 Hz corresponding to the proton attached to the central carbon of the m-allyl ligand.
Vapor diffusion of pentane into a concentrated ether solution of V at 25 °C provided crystals suitable for X-ray
analysis (Figure 3b, inset). The allyl ligand of complex V adopts a near planar geometry with dihedral angles C1—
C2—-C3-C5 =173.8° and C4-C1-C2-C3 = 178.6°. The Rh—C1 and Rh—C3 bond distances are approximately
equal with bond lengths of 2.203(2) and 2.219(2) A respectively while the Rh—C2 bond length is significantly
shorter with a bond length of 2.133(2) A.

With complex V in hand, we began to investigate Cp*Rh(rt-allyl) complexes’ reactivity toward
nucleophiles. In an initial experiment, complex V was treated with a single equivalent of benzyl carbamate 2 in
CH:Cl,at 23 °C. Unsurprisingly, even after 48 h, complex V remained unreacted. However, when complex V was
treated with benzylcarbamate (2, 1.1 equiv) in the presence of AgShFs(2.2 equiv, as a halide abstractor) and
AgOAc (1.5 equiv) in CH,Cl.at 23 °C to mimic the reaction conditions that yielded aminated products, allylic
acetate 4 and the expected allylic amine 5 were generated in 31% and 43% yield respectively (Figure 3c). This
result suggests that while V is likely not a catalytically relevant species, the cationic complex generated from
abstracting a chloride from V could be. Also the result indicate that silver additives are essential for the activation
of the Rh(mt-allyl) complex V. Lastly, the significant quantities of allylic acetate 4 observed in the reaction lead us

to consider the possibility that the amination reaction might proceed through an allylic acetate intermediate.
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Figure 4. Synthesis of Cp*Rh(lll)(1t-allyl) complexes bearing acetonitrile, tosylamine and acetate ligands

To further probe these possibilities we synthesized the cationic Cp*Rh(mt-allyl)(MeCN)(SbFs) complex VI
(Figure 4a), the Cp*Rh(rt-allyl)(NHTs) complex VII (Figure 4b) and the Cp*Rh(mt-allyl)(OAc) complex VIII (Figure
4c). Complexes VI, VIl and VIII were characterized by *H and **C NMR spectroscopy and VII and VIII were further
characterized by single crystal X-ray diffractions (Figures S5 and S6). The isolation of complexes VIl and VIil
unambiguously rules out the possibility that allylic C-N or C-O bond formation by reductive elimination from these
Rh(111) species is possible under the catalytic conditions (Figures S5 and S6). Furthermore, the fact that no allylic
amine or allylic acetate product was observed during the synthesis of complexes suggests that outer-sphere
nucleophilic attack of these nucleophiles on cationic Rh(lll)(1t-allyl) complexes is also not a plausible explanation
for product formation in the catalytic reaction.

This conclusion is further supported by the observation that when cationic complex VI was reacted with
benzylcarbamate at 40°C for 14h that did not yield allylic amine. Instead, Cp*Rh(mt-allyl)Cl complex V was
recovered in 92% yield after a chloride quench (Figure 5a). To investigate the potential for an oxidatively induced
reductive elimination mechanism to be operating, we exposed both Cp*Rh(mt-allyl)(NHTs) complex VII and
Cp*Rh(rt-allyl)(OAc) complex VI to two equivalents AgSbFe. In the reaction of Cp*Rh(mt-allyl)(NHTs) complex VII,
two equivalents of benzensulfonamide were included that allows us to probe both an oxidatively induced inner-
sphere reductive elimination, and an oxidatively induced outer-sphere nucleophilic attack. In this reaction, only
10% combined yield of allylic amine products (6 and 7) was observed. No rhodium(t-allyl) complexes could be
recovered (Figure 5b). In contrast, when the Cp*Rh(rt-allyl)(OAc) complex VIl was oxidized with two equivalents
AgSbFs, clean conversion to the allylic acetate product 4 was observed (Figure 5c). These observations suggest
that the catalytic allylic amination reactions proceed through an allylic acetate intermediate, obtained by an

oxidatively induced reductive elimination mechanism.
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Figure 5. Reactivity of Cp*Rh(lll)(1t-allyl) complexes demonstrating the feasibility of oxidatively induced reductive
elimination of an allyl acetate. ?Yields were determined by *H NMR analysis of the reaction mixture using 1,4-

dinitrobenzene as an internal standard.

To complete our experimental investigation, we demonstrated that allylic acetate 4 is readily converted to
the allylic amine 3 in the presence of the Lewis acid components present in the catalytic reactions (Table 1). Both
cationic Ag(l) and cationic Rh(lll) are able to promote this reaction. In the absence of either silver cation or Cp*Rh,
the allylic acetate remained unchanged. These data provide a plausible hypothesis of the pathway toward the

completion of the allylic amination catalytic cycle.

Table 1. Reactivity of allylic acetate 4 benzyl carbamate 2 in the presence of Ag(l) or Rh(lll) as a catalyst.

OAc CbzNH,, (2.5 equiv) NHCbz

/\)\ Catalyst (20 mol %) /\/I\
Ph M Ph Me

e DCE,60°C,3h

4 5
entry Catalyst Yield
1 AgSDbFs 91%
2 AgBF, 76%
3 [Cp*RNCl Jo/AgSbFs* 73%
4 [Cp*Rh(NCMe);](SbFe). 84%
5 none 0%”

2[Cp*RhCl;]; (25 mM) and AgSbFs (40 mM) were stirred in
DCM with benzyl carbamate (2) at 60 °C for 30 min before
allylic acetate 6 was added to be sure that there was no Ag*

in solution. *Allylic amine was not observed by *H NMR.

Computational Investigation of the key steps in the catalytic cycle



Density functional theory (DFT) calculations were carried out to construct a catalytic mechanism
incorporating the experimental observations mentioned above. Using 1,3-diphenylpropene 1 as the substrate, we
compared the activation barriers of the reductive elimination from the three relevant oxidation states Rh(lll),
Rh(1V) and Rh(V), as illustrated in Figure 6. The reductive elimination initiated from the Rh(lll) intermediate to give
Rh(l) is not viable, as the computed activation barrier of 38.4 kcal/mol corresponds to an Eyring rate of 0.6x10°
mol/day at 298 K (Figure 6a). As expected, the oxidation of the metal center to Rh(IV) lowers the activation barrier
notably by more than 21 kcal/mol to 17.6 kcal/mol (Figure 6b), which suggests an acceleration of the reaction by
more than 10" fold compared to the Rh(lll) intermediate. Our calculations suggest that a second oxidation to
access the Rh(V) center does not enhance the reaction rate further, as the calculated barrier increases to 19.5

kcal/mol (Figure 6c).
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Figure 6. Calculated energy profiles for reductive elimination from the a) Rh(lll)—, b) Rh(IV)—, and ¢) Rh(V)-t-allyl
intermediates, leading to the Rh(l), Rh(ll), and Rh(lll) products, respectively. The detailed molecular structure of

each TS is shown as well. The unit of energy is kcal/mol and of bond length is A.

A closer inspection of the transition structures reveals that the two oxygen atoms of the acetate introduce
a slight variation in the transition states. During the reductive elimination from the Rh(lll)-center, the O—-C bond is
formed by the acetate-oxygen that is directly bound to the metal, as illustrated in Figure 6a. The Rh—O bond
elongates from 2.121 to 2.211 A as the transition state XI-TS is traversed with the C—O distance being 1.839 A.
This bond forming event is best conceptualized by considering that the allylic fragment formally donates two
electrons to the Rh-center to accomplish the reductive part of the reductive elimination step. Consequently, it
becomes a positively polarized electrophile that can engage the acetate and form the C-O bond. Of course, these
two processes are concerted in reality, but it is instructive to visualize them separately. When the metal is oxidized
to Rh(IV) or Rh(V), it is the distal oxygen of the acetate that attacks the carbon and the Rh—O bond is mostly



maintained with the Rh—O bond lengths being 2.110 (XII-TS) and 2.100 A (XVII-TS), respectively, as illustrated in
Figures 6b and 6¢. Thus, whereas the Rh(lll) center carries out a classical reductive elimination, the other higher
valent metal centers prefer to reductively couple the acetate with the allyl functionality without eliminating the
acetate. This subtle change in mechanism is easy to understand considering that the Rh—O bond becomes much
stronger in Rh(IV) and Rh(V) compared to Rh(lll). As the acetate acts as a nucleophile in this step, the higher
oxidation state at the metal decreases its nucleophilicity and results in a higher barrier in the Rh(V)-complex.
Thus, Rh(IV) constitutes an ideal compromise between the two governing forces, namely the ability of the metal
center to oxidize the allyl fragment and the nucleophilicity of the acetate.
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Figure 7. Cyclic voltammograms of rhodium acetate complex VIII. Voltammograms recorded in CH,Cl, with 0.1 M
TBAPF, as the supporting electrolyte.

To test the proposed catalytic mechanism, cyclic voltammetry experiments were carried out. Complex VIII
showed two irreversible oxidation waves, suggesting that both Rh(IV) and Rh(V) are accessible on an
electrochemical time scale (Figures 7a and 7b). As is expected for an electrochemical step that is coupled with a
chemical event, the peak position of both steps are scan rate dependent (Figures 7c and 7d). The first oxidation
occurs at E, = ~0.42 V versus Fc/Fc* which we assign to the Rh(ll1)/(1V) couple, and the second event occurs at E,
=~0.85 V that is attributed to the Rh(IV)/(V) couple. Importantly, even at fast scan rates of 2,000 mV/s the Rh(lll)/
(IV) redox event is irreversible suggesting that reductive elimination from Rh(IV) is fast (Figure 7c). Given that the
redox potential of Ag* in CH.Cl,is 0.65 V, it is unlikely that the Rh(V) complex can be accessed via chemical
oxidation. Taken together, these data support a catalytic cycle that consists of the sequence Rh(lll) - Rh(IV) -
Rh(Il) = Rh(ll).

Scheme 2 summarizes the proposed mechanism of the Rh catalyzed allylic acetylation and the

corresponding reaction energy profile is shown in Figure 8. The catalytic cycle begins with the coordination of the



acetate and the olefin substrates 1 to the Cp*Rh fragment to form the initial reactant complex IX, which undergoes
a concerted metalation deprotonation (CMD) traversing the transition VI-TS to activate the allylic C—H bond. The
computed activation energy for this step is 26.7 kcal/mol, which is in good agreement with the experimental
observation that a mildly elevated temperature is required to prepare the acetylated intermediate Xlll (vide supra).
Ligand exchange affords the Cp*Rh(lll)(1t-allyl)OAc complex XI. As discussed above, reductive elimination from
this intermediate is associated with a very high barrier (Figure 6a). To push the reaction forward, one electron
oxidation of Rh(lll) to Rh(IV) is needed which enables the reductive elimination via XIV-TS with a computed
barrier of 17.6 kcal/mol. Intermediate Xlll can easily undergo an one-electron oxidation to form the Rh(lll)

intermediate XIV, which releases product 4 via ligand exchange steps.

Scheme 2. Proposed catalytic mechanism of the rhodium catalyzed allylic acetylation going through
Rh(1V) - Rh(Il)
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Figure 8. Energy profile for Rh-catalyzed allylic acetylation going through Rh (IV - II)

Formation of Allylic Amines With the detailed mechanism of the intermediate allylic acetate formation in

hand, we turned our attention to the role of the silver and rhodium salts in the conversion of the allylic acetate to
the allylic amine product, seeking to differentiate between simple Lewis acid promoted nucleophilic substitution or
a more complicated allylic substitution proceeding through additional tt-allyl complexes. In the following, we
delineate the mechanistic details of the two possible mechanistic hypotheses for the formation of allylic amine

product from the allylic acetate intermediate, by means of DFT calculations.

Scheme 3. Proposed mechanism for AgSbFs catalyzed allylic C—H amination from allylic acetate
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Inspired by the related AgSbF; catalyzed amination of allylic acetate,*? we compiled a plausible
mechanistic pathway for the amination reaction which involves an initial Ag* addition to allylic acetate to prepare a
silver coordinated allylic acetate complex, as illustrated in Scheme 3. The energy profile for the allylic amination of
allylic acetate 8 catalyzed by Ag*is depicted in Figure 9. The catalytic cycle is initiated by the addition of Ag* to
allylic acetate intermediate yielding 9. Out of the three possible scenarios of the nucleophilic substitutions (Sx1,
S»2, and Sy2"), our DFT calculations suggested that the Sy1 mechanism is the most plausible route for the
nucleophilic substitution. The dissociation of AQOAc, facilitated by Ag* as a Lewis acid, yields an allylic cation
intermediate 9a, associated with an activation barrier of 14.4 kcal/mol (9-TS). The addition of nucleophile (9a-TS)
requires 16.7 kcal/mol of activation energy, which is predicted to be the most difficult step to activate of the
amination reaction, yet is viable under the reaction condition used. In comparison, the Sy2 and Sy2' reactions are
much more difficult to activate with the calculated activation barriers being 23.0 and 27.6 kcal/mol, respectively. To
push the reaction forward, the aminated intermediate 9b undergoes a concerted deprotonation via traversing the

transition structure 9b-TS to produce the allylic amine product bound to a silver cation 9c.
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Figure 9. Energy profile for AgSbFs catalyzed allylic C—H amination from allylic acetate
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Scheme 4. Proposed mechanism of the inner-sphere Rh-catalyzed allylic C—H amination from allylic

acetate

OAc
P

NHR
/\)\Ph A\)\

Ph h
10 [RNCp*(NCMe),2* " 8
/ XVIII
Reductive
R Metallation of
cp* Slmistn Allylic Acetate
| 2+
RhY 1 cpr M 2+
- Ph
HNR™N \Rh,” /_I
XX MeCN™
Ph N Ph
>~o
AcOH XX
CMD Oxidative
Addition
Cp* 2+
H2NR~R|hV Phl o 2
) MeCN — gl P
AcO Insertion of s
XX|| Ph Amine AcO
XXl Ph
RNH2

The catalytic cycle for a Cp*Rh catalyzed allylic amination of allylic acetate via the inner—sphere
mechanism is depicted schematically in Scheme 4. A complete energy profile of the inner-sphere amination is
depicted in Figure 10. To reduce the computational cost, we simplified the amine source to methylcarbamate.
Commencing from the active catalyst XVIII, an intermediate XIX is formed through coordination of the allylic
double bond, that is 12.8 kcal/mol uphill in energy. A ligand exchange step follows to allow the acetate of the
substrate to coordinate the metal center to form XX, that is found at 9.5 kcal/mol higher in energy from that of the
active catalyst. Subsequent oxidative addition of acetate takes places to yield an intermediate XXI that is 15.9
kcal/mol uphill in energy, via traversing the transition state XX-TS with an activation barrier of 22.8 kcal/mol. After
the addition of acetate, a ligand exchange step follows to replace a coordinating acetonitrile with the amine ligand
(XXII). The amine ligand undergoes a concerted metalation and deprotonation step (CMD) with the removal of an
acetic acid molecule via a transition structure (XXII-TS) with the activation barrier of 26.2 kcal/mol, to find an
intermediate XXIII that is 20.1 kcal/mol uphill in energy. In the next step, Rh(V) complex undergoes the reductive
elimination from Rh(V) - Rh(lll) to construct a new C—N bond via traversing a transition structure XXII-TS with an
activation energy barrier of 27.3 kcal/mol. The reductive elimination is the most difficult step to activate throughout
the inner-sphere amination pathway. The computed activation energy barrier is moderately high yet is predicted to
be viable under the reaction conditions used in some of the catalytic amination reactions (60°C), as the computed
Eyring rate of the activation is 0.2 mol/day at 60°C. Upon completion of the reductive elimination, ligand
exchanges steps follow to yield the aminated product 10 and to regenerate the catalyst XXIIl. We also
investigated the nucleophilic substitution of acetate by amine via the outer-sphere mechanism (Scheme S4 and
Figure S10), and found a computed activation energy barrier for the amination of 41.0 kcal/mol, precluding this
mechanism under the reaction conditions used.
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Figure 10. energy profile of the inner-sphere Rh-catalyzed amination of allylic acetate 4

CONCLUSIONS

The computational and experimental data provided a detailed picture of the rhodium-catalyzed C(sp®)-H
allylic amination. Overall, the rate-determining step of the entire catalytic cycles examined computationally was
found to be the C—H activation of allylic substrate with a DFT-computed barrier of 26.8 kcal/mol. This is consistent
with the experimental kinetic observations that also support C—H activation as the rate determining step in this
transformation. Calculations revealed that the Rh catalyst facilitates the formation of the allylic acetate using the
silver salt as an oxidizing agent via an oxidatively induced reductive elimination reaction* where the Rh(lll) center
of the key intermediate is first oxidized to Rh(IV). Interestingly, the two-electron oxidation to possibly access the
Rh(V) analogue is not found to be helpful and we found good experimental evidence that Rh(IV) is indeed the
catalytically competent species. Further experimental studies as well as DFT calculations suggested that the
amination of the allylic acetate intermediate proceeds by an Syl ligand exchange mechanism mediated by silver
acting as a Lewis acid catalyst. Although a Cp*Rh catalyzed pathway was calculated to be feasible under the
reaction conditions, the barriers were significantly higher than those calculated for the silver promoted pathway,
and are unlikely to contribute significantly to product formation. We note that this study provides insights that are
likely applicable to the related rhodium catalyzed allylic etherification and arylation reactions that were recently

disclosed,™ but likely do not explain the allylic arylation reaction utilizing aryl boronic acids,* or the allylic
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amidation processes using dioxazolone reagents.*® Further studies to provide a unified mechanistic picture of this

emergent field are required.

Computational details

All calculations were constructed using computer models based on density functional theory (DFT)*® implemented
in the Jaguar 9.1 suite™ of ab initio quantum chemistry programs. Geometry optimizations were performed using
the B3LYP?*® functional including Grimme’s D3 dispersion correction® and the 6-31G(d,p) basis set, where
rhodium was represented with the Los Alamos LACVP basis set,?® which incorporates effective core potentials
that describes the relativistic effects (B3LYP-D3/LACVP). Upon completion of the geometry optimizations, single
point SCF electronic energies of the optimized geometries were calculated using Dunning’s correlation consistent

triple- ¢ basis set (cc-pVTZ(-f))** that includes a double set of the polarization functions. For rhodium, a

modified version of LACVP, designed as LACV3P is used to match the effective core potential with triple-
quality was used for the single point SCF calculations (B3LYP-D3/cc-pVTZ(-f)/LACV3P). Solvation energies were
evaluated using the self-consistent reaction field (SCRF)? approach based on the accurate numerical solutions of
the Poisson-Boltzmann equation. For the solvation calculations, 6-31G(d,p)/LACVP basis at the optimized gas-
phase geometries were used with the solvent dielectric constant of ¢ = 9.08 for the solvent medium
considered (1,2-dichloroethane). It is noted that the solvation energies are contingent on the empirical
parameterization of atomic radii used to generate the solute surface, wherein we used the standard set of
optimized radii for H (1.150 A), C (1.900 A), N (1.600 A), O (1.550 &), Ag (1.574 A), Sb (2.210 A), F (1.682 A), and
Rh (1.464 A) that are employed in the Jaguar 9.1 suite.?® To confirm the proper convergence to well-defined
minima (intermediates and products) or saddle points (transition structures) on the potential energy surface,
vibrational frequencies based on harmonic approximation were computed with the 6-31G**/LACVP basis set. The

energy components were calculated by adopting the protocol given below (eqs 2—6):

G(Sol) = G(gas) + G(solv) (2
G(gas) = H(gas) — TS(gas) 3)
H(gas) = E(SCF) + ZPE 4)
AE(SCF) = ZE(SCF) for products — ZE(SCF) for reactants (5)
AG(sol) = 2G(sol) for products — ZG(sol) for reactants (6)

, G(sol) is the Gibbs free energy in solution phase, G(gas) is the Gibbs free energy in gas phase, G(solv) is the
free energy of solvation, H(gas) is the enthalpy in gas phase, T is the temperature (298.15 K), S(gas) is the
entropy in gas phase, ZPE is the zero point energy, and E(SCF) is the self-consistent electronic field energy
calculated by the SCF procedure.?
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General Information

Reactions were performed under a nitrogen atmosphere employing standard Schlenk and glovebox
techniques using anhydrous solvents unless otherwise specified. Anhydrous tetrahydrofuran (THF), diethyl
ether (Et20), and dichloromethane (CH2Cl2) were obtained by passage through activated alumina using a
Glass Contours solvent purification system. Anhydrous dichloroethane (CH2Cl). was obtained by distillation
over calcium hydride and stored over 4 A molecular sieves. All other reagents were obtained from
commercial suppliers and used as received. Analytical thin layer chromatography (TLC) was performed on
precoated aluminum backed Silicycle SiliaPure® 0.25 mm silica gel 60 plates. Visualization was
accomplished with UV light, ethanolic p-anisaldehyde, or aqueous potassium permanganate. Flash column
chromatography was performed employing 200-400 mesh silica gel (EM) on a Biotage Isolera One flash
chromatography system. NMR spectra were obtained on a Varian spectrometer at 25 °C operating at 400
MHz for '"H NMR, 125 MHz for '*C NMR, and 376 MHz for '°F CDClIs unless noted otherwise; '*C NMR was
referenced relative to CDClIs (5 = 77.0), '"H NMR was referenced relative to residual CHCIs (5 = 7.26) for
CDCl3 and CHDCI: (5 = 5.32) for CD2Cl2, and '°F was reported unreferenced. Chemical shifts (5 values)
were reported in parts per million (ppm) and coupling constants (J values) in Hz. Multiplicity is indicated using
the following abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, gn = quintet, hep = heptet, m =
multiplet, b = broad signal). Infrared (IR) spectra were recorded using Thermo Electron Corporation Nicolet
380 FT-IR spectrometer. High resolution mass spectra were obtained using a Thermo Electron Corporation
Finigan LTQFTMS (at the Mass Spectrometry Facility, Emory University). All gas chromatograph spectra
were taken on an Agilent Technologies 6850 series gas chromatograph equipped with a flame ionization
detector and with a HP-1 column (30 m wide bore 0.32mm x 0.25 ym) manufactured by J&W.

Experimental Determinations of the Rate Laws

Representative procedure for initial rate kinetic experiments

[RhCp*Cl,],
H AgOAc, AgBF, NHCbz

+ CbzNH,
Ph/\)\ Ph DCE (02 M), 60 °C Ph/\)\ Ph

In a nitrogen filled glove box, benzyl carbamate (194 mg, 1.28 mmol) and silver acetate (180 mg, 1.08
mmol) were added to a 7 mL reaction vial equipped with a magnetic stir bar. Silver tetrafluoroborate (40 mg,
0.2 mmol) and [RhCp*Cl2]2 (96 mg, 0.3 mmol) were added to two separate 4 mL vials. All three vials were fitted
with septum caps and removed from the glove box. Nonane (internal standard, 134.6 mg, 1.05 mmol) was
added to a 10 mL volumetric flask followed by the addition of distilled 1,2-dichloroethane to create 0.105 M
solution. 2.3 mL of the resulting solution was added to the 7mL reaction vial containing benzyl carbamate and
silver acetate. 1 mL of the solution containing the internal standard was added to each of the 4 mL vials
containing silver tetrafluoroborate and [RhCp*Cl2]2 to create stock solutions of silver tetrafluoroborate (0.2 M)
and the rhodium catalyst (0.3 M). 1,3-diphenyl propene (0.1 mL, 0.51 mmol) was added via syringe to the 7
mL reaction vial followed by 0.1mL from each of the stock solutions of silver tetrafluoroborate (0.02 mmol) and
[RhCp*Cl2]2 (0.03 mmol). The reaction vial was then placed in a heating block at 60 °C. Placing the vial in the
heating block was considered the t=0 time point for kinetic analysis. Reaction progress was monitored by



removing an aliquot of the reaction mixture (~50 uL). Each aliquot was taken using a fresh syringe (1mL) and
a clean reusable needle. Each sample was worked up by filtering through diatomaceous silica using ethyl

acetate as the eluent and then analyzed by gas chromatography equipped with a flame ionization detector.

Table S1. Initial rates for the rhodium—catalyzed allylic amination of diphenylpropene 1 with
benzylcarbamate 2

[RhCp*Clla
H AgOAc (2.1 equiv) NHCbz

AgBF, (12 mol %)
/\/k * CNH: SeE 02 m), 60 C /\)\
Ph Ph (02M). Ph Ph

1 2 3
entry [Rh](mM) [11(M) [CbzNH2] (M) Rate(10°x Ms™)?
1 12 0.20 0.49 2102
2 120 0.20 0.49 3202
3 12 0.20 0.49 23103
4 4b 0.20 0.49 1.2+01
5 8 0.20 0.49 1.9+£0.2
6 16 0.20 0.49 42+05
7 12 0.10 0.49 0.34 £ 0.04
8 12 0.40 0.49 42+0.3
9 12 0.40 0.49 54+02
10 12 0.50 0.49 7.7x0.9
11 12 0.50 0.49 6.5+£0.2
12 12 0.20 0.25 47+0.8
13 12 0.20 0.25 45+0.2
14 12 0.20 0.40 35204
15 12 0.20 0.74 1.0+£01
16 12 0.20 0.79 0.91 £0.05
17 12 0.20 0.99 0.44 £ 0.09
18 12 0.20 1.1 0.31£0.03

?Errors represent 1 standard deviation obtained by least square analysis and do

not reflect systematic experimental errors °4 mol % AgBFs was used.
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Figure S1. Initial rate plots for the allylic amination of diphenylpropene (1) (0.20 M) with benzyl carbamate (2)
(0.50M) catalyzed by a mixture of [RhCp*Cl2]2 ([Rh] = 4.0-16 mM) and AgBF4 (24 mM) in the presence of
AgOACc (0.42 M). For [Rh] = 4.0 and 8.0 mM a reduced amount of AgBF4 (8.0 mM) was used; however, since
the abstraction of CI~is much faster than the oxidation of Rh, the excess AgOAc can also serve to abstract the
CI~ once a small amount of acetic acid has been generated.

Rate (107 x Ms™)

0 5 0 15 20
[Rh] (mM)
Figure S2. Rhodium concentration dependence for the rate of allylic amination of diphenylpropene (1) (0.20
M) with benzylcarbamate (2) (0.49 M) catalyzed by a mixture of [RhCp*Clz]2 and AgBF: in the presence of

AgOAc in DCE at 60 °C. A slope of k1= 2.4 + 0.4 x 10 s~ was calculated and established a first-order
dependence of the rate on rhodium concentration.
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Figure S3. Initial rate plots for the allylic amination of diphenylpropene (1) (0.10 — 0.50 M) with benzyl
carbamate (2) (0.49M) catalyzed by a mixture of [RhCp*Clz2]2 ([Rh] = 12 mM) and AgBF4 (24 mM) in the
presence of AQOAc (0.42 M).
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Figure S4. Concentration dependence for the rate of allylic amination of diphenylpropene (1) with
benzylcarbamate (2) (0.49 M) catalyzed by a mixture of [RhCp*Cl2]2 and AgBF4 in the presence of AgOAc in
DCE at 60 °C. A plot of rate versus [1] was linear with a slope of ke=1.5+0.1 x 105 s,
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Figure S5. Initial rate plots for the allylic amination of diphenylpropene (1) (0.20 M) with benzyl carbamate (2)
(0.25 — 1.1 M) catalyzed by a mixture of [RhCp*Clz]2 ([Rh] = 12 mM) and AgBF4 (24 mM) in the presence of
AgOACc (0.42 M). For [CbzNH2] = 0.49 M a reduced amount of AgBF4 (8.0 mM) was used; however, since the

abstraction of Cl~is much faster than the oxidation of Rh, the excess AgOAc can also serve to abstract the CI~

once a small amount of acetic acid has been generated.
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Figure S6. concentration dependence for rate of allylic amination of 1 (4.9 M) with 2 catalyzed by a mixture of

[RhCp*Cl2]2 and AgBF. in the presence of AgQOAc in DCE at 60 °C. A plot of rate versus [2] was nearly linear

with a slope of ks=-5.2+ 0.6 x 10°s™.



Determination of KIE

H H [RhCp*Cl], ([Rh] = 12 mM)
Ph/\)<Ph (010M) AgBF, (24 mM)
CbzNH, AgOAc (0.42 M) H/D H/D NHCbz
b D (049M)  DCE (0.2 M), 60 °C ph X",

K, (0.10M)

In a nitrogen filled glove box, [RhCp*Cl2]2 (9.9 mg, 0.016 mmol), Silver tetrafluoroborate (12 mg, 0.069 mmol),
benzyl carbamate (194.5 mg, 1.29 mmol), and silver acetate (180 mg, 1.10 mmol) were added to a 7 mL
reaction vial equipped with a magnetic stir bar. The vial was fitted with a septum cap and removed from the
glove box. In a separate vial, 100 uL each of diphenylpropene (1) and 1-d>were added. A 'H NMR of the
resulting mixture of 1 and 1-d2 was obtained to determine a 1.05:1 mixture of 1:1-d2. Dichloroethane (2.6 mL)
and the mixture of diphenylpropene (101.2 mg) were added to the reaction vial via syringe and the resulting
mixture was mixed thoroughly and stirred at 60 °C for 2 h. After 2 h the reaction was stopped by filtering
through silica gel and eluting with EtOAc.

Synthesis and Reactivity of Rhodium Complexes

[CP"Rh(MeCN)l(SbFe)2 1 csoAc (1.5 equiv) ﬁ ﬁ

+ CH,Cl,, 40 °C, 16 h | | "
. e
2. Et4NCI (2 eqiv) Rh Rh
Ph” "X (2equiv)  CH:Cly, 23 °C, 30 min o’ YA o en
Ph
v v

53%, 9 : 1

Chloro-(n3-1-benzylallyl)-(nS-pentamethylcyclopentadienyl)-rhodium, (IV).

[Cp*Rh(MeCN)s](SbFe)2 (650 mg, 0.78 mmol) and CsOAc (243 mg, 1.27 mmol) were added to a 100 mL oven-
dried round bottom flask charged with a magnetic stir bar in a glove box. The flask was capped with a rubber
septum and removed from the glovebox. Dichloromethane (30 mL) and 1-phenylbutene (250 pL, 1.66 mmol)
were added via syringe, and the reaction was stirred at 40 °C for 16 h. After 16 h, the reaction was cooled to
room temperature. NEt4Cl (300 mg, 1.81 mmol) was dissolved in dichloromethane (3 mL) and the resulting
solution was added to the reaction via syringe and allowed to stir for 30 min. The reaction mixture was then
filtered through celite, eluted with dichloromethane, and concentrated under reduce pressure. The resulting
solid was chromatographed (Hexanes-EtOAc = 9:1 to 7:3) to give IV and V as a red solid in a 9:1 ratio (53%).
The two isomers could be separated by column chromatography to yield IV cleanly. "H NMR (CDCls, 400 MHz):
57.37(d, J=7.5Hz,2H), 7.30 (t, J= 7.6 Hz, 2H), 7.20 (t, J = 7.3 Hz, 1H), 4.08 (tdd, J = 10.9, 6.9, 2.0 Hz, 1H),
3.67 (td, J = 9.6, 6.0 Hz, 1H), 3.35-3.27 (m, 2H), 3.05-2.96 (m, 2H), 1.71 (s, 14H). HRMS (ESI): calcd (found)
for C20H26CIRh (M+): 404.07781 (404.07783).



[Cp*Rh(MeCN)](SbFg),
(26 m) 1. CsOAC (1.5 eq) ﬁ
(CH,Cl),, 80 °C, 16 h |
2. Et4NCI (2 eq) Rh Me
Ph X CH,Cl,, 23 °C, 30 min o \éZPh
(2 eq)

V,61%
Chloro-(n3-1-methyl-3-phenylallyl)-(n5-pentamethylcyclopentadienyl)-rhodium, (V).
[Cp*Rh(MeCN)s](SbFe)2 (650 mg, 0.78 mmol) and CsOAc (243 mg, 1.27 mmol) were added to a 100 mL oven-
dried round bottom flask charged with a magnetic stir bar in a glove box. The flask was capped with a rubber
septum and removed from the glovebox. Dichloroethane (30 mL) and 1-phenylbutene (250 yL, 1.66 mmol)
were added via syringe, and the reaction was stirred at 80 °C for 16 h. After 16 h, the reaction was cooled to
room temperature. NEt4Cl (300 mg, 1.81 mmol) was dissolved in dichloromethane (3 mL) and the resulting
solution was added to the reaction via syringe and allowed to stir for 30 min. The reaction mixture was then
filtered through celite, eluted with dichloromethane, and concentrated under reduce pressure. The resulting
solid was chromatographed (Hexanes-EtOAc = 9:1 to 7:3) to give | as a red solid (61%). 'H NMR (CDCls, 400
MHz): & 7.33-7.29 (m, 4 H), 7.22-7.16, (m, 1 H), 4.67 (d, J = 10.7, 1 H), 4.55 (td, Jux = 11.1 Hz, Jrern = 2.0, 1
H), 3.73(dq, J = 10.7, 6.3 Hz, 1 H), 1.69 (d, J = 6.3 Hz, 3 H), 1.35 (s, 15 H). "*C{'H} NMR (CDCls, 125 MHz): 5
139.0, 128.7, 126.1, 126.0, 97.8 (d, Jrnc = 6.8 Hz), 89.0 (d, Jrnc = 6.3 Hz), 77.3 (d, Jrnc = 7.3 Hz), 58.4 (d, Jrnc
=10.9 Hz), 8.6. HRMS (ESI): calcd (found) for C20H26CIRh (M+): 404.07781 (404.07783).

ﬁ/ R

AgSbFg (1.1 equiv)

| | Me
Rh Me MeCN, r.t., 2 h /Rh
TNy N Ph

Cl Ph /

VI, 95%

[(n3-1-methyl-3-phenylallyl)-(n5-pentamethylcyclopentadienyl)-rhodium acetonitrile]
hexafluoroanimonate, (VI).
Complex V (87.5 mg, 0.22 mmol) and AgSbFs (83 mg, 0.24 mmol) were suspended in MeCN inside a glovebox.
The reaction was capped, removed from box, and stirred at room temperature for 2h. The resulting mixture
was filtered through celite, eluted with CH2Cl2, and concentrated under reduced pressure. The resulting solid
was crystalized by layer hexanes on top of dichloromethane. The supernant was decanted, and the solids were
washed with hexanes (x 3). The resulting solids were redissolved in dichloromethane and filtered through celite
to remove any remaining silver. The resulting yellow-orange solution was concentrated under reduced pressure
to afford a yellow-orange solid. 'H NMR (CDCls, 400MHz): & 7.39 (t, J = 7.7 Hz, 2 H), 7.31-7.29 (m, 3 H), 4.61
(td, Juw = 11.0 Hz, Jrnw= 1.6, 1 H), 4.24 (d, J = 11.2, 1 H), 3.42(dq, J = 11.2, 5.8 Hz, 1 H), 2.48 (s, 3 H), 1.76
(d, J=6.3 Hz, 2 H), 1.38 (s, 15 H). 3C{'H} (CDCl3, 125 MHz): & 137.0, 129.3, 127.4, 126.7, 124.8 (d, Jrnc =
7.6 Hz), 99.6(d, Jrnc = 6.5 Hz), 90.6 (d, Jrnc = 5.7 Hz), 75.5 (d, Jrrc = 7.0 Hz), 72.0 (d, Jrnc = 8.5 Hz), 18.1,
8.2, 3.4. HRMS (ESI): calcd (found) for C22H20NRh (M-SbFe): 410.13550 (410.13517).



ﬁ 1. AgSbFg (1 equiv), THF, r.t., 45 min ﬁ

_Fh Me 2. KNHTs (1.1 equvi), THF, r.t. 3 h /F|1h Me
cl \éZPh TsHN \é?ZPh

VIl, 53%

[(n3-1-methyl-3-phenylallyl)-(n5-pentamethylcyclopentadienyl)-rhodium tosylamide], (VII).

Complex V (202.4 mg, 0.5 mmol) and AgSbFs (171.8 mg, 0.5 mmol) were suspended in THF (15 mL) inside a
glovebox. The reaction was stirred for 45 min at room temperature. Potassium tosylamide (KNHTs, 106.7 mg,
0.55 mmol) was added the reaction as a solid. The reaction was capped, removed from box, and stirred at
room temperature for 3 hours. The resulting mixture was filtered through celite, eluted with CH2Clz, and
concentrated under reduced pressure. The resulting solid was redissolved in 2 mL CH2Cl2. 6 ml of hexanes
were added to the DCM solution and concentrated under reduced pressure until solids began to crash out. The
solids were collected via vacuum filtration and resulted in a 10:1 mixture of the product (VII) : starting material
(V). This mixture was further purified by dissolving in Et2O and concentrating until solids began to precipitate.
The resulting Et20 suspension was and further VII precipitated. The solids were collected by vacuum filtration
and washed with pentane to afford VII as an orange powder in 53% yield (145 mg). "H NMR (CDClz, 400MHz):
0 7.64 (d, J=8.2Hz,2H), 7.41 (d, J=7.3 Hz, 2H), 7.29 (t, J= 7.7 Hz, 2H), 7.17(t, J = 7.4 Hz, 1H), 7.10 (d, J
=7.9 Hz, 2H), 4.45 (td, Juw = 10.6 Hz, Jrnw= 1.8 Hz, 1H), 4.32 (d, J = 11.1 Hz, 1H), 3.20 (dq, J = 10.9, 5.7 Hz,
1H), 2.30 (s, 3H), 1.63 (d, J = 6.4 Hz, 3H), 1.38 (s, 15H). 3C{'H} NMR (CDCl3, 125 MHz): & 146.67, 139.70,
139.65, 128.79, 128.69, 126.61, 125.96, 125.44, 97.52 (d, Jrnc = 5.9 Hz), 89.32 (d, Jrac = 6.2 Hz), 72.40 (d,
Jrrc = 8.6 Hz), 69.68 (d, Jrrc = 9.6 Hz), 21.22, 18.32, 8.60. HRMS (ESI): calcd (found) for C27H3502NRhS
(MH"): 540.14435 (540.14417).

ﬁ AgOAc (1.5 equiv) ﬁ

_PRh Me CH,Cly, r.t., 25 min _Rh Me
cl \élph AcO \élPh

VIil, >99%

[(n3-1-methyl-3-phenylallyl)-(n5-pentamethylcyclopentadienyl)-rhodium acetate], (VII).

Complex V (100 mg, 0.25 mmol) and AgOAc (61.8, 0.37 mmol) were suspended in CH2Clz (10 mL) inside a
glovebox. The reaction was capped, removed from the glove box, and stirred at room temperature for 25 min.
The resulting mixture was filtered through celite, eluted with CH2Cl2, and concentrated under reduced pressure
to afford complex VIl as a red powder in quantitative yield (105.3 mg) '"H NMR (CDCls, 400MHz): & 7.56 (d, J
=7.5Hz, 2H), 7.30 (t, J= 7.5 Hz, 2H), 7.17 (t, J = 7.4 Hz, 1H), 4.58 (t, J = 10.8 Hz, 1H), 4.24 (d, J = 11.2 Hz,
1H), 3.04 (dq, J = 11.1, 5.7 Hz, 1H), 1.96 (s, 3H), 1.78 (d, J = 6.3 Hz, 3H), 1.31 (s, 15H). "*C{'H} NMR (CDCls,
125 MHz): 6 176.6, 139.8, 128.4, 127.1, 125.9, 96.4 (d, Jrrc = 6.8 Hz), 90.6 (d, Jrrc = 6.4 Hz), 76.0 (d, Jrnc =
8.7 Hz), 74.0 (d, Jrnc = 9.5 Hz), 25.7, 18.3, 8.4. HRMS (ESI): calcd (found) for C22H32002NRh (M*): 428.12226
(428.12275).



VII. Reactivity of Rhodium Tr-allyl complexes

Reactions of Complex V with a halide abstractor, silver oxidant, and base

CbzNH, (1.1 equiv)
ﬁ/ AgSbFg (2.2 equiv)
AgOAc (1.5 equiv) OAc NHCbz
+
CHQC|2, 23°C Ph/\)\ Me Ph/\)\ Me

F|2h Me
- .
cl \7Ph 80 min 4,31% 5, 43%
\'

Complex V (20.4 mg, 0.05 mmol), CbzNH2 (8.8 mg, 0.058 mmol), AgSbF6 (38.8 mg, 0.11 mmol), and AGOAc
(13.9 mg, 0.08 mmol) were dissolved in CH2Cl2 (2 mL) under N2 and stirred at room temperature for 80 min.
The reaction was monitored by TLC for consumption of V. After consumption of V was observed (80 min), the
reaction was filtered through celite, eluted with CH2Cl2, and concentrated under reduced pressure. The
remaining residue was purified by column chromatography (Hexanes:EtOAc, 10:0 to 8:2) to afford allylic
acetate 4 in 31% yield and allylic carbamate 5 in 43% yield.

OAc

th\)\

Allylic acetate (4): 'H NMR (CDCI3, 400 MHz): & 7.38 (d, J = 7.6 Hz, 2H), 7.32 (t, J = 7.4 Hz, 2H),
7.27-7.24 (m, 1H), 6.60 (d, J = 15.9 Hz, 1H), 6.19 (dd, J = 16.0, 6.8 Hz, 1H), 5.52 (quintet, J = 6.6 Hz,
1H), 2.08 (s, 3H), 1.41 (d, J = 6.5 Hz, 4H).8

NHCbz

Ph\

Allylic carbamate (5): '"H NMR (CDCI3, 400 MHz): & 7.37-7.28 (m, 9H), 7.25-7.21 (m, 1H), 6.51 (d, J
= 16.0 Hz, 1H), 6.16 (dd, J = 15.0, 5.8 Hz, 1H), 5.13 (3, 2H), 4.77 (bs, 1H), 4.49 (bs, 1H), 1.34 (d, J =
6.8 Hz, 4H). °



Reactions of Complex VI in the presence and absence of AgSbFe and CsOAc.

> — T s0r©  CozNH, (5 equiv)
AgSbFg (X equiv) ﬁ NHCbz

CsOAc (Y equiv)  Et,NCI (2eq) | +
Me A
Ph

| Me
Rh
~ i
N CH,Cl,, 40 °C 10 min Rh
Z e e o g
\')

G 14h

Vi

Complex VI (33.3 mg, 0.05 mmol), CbzNH2 (37.8 mg, 0.25 mmol), AgSbFe (0-34.7 mg, 0—-0.1 mmol), and
CsOAc (0-19.2 mg, 0-0.1 mmol) were dissolved in CH2Cl2 (2 mL) under N2 and stirred at 40 °C. The reaction
was monitored by TLC by removing small aliquots with a microliter syringe, adding the aliquot to a solution of
NEt4Cl, and monitoring for the chloro-complex V. In all cases, reactions were not complete with in 2 h and were
left overnight for 14 h at which point the reactions were quenched with NEt4Cl, filtered through celite, eluted
with CH2Cl2, and concentrated under reduced pressure. The remaining residue was purified by column

chromatography (Hexanes:EtOAc, 10:0 to 8:2) to afford allylic carbamate 5 and/or chloro-complex V.

entry AgSbFs CsOAc % yieldV % yield 5

(equiv)  (equiv)

1 0 0 92% 0%
2 2 0 0% 7%
3 0 2 30% 0%

4 2 2 0% 29%




Reactions of Complex Xl in the presence of a silver oxidant.

ﬁ/ AgOAc (3 equiv) ﬁ/ ﬁ/ . ©/\/\

| CD,Cl,, 25 °C, time | Me |

+
_Rh Me _Rh /Rh Me
TsHN \%L Ph TsHN \%L Ph AcO \él Ph

Vil Vil Vi 1-phenylbutadiene
22h 70% 17% 5%
5 days 22% 35% 35%

Complex VII (8.3 mg, 0.015) and AgOAc (7.5 mg, 0.045 mmol) were added to an NMR tube and the tube was
capped with a septum in a glovebox. CD2Clz (0.6 mL) and a solution of dinitrobenzene in CD2Cl: (internal
standard, 0.32 M, 20 uL, 0.006 mmol) were added to the NMR tube via syringe. A 'H NMR spectrum was
acquired immediately and treated as t=0. After 22 h, 1-phenylbutadiene was observed in 5% yield, acetate
complex VIII was observed in 17% vyield, and 70% of complex VII remained unreacted. After 5 days, 1-
phenylbutadiene was observed in 35% yield, acetate complex VIIl was observed in 35% vyield, and 22% of

complex VIl remained unreacted.
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Figure S7. "H-NMR spectra of the reaction between complex VII (24 mM) and AgOAc (72 mM).




: : AgSbFg (2 equiv), /\)st

_Rh.Me  DCM,40°C, 5 min ph” XX
TsHN Ph
VIl 5 not observed

Complex VII (27.0 mg, 0.05 mmol) and AgSbFs (37.8 mg, 0.11 mmol) were dissolve in CH2Cl2 (2.0 mL) under
N2 and stirred at 40 °C. The reaction was monitored by TLC by removing small aliquots with a microliter syringe,
diluting with CH2Cl2, washing with 1 N HCI (aq) and monitoring for the chloro-complex IX. After 5 min, complex
IX was not observed by TLC. The reaction was filtered through celite and concentrated under reduced

pressure. Allylic amine 5 was not observed by crude 'H NMR.

\ M M allylic amine 5

crude reaction
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Figure S8. "H-NMR spectrum of the crude reaction mixture between complex XIl (25 mM) and AgSbFs (55

mM) with a "H-NMR spectrum of an authentic sample of allylic amine 5 overlayed.

\Q/ AgSbFg (2 equiv), NHT: O\\ //O
‘ benzenesulfonamide (2 equiv) s N HN/S\Ph
_Rn_Me  DCM,40°C, 20 min ph” X e /\)\
TsHN \él Ph Ph Me
Vil 6 7

1:1.5, 10% combined yield
Complex VII (26.7 mg, 0.05 mmol), AgSbFe (38.1 mg, 0.11 mmol), and benzensulfonamide (17.1, 0.11 mmol)
were dissolve in CH2Cl2 (2.0 mL) under N2 and stirred at 40 °C. The reaction was monitored by TLC by
removing small aliquots with a microliter syringe, diluting with CH2Cl2, washing with 1 N HCI (ag) and monitoring
for the chloro-complex V. After 20 min, complex V was not observed by TLC. The reaction was filtered through
celite and concentrated under reduced pressure. The residue was purified by column chromatography
(Hexanes:EtOAc, 10:0 to 8:2) to afford allylic sulfonamides 5 and 7 in a 1:1.5 ratio and a combined 10% yield.



Reaction of Complex VIl in the presence of an oxidant.

\@/ OAc
AgSbFg (2 equiv) X

,Lh Me CD,Cly, 25 °C Me
AO” \%th 1,4-dinitrobenzene (1.S.)
Vil 4
Time  Yield
5 min 50%
20min  70%

Complex VI (6.7 mg, 0.016 mmol) and AgQOAc (11.9 mg, 0.035 mmol) were added to an NMR tube and the
tube was capped with a septum in a glovebox. CD2Cl2 (0.6 mL) and a solution of dinitrobenzene in CD2Cl2
(internal standard, 0.32 M, 20 L, 0.006 mmol) were added to the NMR tube via syringe. A '"H NMR
spectrum was acquired after 5 min allylic acetate 4 was observed in 50% yield. After 20 min, full
consumption of complex VIl was observed and allylic acetate 4 was observed in 70% vyield.
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Figure S9. "H-NMR spectrum of the reaction between complex VIII (26 mM) and AgSbFs (56 mM) after 20

min at room temperature.



ﬁ OAc
Fe(n’-CsH,COMe),SbFg(1.8 equiv)

th Me CD,Cly, 25°C, 16 h
AcO” \él Ph 1,4-dinitrobenzene (1.S.)

4
Vil 5%

Complex VIII (7.7 mg, 0.018 mmol) and Fe(n®-CsH4sCOMe)2SbFs (16.4 mg, 0.032 mmol) were added to an
NMR tube and the tube was capped with a septum in a glovebox. Dinitrobenzene (5.1 mg, 0.03 mmol) was
dissolve in CD2Cl2 (2.8 mL) resulting in a 11 mM solution. 0.6 mL of the resulting solution were added to the
NMR tube via syringe. A 'H NMR spectra at 5 min and 1 h were broadened due to the paramagnetic
ferrocenium salt. After 16 H, the ferrocenium was completely consumed, and allylic acetate 4 was observed
in 25% NMR yield.
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Figure $S10. '"H-NMR spectrum of the reaction between complex VIII (30 mM) and Fe(n®-CsH4COMe)2SbFe
(53 mM) after 16 h at room temperature.



VIIl. Reactivity of allylic acetate 4

OAc CbzNH, (2.5 equiv) NHCbz2

\ Catalyst (20 mol %) N
Me DCE 60 °C, 3 h Me

4 3

Benzyl carbamate (75.6 mg, 0.5 mmol) and the catalyst (0.04 mmol) were added to a vial equipped with a stir
bar and capped with a septum in side a glove box. The vial was removed from the box, dichloroethane (1
mL) was added via syringe and the vial was heated to 60 °C for five minutes. After equilibration, the allylic
acetate 4 (37.5 yL, d = 1.02 g/mL, 0.2 mmol) was added via syringe, and the reaction was monitored by TLC.
After 100 min, starting material was still present in all cases, but a new spot was observed for all reactions
with a catalyst present. After 3 h, no discernable change was noticed by TLC from the 100 min time point.
The reactions were stopped by filtering through celite and concentrating under reduced pressure. Crude 'H
NMR showed no conversion for the reaction with no catalyst, and complete consumption of the allylic acetate
for all reactions with a catalyst present. The reaction mixture was purified by column chromatography
(Hexanes:EtOAc, 10:0 to 8:2) to afford the allylic carbamate 3.

entry Catalyst Yield of 3
I I I 1
1 - 0%
2 AgSbFe 91%
3 AgBF, 76%
4 [RhCp*Cl2]2/AgSbFe? 73%
5 [RhCp*(NCMe)s](SbFe)2 84%

aA mixture of [RhCp*Cl2)2 (0.022 mmol) and AgSFe (0.04 mmol) was
stirred in DCE for 30 min before the addition of 4.

Cyclic Voltammetry of XIll

General procedure for Cyclic Voltammetry Experiments

Cyclic voltammetry of VIIl was performed in a 3-electrode cell consisting of a 3mm glassy carbon disc working
electrode, a Ag/Ag" reference electrode with a Ag wire in a fritted chamber containing a solution of AQNO3 (0.01
M) and nBu4PFe (0.1 M) in CH2Cl> and a Pt wire counter electrode at room temperature inside a N: filled
glovebox. A solution of VIII (0.001 M) and nBu4PFs (0.1 M) in CH2Cl2 was added to the electrochemical cell
Cyclic voltammetry scans were taken at selected scan rates (100 mV/s to 2000 mV/s) in the selected potential
window. The cyclic voltammograms of VIl were referenced to Fc/Fc* redox couple (Note: The redox potentials

reported in this manuscript are determined using Fc/Fc* as an external standard.)
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Figure S2. Cyclic voltammogram of XIlll recorded at room temperature in CH2Cl2 (0.10 M n-BusNPFs). a) and
b) Two irreversible electrochemical responses are observed E',, = ~0.42 V and E2,,, = ~0.85 V. c) Scan rate

dependence of E'y;,. d) Scan rate dependence of E24z.

Quantum chemical studies of the Rh-catalyzed C-H amination
reactions

The mechanism of oxidatively—induced rhodium—catalyzed C(sp®)-H allylic amination via Rh(IV) to Rh(ll)
intermediates is described in the main text. Herein, we outline catalytic routes of allylic C—-H acetylation
reactions that were thought after. Scheme S2 summarizes the proposed catalytic mechanism that involves the
reductive elimination from Rh(Ill)—Rh(l). The catalytic cycle is identical to that of the Rh(IV)—Rh(ll) until XI as
described in the main text, then undergoes a reductive elimination step from Rh(lll)->Rh(l). Subsequently, a
two electron oxidation step oxidizes the metal center back to Rh(lll). Later a ligand exchange step releases the
allylic acetate product 8 and regenerate the catalyst.
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Scheme S2 Proposed mechanism for rhodium catalyzed Rh—catalyzed allylic acetylation
going through Rh(lll)—Rh(l)

Figure S7 renders the computed reaction energy profile of the catalytic route shown in Scheme S3. Initially, a
concerted metalation and deprotonation (CMD) step act ivates a C-H bond of the allyl substrate 1 to afford an
intermediate Xl (Figure 8). A reductive elimination (RE) installs a new C-O bond between the pendant acetate
and the substrate to yield an intermediate XVI, that is energetically uphill by 33.78 kcal/mol from that of Xl and
is associated with transition state XI-TS via step barrier of 38.35 kcal/mol. The findings indicate the reductive
elimination is the limiting step of the catalytic turnover, which is not viable even at an elevated temperature.
After much thoughts, we also concluded that after completion of the reductive elimination, two equivalents of
silver cations oxidize the metal center from Rh(I) to Rh(lll), that produces an intermediate XIV, that is required
to proceed forward the catalytic cycle. Lastly, an additional acetate coordinates the metal center to yield an
intermediate XV, that is energetic downhill to -34.71 kcal/mol. The coordination of the acetate also enables

ligand exchange to release the product 8.
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Figure S7 Energy profile for Rh—catalyzed allylic acetylation going through Rh (lll—l)

Scheme S3 summarizes the catalytic cycle that involves the reductive elimination from Rh(V)—Rh(lll). The
catalytic cycle is identical to that of the Rh(IV)—Rh(ll) until Xl as described in the main text, then a two electron
oxidation induced by silver cations results in a highly oxidized metal center Rh(V). Reductive elimination installs
a new C-O bond between the pendant acetate and the allylic substrate. Finally ligand exchange steps yield the

product 8 and reinstate the catalytic cycle.

CpTl AcO~
}l?hlu h
AcOH
u \ih o
' i
CMD A" \i
+ Xl h
F;] 2AgOAc
Cp* g
!
Rhlll . . .
aco” N/ 2e” Oxidation 2Ag® +2A00"
x <
Ph
2+
OAc CpTl
/\)\ Catalyst &V Ph
Ph i .
P Regeneration Reductive A© XV"\C); .
Elimination
AR *
Ph Ph Ao PN
1 AcO/ °m Acetate 2
ce-RL)  Addition ph]
p \/ Ac
Xxv mn
Ph \T/ _Rh—7
Cp*
AcO" XIV "Ph

Scheme S3 Proposed mechanism for rhodium catalyzed Rh—catalyzed allylic acetylation
going through Rh (V)—Rh(lll)



Figure S8 shows the computed reaction energy profile of the catalytic route that involves the reductive
elimination that passes through Rh(V)—Rh(lll). Initially, CMD mediated by the pendant acetate affords a
metalated intermediate XI. Then a two electrons (2e~) oxidation follows when two silver cations (2Ag*) deprives
of two electrons (2e~) from Rh(lll) to increase the oxidation to Rh(V) (XVII). A reductive elimination installs a
new C-O bond while reducing the metal center from Rh(V) to Rh(lll), to produce XIV, whose activation energy
is 19.45 kcal/mol, suggesting that the reductive elimination is viable at room temperature. Upon completion of

the reductive elimination, ligand exchange steps follow to yield the product 8 and regenerate the catalyst IX.
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Figure S8 Energy profile for Rh—catalyzed allylic acetylation going through Rh (V—lII)

The mechanistic details of Ag* catalyzed amination of allylic acetate is described in the main text. The catalytic
cycle begins with the association of silver cation (Ag*) as a Lewis acid with 1— orbitals of the allylic double
bond. We found there are two possibilities for the association, either with the phenyl group or with the allylic
double bond to generate the intermediates. As shown in Figure S9, the insertion of silver cation with the phenyl
group 9 activates the liberation of the acetate group to initiate the nucleophilic substitution via the Sn1
mechanism with the activation energy of 14.4 kcal/mol. The insertion with the allylic double bond 9a’ is
energetically more difficult by 4.3 kcal/mol than that of 9, and the activation energy for the nucleophilic
substitution is computed as 16.3 kcal/mol (9a’-TS), that is 1.9 kcal/mol higher in energy than that of the insertion
to the phenyl group. As such, we concluded that the intermediate with silver cation inserted to the phenyl group

(9) constitutes the major route for the activation of the allylic amination observed from the experiments.
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Scheme S4 Proposed mechanism of the outer-sphere Rh-catalyzed allylic C—H amination
of allylic acetate
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The mechanistic details of the Rh-catalyzed allylic C—H amination via the outer-sphere amination route
catalyzed by the Cp*Rh complex is explained. Scheme S4 summarizes the proposed catalytic cycle via the
outer—sphere amination mechanism. Figure S14 summarized computed reaction energy profile of the outer-
sphere amination of the allylic acetate substrate 8. Here we considered methylcarbamate as the amine source,
in lieu of benzylcarbamate to reduce the computational cost. The first half of the pathway is identical to that of
the inner—sphere amination pathway (Scheme 4 and Figure 10) till the formation of C—H activated intermediate
XXI. To push the reaction forward, the activated intermediate reacts with the amine nucleophile, to yield a Rh-
allylamine complex XXV. Here the outer—sphere amine attacks the allylic carbon of the intermediate XXI, that
is associated with an activation barrier of 41.04 kcal/mol by traversing the corresponding transition state XXI-
TS. The computed activation energy is too high to overcome at 60 °C, negating the hypothesis that the C-N
functionalization proceeds via the outer sphere nucleophilic addition mechanism.
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Figure S10 Complete energy profile of the outer-sphere Rh-catalyzed amination of allylic
acetate

Table S2 Computed Energy Components for Optimized Structures. Units of energies are

kcal/mol, except for that of the SCF electronic energy (E(SCF)) which is in eV

Structure E(SCF) ZPE —-TS(gas) G(solv)

IX —35604.434 327.27 —61.65 —40.61

IX-TS -35603.277 323.62 -58.73 -39.79




X —29367.596 286.44 -53.39 —40.14
Xl —35593.844 319.46 -57.80 -9.82
XI-TS —35592.086 318.44 -59.33 -9.46
Xvi —35592.328 319.36 -59.84 —8.96
Xvii —35578.605 319.64 —62.98 -125.12
XVII-TS —35577.813 319.55 -59.56 -127.26
XIv —35578.152 320.09 -59.34 -131.54
Xl —35587.594 319.21 —61.98 —-38.36
XII-TS —35586.871 318.91 —61.34 -37.74
X —35587.343 320.32 —-61.05 -38.01
XIv —35578.158 320.17 -59.07 -131.34
XV —-41807.813 353.42 —66.27 —42.67
1 -15788.563 152.89 -34.77 —4.97
10 —23498.688 190.62 —43.84 -11.62
8 —21991.794 179.28 —42.25 —6.74
9 —25953.041 179.82 —45.35 -55.80
9a’ —25952.594 179.61 —43.94 —62.96
9-TS —25952.574 178.54 —45.14 -51.12
9a’-TS —25952.140 178.53 —45.53 -58.71
9-TS’ -33695.821 230.58 -56.83 —61.54
9-TS” —33695.795 230.21 -556.13 -58.90
9a —25952.618 178.36 —46.08 -55.37
9a-TS -33696.574 230.17 -54.55 -51.84
9b -33696.858 230.95 -56.23 -51.41
9b-TS -33696.809 228.96 -54.14 -50.23
9c —33696.676 230.78 -56.35 —60.32
Xvil —24429.648 228.30 -57.68 -129.21
XIX —42807.883 380.24 -73.77 -123.33
XX -39193.441 350.30 —66.12 -123.33
XX-TS -39192.871 349.45 —66.21 -122.04
XXI -39193.039 349.48 —69.45 -121.84
XX -43322.438 371.21 -73.86 -124.01
XXII-TS -43322.004 369.19 -69.75 -69.75




XX -37085.129 330.74 -63.67 -123.59
XXII-TS -37084.871 330.69 -61.58 -124.38
XXIV -37085.738 332.29 -61.90 -126.60
XXI-TS —46936.375 401.29 -76.15 -118.50
XXV —46936.918 401.81 -75.15 -123.38
XXvi —40700.313 362.40 —67.10 -123.38
AcOH —6236.252 38.89 -20.45 —7.75
AcO- —6220.611 30.17 —-20.58 —68.71
MeCN -3613.766 28.48 -17.93 -7.32







X-ray Crystal Structure Reports
RhCp*-n-allyl-acetate (VIII)

CCDC 1918703

Crystal Data and Experimental

Experimental. Single orange prism shaped crystals of Rh-
pi-allyl-complex were obtained by vapor diffusion of
pentane into the ether solution. A suitable crystal
0.13x0.08x0.03 mm3 was selected and mounted on a
suitable support on an XtaLAB Synergy, Dualflex, HyPix
diffractometer. The crystal was cooled to T = 100(2) K
during data collection. The structure was solved with the
ShelXT (Sheldrick, 2015) structure solution program
using the Intrinsic Phasing solution method and by using
Olex2 (Dolomanov et al., 2009) as the graphical interface.
The model was refined with version 2018/3 of ShelXL-
2014 (Sheldrick, 2015) using Least Squares minimisation.
Crystal Data. Cz;H2902Rh, M, = 428.36, monoclinic, P21/c
(No. 14), a= 7.2611(2)A, b= 14.6975(3)4, c=
18.0948(5) A, p= 95564(2), a= y= 90, V=
1921.98(8) A3, T=100(2) K, Z=4,Z'= 1, x(MoK,) = 0.900,
36145 reflections measured, 5883 unique (Rin: = 0.0581)
which were used in all calculations. The final wR> was
0.0649 (all data) and R; was 0.0280 (I > 20(1)).

Compound

Formula

Dcalc./ g cm3
4/ mm-?
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group
a/A

b/A

c/A

af

A

i

V/A3

Z

7
Wavelength/A
Radiation type
("Dmin/o

("Dmax/o
Measured Refl.

Independent Refl.
Reflections with [ >

20(1)

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

wRz (all data)
WR:

R (all data)
R:

Rh-pi-allyl-
complex

C22H29002Rh
1.480
0.900
428.36
orange
prism
0.13x0.08x0.03
100(2)
monoclinic
P21/c
7.2611(2)
14.6975(3)
18.0948(5)
90
95.564(2)
90
1921.98(8)
4

1

0.71073
MoK,
1.788
30.508
36145
5883

4968

0.0581
243

3
0.555
-0.410
1.049
0.0649
0.0624
0.0371
0.0280



Structure Quality Indicators

Reflections: dminMo) g 70 24 .8 |MRE B804 k530 5 100%
Refinement: it 0.001 JMREEQ B ek _0.4]5°F 1.049

A orange prism shaped crystal with dimensions 0.13x0.08x0.03 mm3 was mounted on a suitable support.
Data were collected using an XtaLAB Synergy, Dualflex, HyPix diffractometer equipped with an Oxford
Cryosystems low-temperature device, operating at T = 100(2) K.

Data were measured using o scans of 0.5° per frame for 10.0 s using MoK, radiation (micro-focus sealed X-
ray tube, 50 kV, 1.0 mA). The total number of runs and images was based on the strategy calculation from the
program CrysAlisPro (Rigaku, V1.171.39.43c, 2018). The maximum resolution that was achieved was © =
30.508".

The diffraction patterns were indexed using CrysAlisPro (Rigaku, V1.171.39.43c, 2018) and the unit cells
were refined using CrysAlisPro (Rigaku, V1.171.39.43c, 2018) on 18003 reflections, 50 % of the observed
reflections. Data reduction, scaling and absorption corrections were performed using CrysAlisPro (Rigaku,
V1.171.39.43c, 2018) and CrysAlisPro 1.171.39.43c (Rigaku Oxford Diffraction, 2018). A numerical
absorption correction based on Gaussian integration over a multifaceted crystal model was used. An empirical
absorption correction using spherical harmonics as implemented in SCALE3 ABSPACK was also used. The
final completeness is 100.00% out to 30.508° in @. The absorption coefficient x of this material is 0.900 mm-
1 at this wavelength (1 = 0.7114) and the minimum and maximum transmissions are 0.855 and 1.000.

The structure was solved and the space group P21/c (# 14) determined by the ShelXT (Sheldrick, 2015)
structure solution program using Intrinsic Phasing and refined by Least Squares using version 2018/3 of
ShelXL-2014 (Sheldrick, 2015). All non-hydrogen atoms were refined anisotropically. Hydrogen atom
positions were calculated geometrically and refined using the riding model.

There is a single molecule in the asymmetric unit, which is represented by the reported sum formula. In
other words: Zis 4 and Z' is 1.

Images of the Crystal on the Diffractometer




Figure 1:
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Reflection Statistics

Total reflections (after 36810

filtering)

Completeness 1.0

hKlmax collected (10, 20, 25)

hKlmax used (10, 20, 25)

Lim dmax collected 100.0

dmax used 11.39

Friedel pairs 7871

Inconsistent equivalents 0

Rsigma 0.0403

Omitted reflections 0

Multiplicity (8654, 6755, 2932, 840, 249,

111,52, 20,5,1)
Removed systematic absences 665

Unique reflections

Mean /o

hklmin collected

hklmin used

Lim dmin collected
dmin used

Friedel pairs merged
Rint

Intensity transformed
Omitted by user (OMIT hkl)
Maximum multiplicity

Filtered off (Shel/OMIT)

1 2 3 4
5883
17.87
(-10, -20, -25)
(-10, 0, 0)
0.36
0.7

Table 1: Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters (A2x103) for

Rh-pi-allyl-complex. U is defined as 1/3 of the trace of the orthogonalised U,

Atom X y

Z

Ueq

Rh1 3584.1(2) 3831.9(2) 1862.0(2)  10.23(4)
01 4843.6(17) 4695.9(8) 1128.6(7)  14.7(2)




Atom X y z Ueq

02 5749.0(19) 5820.5(9) 1925.4(7)  21.1(3)
c11 5549(2) 5482.8(11) 1299.9(10)  14.6(3)
2 5612(2) 2780.6(11) 2043.1(10)  14.8(3)
3 5030(2) 2784.3(11) 1276.5(10)  15.1(3)
c1 6400(2) 3579.4(12) 2379.4(10)  13.9(3)
C14 619(2) 3960.5(11) 1501.2(10)  13.8(3)
c17 1717(2) 3563.0(12) 2706.1(10)  15.4(3)
5 6904(2) 3684.8(12) 3180.0(10)  14.8(3)
c13 914(2) 3216.2(11) 2003.6(10)  15.0(3)
15 1258(2) 4768.3(11) 1905.2(10)  14.0(3)
C16 1893(2) 4528.5(11) 2646.4(10)  14.8(3)
10 6794(2) 2973.8(12) 3684.7(10)  17.8(4)
c9 7328(3) 3099.9(13) 4434.2(10)  21.6(4)
c22 2076(3) 3013.5(14) 3399.8(11)  22.5(4)
6 7562(3) 4530.2(12) 3451.7(11)  19.5(4)
C19 -247(3) 3936.8(13) 721.2(11)  21.1(4)
c12 6136(3) 6002.4(12) 636.7(10)  19.5(4)
c21 2609(3) 5166.0(13) 3253.1(11)  21.8(4)
c8 7978(3) 3937.4(14) 4695.0(11)  25.9(4)
c4 4074(3) 1979.8(12) 900.1(11)  20.1(4)
C18 338(3) 2252.1(12) 1862.1(12)  23.2(4)
c7 8083(3) 4651.2(14) 4200.3(11)  24.5(4)
€20 1149(3) 5708.9(12) 1595.5(11)  20.7(4)

Table 2: Anisotropic Displacement Parameters (x10%) Rh-pi-allyl-complex. The anisotropic displacement factor
exponent takes the form: -272[h2a*? x Ui+ ... +2hka* x b* x Uzz]

Atom U1 Uz2 Uss Uzs Uiz Uiz
Rh1 9.60(7) 9.61(6) 11.67(7) 0.25(5) 2.07(4) 0.07(4)
01 18.5(6) 12.4(6) 13.7(6) 0.3(4) 3.3(5) -2.8(5)
02 31.5(8) 18.4(6) 13.7(6) -1.8(5) 3.6(5) -5.7(5)
C11 13.4(8) 15.1(8) 15.6(8) 1.8(6) 2.2(6) -0.2(6)
C2 11.9(8) 13.7(8) 19.2(9) 0.1(6) 3.3(6) 3.9(6)
C3 14.5(8) 14.3(8) 17.2(9) -2.9(6) 5.4(7) 0.3(6)
C1 10.8(7) 17.0(8) 14.0(8) 0.0(6) 2.0(6) 1.0(6)
C14 10.3(7) 13.7(8) 17.4(8) 0.3(6) 1.1(6) -0.6(6)
C17 9.9(7) 18.2(8) 19.1(9) 4.8(7) 5.8(6) 3.9(6)
C5 9.9(7) 18.6(9) 15.7(8) -0.6(6) 0.1(6) 1.9(6)
C13 9.6(7) 14.9(8) 21.2(9) 0.6(6) 4.4(6) -0.3(6)
C15 9.7(7) 13.7(8) 18.8(9) 1.8(6) 2.6(6) 2.3(6)
Cl16 11.5(8) 16.0(8) 17.1(8) -1.8(6) 3.1(6) 2.6(6)
C10 16.0(8) 18.3(8) 19.2(9) -0.9(7) 1.6(7) 2.7(6)
Cc9 20.5(9) 27.1(10) 16.9(9) 5.7(7) 1.0(7) 1.9(7)
C22 17.9(9) 29.6(10) 20.9(10) 10.6(8) 6.8(7) 5.3(7)
Cé6 17.4(9) 20.5(9) 20.4(9) 1.3(7) 0.7(7) -1.2(7)
C19 17.7(9) 25.4(10) 19.4(9) -1.3(7) -2.3(7) 1.4(7)
C12 25.7(10) 16.2(8) 16.8(9) 0.7(7) 3.7(7) -3.3(7)
C21 20.4(9) 24.7(9) 20.3(9) -8.0(7) 1.5(7) 2.6(7)
C8 24.3(10) 36.6(11) 15.9(9) -3.1(8) -3.0(8) -1.9(8)
C4 23.0(9) 18.1(9) 19.8(9) -5.5(7) 4.7(7) -0.8(7)
C18 15.5(9) 13.3(8) 41.9(12) -0.1(8) 7.7(8) -2.8(7)
Cc7 22.8(10) 26.7(10) 23.3(10) -5.8(8) -1.9(8) -5.2(8)
C20 21.1(9) 12.8(8) 27.9(10) 3.2(7) 1.1(8) 2.5(7)

Table 3: Bond Lengths in A for Rh-pi-allyl-complex.

Atom Atom Length/A Atom Atom Length/A
Rh1 01 2.1084(12) Rh1 C2 2.1379(16)




Atom Atom Length/f\
Rh1 C3 2.1935(17)
Rh1 C1 2.1963(17)
Rh1 C14 2.1966(17)
Rh1 C17 2.1743(17)
Rh1 C13 2.1772(16)
Rh1 C15 2.1860(16)
Rh1 C16 2.2155(17)
01 C11 1.290(2)
02 C11 1.232(2)
C11 C12 1.518(2)
C2 C3 1.410(3)
C2 C1 1.417(2)
C3 C4 1.501(2)
C1 C5 1.468(2)
C14 C13 1.425(2)

Table 4: Bond Angles in ° for Rh-pi-allyl-complex.

Atom Atom Atom Angle/*
01 Rh1 C2 101.38(6)
01 Rh1 C3 82.04(6)
01 Rh1 C1 85.83(6)
01 Rh1 C14 103.51(6)
01 Rh1 C17 152.83(6)
01 Rh1 C13 140.35(6)
01 Rh1 C15 91.55(5)
01 Rh1 C16 115.22(6)
C2 Rh1 C3 37.98(7)
C2 Rh1 C1 38.14(6)
C2 Rh1 C14 138.46(6)
C2 Rh1 C17 103.18(7)
C2 Rh1 C13 106.83(6)
C2 Rh1 C15 166.59(7)
C2 Rh1 C16 130.71(7)
C3 Rh1 C1 67.53(6)
C3 Rh1 C14 114.72(7)
C3 Rh1 C16 162.71(7)
C1 Rh1 C14 170.55(6)
C1 Rh1 C16 110.85(6)
C14 Rh1 C16 64.05(6)
C17 Rh1 C3 124.88(7)
C17 Rh1 C1 106.73(6)
C17 Rh1 C14 64.19(7)
C17 Rh1 C13 38.64(7)
C17 Rh1 C15 63.44(6)
C17 Rh1 C16 38.00(6)
C13 Rh1 C3 103.80(6)
C13 Rh1 C1 133.04(6)
C13 Rh1 C14 38.03(6)
C13 Rh1 C15 63.74(6)
C13 Rh1 C16 63.99(6)
C15 Rh1 C3 150.10(7)
C15 Rh1 C1 141.42(6)
C15 Rh1 C14 38.56(6)
C15 Rh1 C16 37.63(6)
C11 01 Rh1 125.09(11)

Atom Atom Length/f\

C14 C15 1.447(2)

C14 C19 1.489(3)

C17 C13 1.440(3)

C17 C16 1.430(2)

C17 C22 1.494(2)

C5 C10 1.395(2)

C5 Cé6 1.403(2)

C13 C18 1.493(2)

C15 C16 1.420(2)

C15 C20 1.491(2)

C16 C21 1.498(2)

C10 Cc9 1.386(3)

Cc9 C8 1.385(3)

Cé6 Cc7 1.382(3)

C8 Cc7 1.386(3)
Atom Atom Atom Angle/*
01 C11 C12 113.36(15)
02 C11 01 126.21(16)
02 C11 C12 120.43(15)
C3 C2 Rh1 73.15(10)
C3 C2 C1 119.28(16)
C1 C2 Rh1 73.16(10)
C2 C3 Rh1 68.87(9)
C2 C3 C4 121.64(16)
C4 C3 Rh1 123.38(12)
C2 C1 Rh1 68.69(9)
C2 C1 C5 124.26(16)
C5 C1 Rh1 122.39(12)
C13 C14 Rh1 70.25(10)
C13 C14 C15 106.65(15)
C13 C14 C19 127.60(15)
C15 C14 Rh1 70.33(9)
C15 C14 C19 125.70(15)
C19 C14 Rh1 126.27(13)
C13 C17 Rh1 70.79(10)
C13 C17 C22 124.97(16)
C16 C17 Rh1 72.56(10)
C16 C17 C13 108.43(15)
C16 C17 C22 126.19(17)
C22 C17 Rh1 128.23(12)
C10 C5 C1 122.85(16)
C10 C5 Cé6 118.24(17)
Cé6 C5 C1 118.89(16)
C14 C13 Rh1 71.72(10)
C14 C13 C17 108.33(15)
C14 C13 C18 126.66(17)
C17 C13 Rh1 70.57(9)
C17 C13 C18 124.78(16)
C18 C13 Rh1 127.76(12)
C14 C15 Rh1 71.12(9)
C14 C15 C20 124.63(16)
C16 C15 Rh1 72.31(9)
C16 C15 C14 109.41(14)



Atom Atom Atom Angle/*
C16 C15 C20 125.86(16)
C20 C15 Rh1 125.68(12)
C17 C16 Rh1 69.44(9)
C17 C16 C21 126.35(16)
C15 C16 Rh1 70.06(10)
C15 C16 C17 107.14(15)
C15 C16 C21 126.51(16)

Atom Atom Atom Angle/*

C21 C16 Rh1 125.73(12)
Cc9 C10 C5 120.79(17)
C8 Cc9 C10 120.39(18)
Cc7 Cé6 C5 120.59(17)
Cc9 C8 Cc7 119.41(18)
Cé6 Cc7 C8 120.57(18)

Table 5: Hydrogen Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement Parameters
(A2x103) for Rh-pi-allyl-complex. U is defined as 1/3 of the trace of the orthogonalised Us;.

Atom X y Z Ueq
H10 6356.85 2408.59 3516.36 21
H9 7248.09 2619.23 4763.86 26
H22A 2530.65 2423.78 3279.53 34
H22B 946.69 2946.87 3630.05 34
H22C 2980.21 3316.79 3735.45 34
H6 7648.59 5013.51 3125.11 23
H19A 394.01 4348.9 423.84 32
H19B -1521.57 4115.24 708.83 32
H19C -172.26 3331.04 527.98 32
H12A 5882.29 5642.37 195.94 29
H12B 7437.86 6129.61 712.5 29
H12C 5460.9 6563.7 582.33 29
H21A 3449.98 4846.97 3604.44 33
H21B 1592.98 5396.78 3499.25 33
H21C 3243.4 5662.79 3044.42 33
H8 8341.52 4020.17 5197.55 31
H4A 3492.57 1626.93 1258.77 30
H4B 4964.57 1610.54 679.81 30
H4C 3153.42 2187.39 521 30
H18A 289.32 2127.15 1339.82 35
H18B -862.66 2156.22 2028.73 35
H18C 1216.44 1852.7 2126.75 35
H7 8508.08 5216.41 4373.62 29
H20A 2034.43 6089.8 1876.49 31
H20B -72.71 5947.2 1624.42 31
H20C 1415.95 5695.43 1086.29 31
H1 7030(30) 3967(11) 2067(10) 16(3)
H3 5670(20) 3161(12) 960(10) 16(3)
H2 5210(30) 2307(11) 2346(10) 16(3)
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For Documentation:

PLATON/CHECK-( 70414) versus check.def version of 310314 for Entry: rh-pi-al
Data: Rh-pi-allyl-complex.cif - Type: CIF Bond Precision C-C = 0.0026 A
Refl: Rh-pi-allyl-complex.fcf - Type: LIST4 Temp = 100 K
X-Ray Nref/Npar = 24.2
Cell 7.2611(2) 14.6975(3) 18.0948¢(5) 90 95.564(2) 90
Wavelength 0.71073 Volume Reported 1921.98(8) Calculated 1921.98(8)
SpaceGroup from Symmetry P 21/c Hall: -P 2ybc monoclinic
Reported P 1 21/c 1 -P 2ybc monoclinic
MoietyFormula C22 H29 02 Rh
Reported C22 H29 02 Rh
SumFormula C22 H29 02 Rh
Reported C22 H29 02 Rh
Mr = 428.36[Calc] 428.36[Rep]
Dx,gcm-3 = 1.480[Calc], 1.480[Rep]
Z = 4[Calc], 4 [Rep]
Mu (mm-1) = 0.900[Calc], 0.900[Rep]
F000 888.0[Calc], 888.0[Rep] or FO00' = 883.82[Calc]
Reported T Limits: Tmin=0.855 Tmax=1.000 AbsCorr=GAUSSIAN
Calculated T Limits: Tmin=0.915 Tmin'=0.887 Tmax=0.972
Reported Hmax= 10, Kmax= 20, Lmax= 25, Nref= 5883 , Th(max)= 30.508
Obs in FCF Hmax= 10, Kmax= 20, Lmax= 25, Nref= 5883[ 5883], Th(max)= 30.508
Calculated Hmax= 10, Kmax= 20, Lmax= 25, Nref= 5883 , Ratio = 1.000
Reported Rho (min) = -0.41, Rho(max) = 0.56 e/Ang**3 (From CIF)
Calculated Rho(min) = -0.42, Rho(max) = 0.60 e/Ang**3 (From CIF+FCF data)
w=1/[sigma**2 (Fo**2)+(0.0269P) **2+ 0.4570P], P=(Fo**2+2*Fc**2)/3
R= 0.0280( 4968), wR2= 0.0649( 5883), S = 1.049 (From CIF+FCF data)
R= 0.0280( 4968), wR2= 0.0649( 5883), S = 1.049 (From FCF data only)
R= 0.0280( 4968), wR2= 0.0649( 5883), S = 1.049, Npar= 243
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RhCp*-r-allyl-Cl (V)

CCDC 1899790

Crystal Data and Experimental

Experimental. Single orange block-shaped crystals of Rh-
p-allyl-Cl were recrystallised from a mixture of DCM and
diffusion. A
0.37x0.32x0.28 mm3 was selected and mounted on a loop

pentane by vapor suitable crystal
with paratone oil on an XtaLAB Synergy-S diffractometer.
The crystal was kept at a steady T = 100.02(10) K during
data collection. The structure was solved with the ShelXT
(Sheldrick, 2015) structure solution program using the
Intrinsic Phasing solution method and by using Olex2
(Dolomanov et al,, 2009) as the graphical interface. The
model was refined with version 2018/3 of ShelXL
(Sheldrick, 2015) using Least Squares minimisation.

Crystal Data. C2oHz6CIRh, M, = 404.77, monoclinic, P21/c
(No. 14), a= 7.4511(10)A, b= 12.8249(10)4, c=
18.6937(10) 4, A= 94.110(10), a= y= 90°, V=
1781.8(3) A3, T = 100.02(10) K, Z= 4, Z'= 1, u(MoK,) =
1.103 mm-1, 119524 reflections measured, 15581 unique
(Rine = 0.0215) which were used in all calculations. The

final wR; was 0.0482 (all data) and R; was 0.0201 (I >
20(1)).

Compound

Formula

Dcalc./ g cm3
4/ mm-?
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group
a/A

b/A

c/A

af

A

i

V/A3

Z

7
Wavelength/A
Radiation type
("Dmin/o

("Dmax/o
Measured Refl.

Independent Refl.
Reflections with [ >

20(1)

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

wRz (all data)
WR:

R (all data)
R:

Rh-p-allyl-Cl

C20H26CIRh
1.509

1.103
404.77
orange
block
0.37x0.32x0.28
100.02(10)
monoclinic
P21/c
7.4511(10)
12.8249(10)
18.6937(10)
90
94.110(10)
90
1781.8(3)

4

1

0.71073
MoK,

1.927
46.218
119524
15581
14700

0.0215
284
317
1.343
-1.100
1.197
0.0482
0.0477
0.0221
0.0201



Structure Quality Indicators
Reflections: fnt2.15% fsgnflte, 100%

Refinement:

An orange block-shaped crystal with dimensions 0.37x0.32x0.28 mm3 was mounted on a loop with paratone
oil. Data were collected using an XtaLAB Synergy, Dualflex, HyPix diffractometer equipped with an Oxford
Cryosystems low-temperature device operating at T=100.02(10) K.

Data were measured using @ scans using MoK, radiation. The total number of runs and images was based on
the strategy calculation from the program CrysAlisPro (Rigaku, V1.171.40.37a, 2019). The maximum
resolution that was achieved was @ = 46.218° (0.49 A).

The diffraction pattern was indexed. The total number of runs and images was based on the strategy
calculation from the program CrysAlisPro (Rigaku, V1.171.40.37a, 2019) and the unit cell was refined using
CrysAlisPro on 85788 reflections, 72% of the observed reflections.

Data reduction, scaling and absorption corrections were performed using CrysAlisPro (Rigaku,
V1.171.40.37a, 2019). The final completeness is 100.00 % out to 46.218° in @. A numerical absorption
correction based on Gaussian integration over a multifaceted crystal model was performed using CrysAlisPro
(Rigaku, V1.171.40.37a, 2019). An empirical absorption correction using spherical harmonics as
implemented in SCALE3 ABSPACK in CrysAlisPro (Rigaku, V1.171.40.37a, 2019) was also applied. The
absorption coefficient y of this material is 1.103 mm-! at this wavelength (4 = 0.711A) and the minimum and
maximum transmissions are 0.564 and 1.000.

The structure was solved and the space group P21/c (# 14) determined by the ShelXT (Sheldrick, 2015)
structure solution program using Intrinsic Phasing and refined by Least Squares using version 2018/3 of
ShelXL (Sheldrick, 2015). All non-hydrogen atoms were refined anisotropically. All hydrogen atom
positions were located from the electron density maps and refined using restraints.

Images of the Crystal on the Diffractometer
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Figure 1: Thermal ellipsoid representation of the molecular structure.
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Reflection Statistics

Total reflections (after 121235
filtering)

Completeness 0.997
hKlmax collected (15, 25, 37)
hKlmax used (15, 26, 37)
Lim dmax collected 100.0

dmax used 12.82
Friedel pairs 22515
Inconsistent equivalents 2

Rsigma 0.0113
Omitted reflections 0

Multiplicity

(17090, 17005,9592, 5123,

2113,964, 511, 103,13)

Removed systematic absences 1711

Unique reflections 15581

Mean /o 57.92

hKlmin collected (-15, -26, -37)
hKlmin used (-15,0,0)
Lim dmin collected 0.36

dmin used 0.49

Friedel pairs merged 1

Rint

Intensity transformed

Omitted by user (OMIT hkl)
Maximum multiplicity

Filtered off (Shel/OMIT)

Table 1: Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters (A2x103) for
Rh-p-allyl-Cl. U is defined as 1/3 of the trace of the orthogonalised Uj;.

Atom X y Z Ueq
Rh1 5419.0(2) 8666.3(2) 1743.9(2) 9.52(1)
cn 3969.0(2) 10355.2(2) 1616.0(2)  17.35(3)
c1 8193.1(8) 9251.4(5) 1765.4(4)  14.39(8)
c2 8224.6(8) 8236.7(5) 2065.5(3)  13.69(8)
3 7469.4(8) 7528.6(5) 15205(3)  12.77(8)
C4 7092.3(8) 8109.3(5) 864.8(3)  13.00(8)
cs 7492.9(8) 9166.2(5) 1016.8(3)  14.17(8)
c6 7417.0(12)  10056.7(6) 501.7(5)  22.90(13)
c7 64282(10)  7654.8(6) 157.7(4)  19.22(11)
c8 74548(11)  6367.3(5) 1577.7(5)  19.63(11)
9 8989.2(10)  7927.6(7) 2796.1(4)  20.67(12)
c10 88913(11)  10234.4(6) 21102(5)  22.98(13)
c11 2716.2(8) 7938.7(5) 1561.9(3)  13.92(8)




Atom X y Z Ueq
c12 3573.9(9) 7666.3(5) 22371(3) _ 1451(8)

13 4019.0(9) 8476.8(5) 27332(3)  15.32(9)

Cl4 49655(11)  8261.7(7) 3452.6(4)  20.60(11)
c15 2321.7(8) 7213.5(5) 963.1(3)  14.32(8)

C16 1421.4(10)  7606.1(6) 337.5(4)  17.75(10)
c17 10585(12)  6982.1(7) 263.1(4)  23.05(13)
c18 1571.4(12)  5938.6(7) 247.6(5)  25.34(14)
19 24356(13)  5530.9(6) 3745(5)  24.68(14)
20 28081(11)  6156.6(5) 976.5(4)  19.25(11)

Table 2: Anisotropic Displacement Parameters (x104) Rh-p-allyl-Cl. The anisotropic displacement factor
exponent takes the form: -272[h2a*? x Ui+ ... +2hka* x b* x Uzz]

Atom Ui Uzz Uss Uzs Uis Uiz
Rh1 9.36(1) 9.68(1) 9.62(1) -0.32(1) 1.29(1) -0.06(1)
cl1 19.64(6) 12.10(5) 20.69(6) 0.24(4) 4.23(5) 3.33(4)
c1 11.76(19) 14.7(2) 16.9(2) -2.33(16) 2.17(16) -2.43(15)
c2 11.08(18) 16.8(2) 13.01(19) -0.54(16) -0.10(15) 0.55(15)
c3 11.81(18) 12.56(18) 13.98(19) -0.10(14) 1.26(15) 1.28(14)
c4 12.66(19) 15.13(19) 11.37(18) -0.83(15) 2.07(14) 0.82(15)
s 13.3(2) 14.37(19) 15.2(2) 1.90(16) 3.70(16) -0.51(15)
6 24.4(3) 20.6(3) 24.6(3) 9.2(2) 8.3(2) 0.5(2)
c7 18.9(3) 25.8(3) 13.1(2) -5.0(2) 1.49(18) 0.8(2)
c8 20.2(3) 12.9(2) 25.7(3) 0.8(2) 1.3(2) 3.00(19)
c9 15.5(2) 30.9(3) 15.1(2) 1.8(2) -2.49(18) 3.2(2)
c10 18.4(3) 19.7(3) 31.1(4) -8.9(2) 3.5(2) -6.5(2)
c11 11.95(19) 14.64(19) 15.3(2) -0.84(16) 1.89(15) -0.96(15)
C12 14.6(2) 15.2(2) 14.1(2) 0.68(16) 3.72(16) -2.28(16)
C13 16.1(2) 17.4(2) 12.90(19) -0.57(16) 3.97(16) 0.33(17)
C14 24.4(3) 25.2(3) 12.5(2) -0.1(2) 3.4(2) 1.3(2)
C15 12.14(19) 15.2(2) 15.7(2) -0.77(16) 1.59(16) -3.11(15)
C16 16.9(2) 19.9(2) 16.2(2) 0.31(18) 0.07(18) -2.02(19)
c17 21.5(3) 30.4(3) 16.9(3) -2.7(2) -1.1(2) -4.2(3)
c18 25.3(3) 28.0(3) 22.6(3) -9.2(3) 1.2(2) -7.6(3)
€19 28.0(4) 17.7(3) 28.2(3) -6.4(2) 0.8(3) -4.2(2)
€20 20.9(3) 14.6(2) 22.0(3) -1.71(19) -0.3(2) -2.40(19)
Table 3: Bond Lengths in A for Rh-p-allyl-Cl.

Atom Atom Length/A Atom Atom Length/A

Rh1 Cl1 2.4247(2) C3 C8 1.4933(9)

Rh1 C1 2.1967(7) C4 C5 1.4125(9)

Rh1 C2 2.2034(7) C4 C7 1.4960(9)

Rh1 C3 2.1746(6) C5 Cé 1.4923(9)

Rh1 C4 2.2494(6) C11 C12 1.4170(9)

Rh1 (0) 2.2244(6) C11 C15 1.4686(9)

Rh1 C11 2.2235(7) C12 C13 1.4165(9)

Rh1 C12 2.1368(6) C13 C14 1.4988(10)

Rh1 C13 2.2008(7) C15 Cl6 1.3996(10)

C1 C2 1.4166(9) C15 C20 1.4028(10)

C1 (0) 1.4621(9) C16 C17 1.3894(11)

C1 C10 1.4924(9) C17 C18 1.3915(14)

C2 C3 1.4482(8) C18 C19 1.3904(14)

C2 C9 1.4950(9) C19 C20 1.3937(11)

c3 c4 1.4446(8)



Table 4: Bond Angles in ° for Rh-p-allyl-Cl.

Atom Atom Atom Angle/*
C1 Rh1 Cl1 96.237(19)
C1 Rh1 C2 37.56(2)
C1 Rh1 C4 63.37(2)
C1 Rh1 C5 38.62(2)
C1 Rh1 C11 170.72(2)
C1 Rh1 C13 121.63(3)
C2 Rh1 Cl1 131.115(1
7)
C2 Rh1 C4 63.59(2)
C2 Rh1 C5 63.36(2)
C2 Rh1 C11 140.18(2)
C3 Rh1 Cl1 153.463(1
7)
C3 Rh1 C1 63.87(2)
C3 Rh1 C2 38.63(2)
C3 Rh1 C4 38.07(2)
C3 Rh1 C5 63.10(2)
C3 Rh1 C11 109.27(2)
C3 Rh1 C13 117.98(2)
C4 Rh1 Cl1 118.558(1
6)
C5 Rh1 Cl1 90.366(18)
C5 Rh1 C4 36.80(2)
C11 Rh1 Cl1 88.140(18)
C11 Rh1 C4 107.35(2)
C11 Rh1 C5 133.53(2)
C12 Rh1 Cl1 106.43(2)
C12 Rh1 C1 146.18(3)
C12 Rh1 C2 111.06(3)
C12 Rh1 C3 99.37(3)
C12 Rh1 C4 122.14(2)
C12 Rh1 C5 158.94(2)
C12 Rh1 C11 37.86(2)
C12 Rh1 C13 38.08(2)
C13 Rh1 Cl1 86.953(19)
C13 Rh1 C2 103.93(3)
C13 Rh1 C4 154.13(2)
C13 Rh1 C5 159.58(2)
C13 Rh1 C11 66.65(3)
C2 C1 Rh1 71.48(3)
C2 C1 C5 107.76(5)
C2 C1 C10 127.56(7)
C5 C1 Rh1 71.72(4)

Table 5: Torsion Angles in ° for Rh-p-allyl-Cl.

Atom Atom Atom Atom Angle/*

Rh1 C1 C2 C3 60.24(4)
Rh1 C1 C2 Cc9 -122.99(7)
Rh1 C1 C5 C4 -62.45(4)
Rh1 C1 C5 Cé6 123.12(7)
Rh1 C2 C3 C4 65.17(4)
Rh1 C2 C3 C8 -126.95(7)
Rh1 C3 C4 C5 60.03(4)

Atom Atom Atom Angle/*
C5 C1 C10 124.46(6)
C10 C1 Rh1 126.51(5)
C1 C2 Rh1 70.96(3)

C1 C2 C3 107.63(5)
C1 C2 C9 126.85(6)
C3 C2 Rh1 69.61(3)

C3 C2 C9 125.43(6)
C9 C2 Rh1 127.41(5)
C2 C3 Rh1 71.76(3)

C2 C3 C8 125.42(6)
C4 C3 Rh1 73.77(3)

C4 C3 C2 108.41(5)
C4 C3 C8 124.95(6)
C8 C3 Rh1 130.29(5)
C3 C4 Rh1 68.16(3)

C3 C4 Cc7 125.51(6)
C5 C4 Rh1 70.64(3)

C5 C4 C3 107.37(5)
C5 C4 Cc7 127.12(6)
Cc7 C4 Rh1 127.14(5)
C1 C5 Rh1 69.67(3)

C1 C5 Cé6 123.70(6)
C4 C5 Rh1 72.56(3)

C4 C5 C1 108.67(5)
C4 C5 C6 127.36(6)
Cé6 C5 Rh1 128.25(5)
C12 C11 Rh1 67.75(4)

C12 C11 C15 125.14(6)
C15 C11 Rh1 120.80(4)
C11 C12 Rh1 74.39(4)

C13 C12 Rh1 73.40(4)

C13 C12 C11 118.15(6)
C12 C13 Rh1 68.51(3)

C12 C13 C14 121.70(6)
C14 C13 Rh1 123.61(5)
C16 C15 C11 117.83(6)
Cl16 C15 C20 118.05(6)
C20 C15 C11 124.12(6)
C17 C16 C15 121.46(7)
Cl16 C17 C18 119.99(8)
C19 C18 C17 119.29(7)
C18 C19 C20 120.81(8)
C19 C20 C15 120.38(7)



Atom Atom Atom Atom Angle/*

Rh1 3 c4 c7 -120.87(6)
Rh1 c4 5 c1 60.62(4)
Rh1 c4 5 6 -125.21(7)
Rh1 c11 c12 c13 60.93(5)
Rh1 c11 15 C16 -98.52(6)
Rh1 c11 15 €20 80.74(8)
Rh1 c12 c13 C14 -117.13(6)
c1 2 3 Rh1 -61.10(4)
c1 2 3 c4 4.07(7)
c1 2 3 c8 171.95(6)
2 c1 5 Rh1 62.80(4)
2 c1 5 c4 0.35(7)
2 c1 5 6 -174.09(6)
2 3 c4 Rh1 -63.87(4)
2 3 c4 5 -3.84(7)
2 3 c4 c7 175.26(6)
3 c4 5 Rh1 -58.46(4)
3 c4 5 c1 2.16(7)
3 c4 5 6 176.33(7)
5 c1 2 Rh1 -62.95(4)
5 c1 2 3 -2.71(7)
5 c1 2 c9 174.06(6)
c7 c4 5 Rh1 122.45(7)
c7 c4 5 c1 -176.93(6)
c7 c4 5 6 -2.75(11)
c8 3 c4 Rh1 128.18(7)
c8 3 c4 5 -171.79(6)
c8 3 c4 c7 7.32(10)
c9 2 3 Rh1 122.07(6)
c9 2 3 c4 -172.76(6)
c9 2 3 c8 -4.88(10)
10 c1 2 Rh1 122.27(7)
10 c1 2 3 -177.49(6)
10 c1 2 c9 -0.72(11)
10 c1 5 Rh1 -122.22(7)
10 c1 5 c4 175.33(6)
10 c1 5 6 0.90(10)
c11 c12 c13 Rh1 -61.45(5)
c11 c12 c13 C14 -178.57(6)
c11 15 C16 c17 177.50(7)
c11 15 €20 C19 -177.76(7)
c12 c11 15 C16 178.34(6)
c12 c11 15 €20 -2.40(10)
15 c11 c12 Rh1 112.86(6)
15 c11 c12 c13 173.79(6)
15 C16 c17 C18 0.87(12)
C16 15 €20 C19 1.50(11)
C16 c17 C18 C19 0.40(13)
c17 18 C19 €20 -0.69(14)
C18 C19 €20 15 -0.27(13)
€20 15 C16 c17 -1.81(11)

Table 6: Hydrogen Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement Parameters
(A2x103) for Rh-p-allyl-Cl. U, is defined as 1/3 of the trace of the orthogonalised Us;.



Atom X y z Ueq

H9A 8395(14) 7338(6) 2988(6) 33.2(10)
H8A 7185(15) 6142(10) 2047(3) 33.2(10)
H10A 8915(15) 10203(10) 2623(2) 33.2(10)
H9B 8863(16) 8509(6) 3111(6) 33.2(10)
H8B 6596(12) 6062(10) 1233(5) 33.2(10)
H10B 8149(14) 10811(7) 1949(6) 33.2(10)
H10C 10090(7) 10361(10) 1976(6) 33.2(10)
H7A 7375(12) 7257(7) -31(6) 33.2(10)
H9C 10244(6) 7770(8) 2783(7) 33.2(10)
H6A 6858(13) 9876(10) 41(4) 33(4)
H6B 6784(13) 10638(7) 686(6) 33.2(10)
H7B 6074(14) 8193(7) -179(6) 33.2(10)
H8C 8630(8) 6119(10) 1487(6) 33.2(10)
H7C 5419(10) 7204(7) 208(7) 33.2(10)
H6C 8629(8) 10271(9) 441(6) 33.2(10)
H14A 5613(13) 7616(5) 3450(7) 29(2)
H14B 4098(13) 8217(8) 3806(5) 29(2)
H14C 5797(12) 8810(6) 3588(7) 29(2)
H20 3380(18) 5848(11) 1409(5) 26(2)
H19 2790(20) 4802(6) 391(9) 37(2)
H16 1011(19) 8325(6) 311(8) 26(2)
H17 457(19) 7287(12) -692(6) 37(2)
H18 1390(20) 5503(11) -672(6) 37(2)
H11 2012(18) 8553(9) 1529(8) 23(2)
H12 4070(17) 6983(10) 2339(7) 17(3)
H13 3256(17) 9066(9) 2727(8) 23(2)
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PLATON/CHECK-( 70414) versus check.def version of 310314 for Entry: rh-p-all

Data: Rh-p-allyl-Cl.cif - Type: CIF Bond Precision C-C = 0.0010 A

Refl: Rh-p-allyl-Cl.fcf - Type: LIST4 Temp = 100 K

X-Ray Nref/Npar = 54.9

Cell 7.4511(10) 12.8249(10) 18.6937(10) 90 94.11(1) 90

Wavelength 0.71073 Volume Reported 1781.8(3) Calculated 1781.8(3)
SpaceGroup from Symmetry P 21/c Hall: -P 2ybc monoclinic
Reported P 1 21/c 1 -P 2ybc monoclinic

MoietyFormula C20 H26 Cl Rh
Reported C20 H26 Cl Rh
SumFormula C20 H26 Cl Rh
Reported C20 H26 Cl Rh

Mr = 404 .77 [Calc] 404.77[Rep]

Dx,gcm-3 = 1.509[Calc], 1.509[Rep]

Z = 4[Calc], 4 [Rep]

Mu (mm-1) = 1.103[Calc], 1.103[Rep]

F000 = 832.0[Calc], 832.0[Rep] or FO00' = 828.32[Calc]
Reported T Limits: Tmin=0.564 Tmax=1.000 AbsCorr=GAUSSIAN
Calculated T Limits: Tmin=0.674 Tmin'=0.661 Tmax=0.736

Reported Hmax= 15, Kmax= 26, Lmax= 37, Nref= 15581 , Th(max)= 46.218
Obs in FCF Hmax= 15, Kmax= 26, Lmax= 37, Nref= 15581[ 15581], Th(max)= 46.218
Calculated Hmax= 15, Kmax= 26, Lmax= 37, Nref= 15624 , Ratio = 10.997
Reported Rho (min) = -1.10, Rho(max) = 1.34 e/Ang**3 (From CIF)

Calculated Rho(min) = -1.24, Rho(max) = 1.35 e/Ang**3 (From CIF+FCF data)

w=1/[sigma**2 (Fo**2)+(0.0153P) **2+ 0.5675P], P=(Fo**2+2*Fc**2)/3

R= 0.0201( 14700), wR2= 0.0482( 15581), S = 1.197 (From CIF+FCF data)
R= 0.0201( 14700), wR2= 0.0482( 15581), S = 1.197 (From FCF data only)
R= 0.0201( 14700), wR2= 0.0482( 15581), S = 1.197, Npar= 284
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For Documentation: http://http://www.platonsoft.nl/CIF-VALIDATION.pdf
#

#

>>> The Following Improvement and Query ALERTS were generated - (Acta-Mode) <<<
#

Format: alert-number ALERT alert-type alert-level text

731 ALERT 1 C Bond Calc  2.4247(5), Rep  2.4247(2) ...... 3 su-Rat
RH1 -CL1 1.555 1.555 # 1

906 ALERT 3 C Large K value in the Analysis of Variance ...... 2.581 Check
#

002 ALERT 2 G Number of Distance or Angle Restraints on AtSite 38 Note
153 ALERT 1 G The su's on the Cell Axes are Equal .......... 0.00100 Ang.
164 ALERT 4 G Nr. of Refined C-H H-Atoms in Heavy-Atom Struct. 26 Note
232 ALERT 2 G Hirshfeld Test Diff (M-X) Rhl -- Cl1 23.5 su
232 ALERT 2 G Hirshfeld Test Diff (M-X) Rhl -- C1 6.0 su
232 ALERT 2 G Hirshfeld Test Diff (M-X) Rhl -- C2 6.8 su
232 ALERT 2 G Hirshfeld Test Diff (M-X) Rhl -- C3 8.9 su
232 ALERT 2 G Hirshfeld Test Diff (M-X) Rhl -- C4 7.8 su
232 ALERT 2 G Hirshfeld Test Diff (M-X) Rhl -- C5 8.0 su
232 ALERT 2 G Hirshfeld Test Diff (M-X) Rhl -- Cl1 12.5 su
232 ALERT 2 G Hirshfeld Test Diff (M-X) Rhl -- Cl2 7.0 su
232 ALERT 2 G Hirshfeld Test Diff (M-X) Rhl -- C13 11.0 su
860 ALERT 3 G Number of Least-Squares Restraints ............. 317 Note
912 ALERT 4 G Missing # of FCF Reflections Above STh/L= 0.600 44 Note

#

ALERT Level and ALERT Type Summary

2 ALERT Level C = Check. Ensure it is Not caused by an Omission or Oversight
14 ALERT Level G = General Info/Check that it is not Something Unexpected

2 ALERT Type 1 CIF Construction/Syntax Error, Inconsistent or Missing Data.
10 ALERT Type 2 Indicator that the Structure Model may be Wrong or Deficient.
2 ALERT Type 3 Indicator that the Structure Quality may be Low.



2 ALERT Type 4 Improvement, Methodology, Query or Suggestion.
#

0 Missing Experimental Info Issue(s) (Out of 54 Tests) - 100 % Satisfied
0 Experimental Data Related Issue(s) (Out of 28 Tests) - 100 % Satisfied
13 Structural Model Related Issue(s) (Out of 117 Tests) - 89 % Satisfied
3 Unresolved or to be Checked Issue(s) (Out of 223 Tests) - 99 & Satisfied

#




RhodiumCp*-w-allyl-NHTs (Vi)

CCDC 1918704

Crystal Data and Experimental

Experimental. Single orange plate-shaped crystals of
RJH-II-091 were recrystallised from a mixture of DCM and
pentane by vapor diffusion. A suitable crystal
0.25x0.15x0.05 mm3 was selected and mounted on a loop
with paratone oilon an XtaLAB Synergy, Dualflex, HyPix
diffractometer.The crystal was kept at a steady T =
102(4) K during data collection. The structure was solved
with the ShelXT (Sheldrick, 2015) structure solution
program usingthe Intrinsic Phasing solution method and
by using Olex2 (Dolomanov et al., 2009) as the graphical
interface.The model was refined with version 2018/3 of
ShelXL-2014 (Sheldrick, 2015) using Least Squares
minimisation.

Crystal Data. C;7H3:NO2RhS, M,= 539.52, monoclinic,
P21/n (No. 14), a= 9.08450(13) A, b= 26.7256(4) A, c=
10.28003(15) A, p= 94.9110(13), a= y= 90°, V=
2486.71(6) A3, T=102(4) K, Z=4, Z'= 1, y(MoK,) = 0.794
mm-1, 44992 reflections measured, 11459 unique (Rin: =
0.0407) which were used in all calculations. The final wR;
was 0.0689 (all data) and R; was 0.0269 (I > 25(1)).

Compound

Formula

Dcalc./ g cm3
4/ mm-?
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group
a/A

b/A

c/A

af

A

i

V/A3

Z

7
Wavelength/A
Radiation type
@min/o

Onax/*
Measured Refl.

Independent Refl.
Reflections with [ >

20(1)

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

wRz (all data)
WR:

R (all data)
R:

RJH-11-091

C27H34NO2RhS
1.441

0.794

539.52
orange

plate
0.25x0.15x0.05
102(4)
monoclinic
P21/n
9.08450(13)
26.7256(4)
10.28003(15)
90
94.9110(13)
90
2486.71(6)

4

1

0.71073
MoK,

2.129

35.630

44992

11459

9946

0.0407
311

4
0.931
-0.348
1.035
0.0689
0.0667
0.0334
0.0269



Structure Quality Indicators
Reflections: dmin(Mo) (. 61 | 20.8 SORSs:  100%

Refinement: coor 1035

An orange plate-shaped crystal with dimensions 0.25x0.15x0.05 mm3 was mounted on a loop with paratone
oil. Data were collected using an XtaLAB Synergy, Dualflex, HyPix diffractometer equipped with an Oxford
Cryosystems low-temperature device operating at T=102(4) K.

Data were measured using @ scans of 0.5° per frame for s using MoK, radiation. The total number of runs and
images was based on the strategy calculation from the program CrysAlisPro (Rigaku, V1.171.39.43c, 2018).
The maximum resolution that was achieved was @= 35.630°.

The diffraction pattern was indexed using CrysAlisPro (Rigaku, V1.171.39.43c, 2018) and the unit cell was
refined using CrysAlisPro (Rigaku, V1.171.39.43c, 2018) on 29649 reflections, 66% of the observed
reflections.

Data reduction, scaling and absorption corrections were performed using CrysAlisPro (Rigaku,
V1.171.39.43c, 2018). The final completeness is 100.00 % out to 35.630° in @. A Gaussian absorption
correction was performed using CrysAlisPro 1.171.39.43c (Rigaku Oxford Diffraction, 2018). This is a
numerical absorption correction based on Gaussian integration over a multifaceted crystal model. An
empirical absorption correction using spherical harmonics as implemented in SCALE3 ABSPACK was also
carried out. The absorption coefficient x of this material is 0.794 mm-! at this wavelength (1= 0.710734) and
the minimum and maximum transmissions are 0.736 and 1.000.

The structure was solved and the space group P21/n (# 14) determined by the ShelXT (Sheldrick, 2015)
structure solution program using Intrinsic Phasing and refined by Least Squares using version 2018/3 of
ShelXL-2014 (Sheldrick, 2015). All non-hydrogen atoms were refined anisotropically. Hydrogen atom
positions were calculated geometrically and refined using the riding model. Most hydrogen atom positions
were calculated geometrically and refined using the riding model, but some hydrogen atoms were refined
freely.

There is a single molecule in the asymmetric unit, which is represented by the reported sum formula. In
other words: Zis 4 and Z' is 1.

Images of the Crystal on the Diffractometer
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Figure 4:

Data Plots: Diffraction Data
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Data Plots: Refinement and Data

Fobs vs Fcalc RJH-11-091

Normal Probability Plot
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Reflection Statistics

Total reflections (after
filtering)
Completeness

hKklmax collected

hklmax used

Lim dmax collected
dmax used

Friedel pairs
Inconsistent equivalents
Rsigma

Omitted reflections
Multiplicity

Removed systematic absences

70

45369

1.0

(15, 44, 17)
(14, 43, 16)
20.0

10.24
9750

3

0.0329

0

(19892, 8556, 2355, 526, 89,

16, 4)
510

Images of the Crystal on the Diffractometer

Unique reflections

Mean /o

hklmin collected

hklmin used

Lim dmin collected

dmin used

Friedel pairs merged

Rint

Intensity transformed
Omitted by user (OMIT hkl)
Maximum multiplicity

Filtered off (Shel/OMIT)

0 1 2 3 4

11459

21.05

(-15, -41,-15)
(-14,0,0)
0.61

0.61

1

0.0397

Table 6: Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement Parameters (A2x103) for
RJH-11-091. U, is defined as 1/3 of the trace of the orthogonalised Uj.

Atom X y z Ueq
Rh1 5796.2(2) 3739.2(2) 7705.4(2) 12.28(2)
S1 5415.0(3) 4177.3(2) 4636.0(2) 14.40(5)
02 4974.9(10) 3666.6(3) 4336.7(9) 18.99(15)
01 4540.4(10) 4571.0(3) 3972.6(8) 19.66(16)



Atom X y z Ueq

N1 5551.4(11) 4260.7(4) 6152.6(9)  16.46(16)
c8 8059.7(12) 3524.4(5) 7948.2(11)  18.02(19)
C14 4970.1(13) 3252.8(4) 9181.8(11)  17.33(19)
2 6590.4(13) 2623.4(4) 5288.2(11)  18.18(19)
c13 4031.8(13) 3175.0(4) 7994.4(11)  17.91(19)
c9 8036.1(13) 4048.5(5) 8122.2(12)  18.87(19)
€25 9304.8(13) 3926.0(5) 3061.0(12)  19.7(2)
C24 9943.6(13) 4401.9(5) 3063.5(11)  18.13(19)
c21 7194.6(12) 4249.1(4) 4055(1) 14.89(17)
c11 3848.6(13) 4007.9(4) 8633.4(11)  17.18(18)
c1 7314.6(12) 2779.5(4) 6481.9(11)  16.67(18)
3 6400.9(14) 2118.6(5) 5004.7(12)  20.3(2)
€26 7939.7(13) 3849.3(4) 3543.5(11)  17.80(19)
6 7843.6(13) 2410.4(4) 7371.6(12)  19.6(2)
c7 7495.2(12) 3320.3(4) 6734.0(11)  16.12(18)
c12 3378.2(13) 3640.3(5) 7633.9(11)  18.13(19)
€22 7835.4(13) 4723.1(4) 4104.3(11)  18.74(19)
€23 9188.7(13) 4795.0(5) 3598.2(12)  19.9(2)
c4 6917.3(14) 1756.2(5) 5908.4(13)  22.8(2)
15 4785.7(13) 3763.0(4) 9595.0(11)  16.87(19)
C19 5762.0(16) 2850.8(5) 9975.9(14)  27.5(3)
C16 3324.2(16) 4539.3(5) 8683.6(14)  26.9(3)
5 7641.5(15) 1904.0(5) 7091.0(13)  22.7(2)
€20 5417.2(16) 3979.7(6) 10863.7(12)  25.9(2)
c27 11389.2(14) 4490.2(5) 2486.6(14)  24.8(2)
C18 3765.0(16) 2689.9(5) 7291.3(14)  27.7(3)
c17 2290.7(15) 3741.3(6) 6487.9(14)  27.3(3)
10 8575.6(16) 4286.7(6) 9396.5(13)  27.0(3)

Table 7: Anisotropic Displacement Parameters (x10%) RJH-II-091. The anisotropic displacement factor exponent
takes the form: -222[h2a*2 x U1+ ... +2hka* x b* x Uiz]

Atom U1 Uz2 Uss Uzs Uiz Uiz
Rh1 12.71(4) 13.41(4) 10.83(4) 0.33(2) 1.72(2) -0.82(2)
S1 15.22(11) 15.91(11) 11.99(10) 0.79(8) 0.72(8) 0.81(9)
02 20.4(4) 18.7(4) 17.7(4) -2.1(3) 1.0(3) -2.8(3)
01 19.0(4) 22.0(4) 17.4(4) 3.1(3) -1.8(3) 4.7(3)
N1 22.7(4) 15.3(4) 11.6(4) 0.7(3) 3.0(3) 1.0(3)
C8 12.9(4) 22.2(5) 18.9(5) 1.7(4) 1.2(3) -0.1(4)
C14 18.6(5) 17.7(4) 16.4(4) 3.3(3) 5.8(4) 0.0(4)
C2 18.7(5) 18.0(5) 18.5(5) 0.6(4) 5.6(4) 1.2(4)
C13 17.0(4) 18.7(5) 19.0(5) -3.1(4) 6.9(4) -4.5(4)
Cc9 15.9(4) 21.3(5) 19.4(5) 0.2(4) 1.7(4) -3.5(4)
C25 20.2(5) 20.2(5) 19.1(5) -0.1(4) 4.0(4) 2.5(4)
C24 15.2(4) 22.2(5) 16.7(5) 1.0(4) -0.1(3) 0.1(4)
C21 16.0(4) 16.7(4) 11.8(4) 1.6(3) 0.2(3) 1.1(3)
C11 16.9(4) 18.7(5) 16.5(4) 0.3(4) 4.8(4) 0.5(4)
C1 15.8(4) 16.5(4) 18.4(5) 1.7(3) 5.8(4) 1.7(4)
C3 20.0(5) 20.0(5) 21.9(5) -1.5(4) 7.1(4) -0.4(4)
C26 19.9(5) 16.4(4) 17.5(5) 0.7(3) 3.8(4) 1.0(4)
Cé6 19.2(5) 19.4(5) 20.7(5) 2.9(4) 4.5(4) 3.3(4)
Cc7 15.1(4) 17.4(4) 16.2(4) 1.6(3) 3.3(3) 1.1(4)
C12 14.3(4) 24.5(5) 15.8(5) -0.7(4) 3.1(3) -1.8(4)
C22 19.5(5) 18.0(5) 18.9(5) -0.4(4) 2.3(4) 0.4(4)
Cc23 19.2(5) 18.7(5) 21.9(5) -0.5(4) 1.8(4) -2.3(4)
C4 23.5(5) 16.4(5) 30.0(6) 0.0(4) 10.7(5) 1.0(4)
C15 18.5(5) 19.9(5) 12.7(4) -0.4(3) 4.3(3) -2.9(4)

C19 29.6(6) 27.3(6) 27.0(6) 12.9(5) 10.3(5) 6.4(5)



Atom U1 Uz2 Uss Uzs Uiz Uiz
C16 28.1(6) 22.1(6) 31.4(6) 0.7(5) 8.6(5) 7.1(5)
C5 24.0(5) 18.3(5) 26.8(6) 5.0(4) 8.0(4) 4.9(4)
C20 30.0(6) 32.4(6) 15.3(5) -2.9(4) 2.7(4) -6.6(5)
Cc27 17.0(5) 29.4(6) 28.4(6) -1.3(5) 4.1(4) -3.1(4)
C18 28.5(6) 23.8(6) 32.8(7) -10.8(5) 14.0(5) -10.8(5)
C17 16.7(5) 44.3(8) 20.3(6) 0.9(5) -2.5(4) -1.0(5)
C10 24.8(6) 32.8(7) 22.8(6) -5.1(5) -1.3(4) -8.8(5)
Table 8: Bond Lengths in A for RJH-11-091.

Atom Atom Length/f\ Atom Atom Length/f\

Rh1 N1 2.1165(9) C13 C12 1.4139(17)

Rh1 C8 2.1290(11) C13 C18 1.4939(17)

Rh1 C14 2.1798(11) C9 C10 1.5006(17)

Rh1 C13 2.2390(11) C25 C24 1.3978(17)

Rh1 Cc9 2.2041(12) C25 C26 1.3897(17)

Rh1 C11 2.2012(11) C24 C23 1.3931(17)

Rh1 Cc7 2.2128(11) C24 C27 1.5052(17)

Rh1 C12 2.2074(11) C21 C26 1.3919(16)

Rh1 C15 2.2193(11) C21 C22 1.3932(16)

S1 02 1.4480(9) C11 C12 1.4590(16)

S1 01 1.4528(9) C11 C15 1.4094(17)

S1 N1 1.5693(9) C11 C16 1.5002(17)

S1 C21 1.7812(11) C1 C6 1.4020(16)

C8 Cc9 1.4126(17) C1 Cc7 1.4750(16)

C8 Cc7 1.4172(16) C3 C4 1.3952(18)

C14 C13 1.4428(17) Cé C5 1.3926(18)

C14 C15 1.4420(16) C12 C17 1.4958(18)

C14 C19 1.4958(17) C22 Cc23 1.3887(17)

C2 C1 1.4052(16) C4 C5 1.3892(19)

C2 C3 1.3878(17) C15 C20 1.4957(17)

Table 9: Bond Angles in ° for RJH-11-091.

Atom Atom Atom Angle/* Atom Atom Atom Angle/*
N1 Rh1 C8 107.70(4) C14 Rh1 C15 38.26(4)
N1 Rh1 C14 153.85(4) Cc9 Rh1 C13 152.41(5)
N1 Rh1 C13 120.90(4) (0] Rh1 Cc7 67.01(4)
N1 Rh1 Cc9 86.29(4) (0] Rh1 C12 161.96(5)
N1 Rh1 C11 94.33(4) Cc9 Rh1 C15 105.26(4)
N1 Rh1 Cc7 91.44(4) C11 Rh1 C13 63.33(4)
N1 Rh1 C12 90.79(4) C11 Rh1 C9 123.80(4)
N1 Rh1 C15 128.07(4) C11 Rh1 Cc7 168.02(4)
C8 Rh1 C14 98.29(4) C11 Rh1 C12 38.65(4)
C8 Rh1 C13 119.87(4) C11 Rh1 C15 37.18(4)
C8 Rh1 Cc9 38.00(5) C7 Rh1 C13 104.72(4)
C8 Rh1 C11 147.28(4) C7 Rh1 C15 140.01(4)
C8 Rh1 Cc7 38.04(4) C12 Rh1 C13 37.07(4)
C8 Rh1 C12 156.93(5) C12 Rh1 Cc7 130.92(4)
C8 Rh1 C15 111.89(4) C12 Rh1 C15 63.10(4)
C14 Rh1 C13 38.09(4) C15 Rh1 C13 63.17(4)
C14 Rh1 Cc9 117.09(4) 02 S1 01 116.93(5)
C14 Rh1 C11 63.60(4) 02 S1 N1 110.00(5)
C14 Rh1 Cc7 107.91(4) 02 S1 C21 105.80(5)
C14 Rh1 C12 63.31(4) 01 S1 N1 110.92(5)



Atom Atom Atom Angle/*
01 S1 C21 103.90(5)
N1 S1 C21 108.73(5)
S1 N1 Rh1 130.54(6)
Cc9 C8 Rh1 73.88(7)
Cc9 C8 Cc7 119.00(10)
Cc7 C8 Rh1 74.19(6)
C13 C14 Rh1 73.18(6)
C13 C14 C19 125.43(11)
C15 C14 Rh1 72.36(6)
C15 C14 C13 108.09(10)
C15 C14 C19 125.51(11)
C19 C14 Rh1 129.06(8)
C3 C2 C1 120.83(11)
C14 C13 Rh1 68.73(6)
C14 C13 C18 126.45(12)
C12 C13 Rh1 70.25(6)
C12 C13 C14 107.42(10)
C12 C13 C18 126.11(12)
C18 C13 Rh1 127.49(8)
C8 Cc9 Rh1 68.11(6)
C8 Cc9 C10 121.59(11)
C10 Cc9 Rh1 123.77(9)
C26 C25 C24 121.10(11)
C25 C24 Cc27 121.19(11)
Cc23 C24 C25 117.94(11)
Cc23 C24 Cc27 120.86(11)
C26 C21 S1 121.92(9)
C26 C21 C22 119.77(10)
C22 C21 S1 118.30(8)
C12 C11 Rh1 70.91(6)
C12 C11 C16 125.94(11)
C15 C11 Rh1 72.11(6)
C15 C11 C12 107.70(10)
C15 C11 C16 126.17(11)
Cl16 C11 Rh1 126.38(8)
C2 C1 Cc7 118.76(10)
Cé6 C1 C2 117.99(11)
Cé6 C1 Cc7 123.24(11)
C2 C3 C4 120.42(12)
C25 C26 C21 119.95(11)
C5 Cé6 C1 121.13(12)
C8 Cc7 Rh1 67.77(6)
C8 Cc7 C1 123.93(10)
C1 Cc7 Rh1 120.24(7)
C13 C12 Rh1 72.68(7)
C13 C12 C11 108.46(10)
C13 C12 C17 126.83(11)
C11 C12 Rh1 70.44(6)
C11 C12 C17 124.55(11)
C17 C12 Rh1 126.36(9)
Cc23 C22 C21 119.52(11)
C22 Cc23 C24 121.66(11)
C5 C4 C3 119.50(11)
C14 C15 Rh1 69.39(6)
C14 C15 C20 125.27(11)
C11 C15 Rh1 70.71(6)
C11 C15 C14 108.12(10)
C11 C15 C20 126.53(11)

Atom Atom Atom Angle/*
C20 C15 Rh1 128.15(8)
C4 C5 Cé6 120.12(11)



Table 10: Hydrogen Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A2x103) for RJH-II-091. Ue, is defined as 1/3 of the trace of the orthogonalised Uj;.

Atom X y Z Ueq
H2 6225.95 2866.38 4667.49 22
H25 9812.35 3650.46 2723.82 24
H3 5916.51 2019.12 4190.09 24
H26 7515.48 3524.2 3524.29 21
H6 8348.64 2507.32 8179.73 24
H22 7350.06 4995.11 4481.35 22
H23 9610.28 5120.48 3617.08 24
H4 6774.79 1410.97 5716.54 27
H19A 6085.09 2589.86 9394.06 41
H19B 5094.92 2705.08 10573.62 41
H19C 6624.87 2994.23 10480.08 41
H16A 3835.16 4708.35 9438.67 40
H16B 2256.94 4543.59 8763.31 40
H16C 3537.77 4713.08 7881.66 40
H5 7999.53 1659.19 7709.41 27
H20A 6360.36 3816.23 11131.62 39
H20B 4726.93 3925.31 11532.15 39
H20C 5578.09 4339.47 10758.38 39
H27A 12076.92 4218.58 2747.66 37
H27B 11809.3 4809.74 2804.19 37
H27C 11222.74 4499.61 1532.36 37
H18A 3600.67 2752.75 6350.86 42
H18B 2891.99 2526.72 7596.79 42
H18C 4627.16 2472.07 7464.91 42
H17A 2423.84 4083.68 6177.47 41
H17B 1284.69 3702 6749.21 41
H17C 2450.99 3504.38 5786.27 41
H10A 7942.9 4572.24 9566.54 40
H10B 9594.17 4402.16 9353.58 40
H10C 8542.01 4041.3 10101.69 40
H8 8250(18) 3299(5) 8720(10) 18(4)
H7 7628(18) 3521(5) 5936(10) 19(3)
H9 8144(18) 4267(5) 7351(10) 19(3)
H1 5580(30) 4614(2) 6370(20) 55(7)
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PLATON/CHECK-( 70414) versus check.def version of 310314 for Entry: rjh-ii-0

Data: RJH-II-091.cif - Type: CIF Bond Precision C-C = 0.0017 A

Refl: RJH-II-091.fcf - Type: LISTG6 Temp = 102 K

X-Ray Nref/Npar = 36.8

Cell 9.08450(13) 26.7256(4)10.28003(15) 90 94.9110(13) 90

Wavelength 0.71073 Volume Reported 2486.71(6) Calculated 2486.71(6)
SpaceGroup from Symmetry P 21/n Hall: -P 2yn monoclinic
Reported P 1 21/n 1 -P 2yn monoclinic

MoietyFormula C27 H34 N 02 Rh S
Reported C27 H34 N 02 Rh S
SumFormula C27 H34 N 02 Rh S
Reported C27 H34 N 02 Rh S

H= o S S K S S S S S S S S HE S S S S S S R S S S S S T

Mr = 539.53[Calc], 539.52 [Rep]
Dx,gcm-3 = 1.441[Calc], 1. 441[Rep]
Z = 4[Calc], 4 [Rep]
Mu (mm-1) = 0.794[Calc], 0.794 [Rep]
F000 = 1120.0[Calc], 1120.0[Rep] or FO0O0' = 1116.37[Calc]
Reported T Limits: Tmin=0.736 Tmax=1.000 AbsCorr=GAUSSIAN
Calculated T Limits: Tmin=0.867 Tmin'=0.820 Tmax=0.961
Reported Hmax= 14, Kmax= 43, Lmax= 16, Nref= 11459 , Th(max)= 35.630
Obs in FCF Hmax= 14, Kmax= 43, Lmax= 16, Nref= 11459[ 11459], Th(max)= 35.630
Calculated Hmax= 14, Kmax= 43, Lmax= 16, Nref= 11463 , Ratio = 1.000
Reported Rho (min) = -0.35, Rho(max) = 0.93 e/Ang**3 (From CIF)
w=1/[sigma**2 (Fo**2)+ (0.0316P)**2+ 0.7328P], P=(Fo**2+2*Fc**2)/3
R= 0.0267( 9921), wR2= 0.0636( 11459), S = 1.791 (From FCF data only)
R= 0.0269( 9946), wR2= 0.0689( 11459), S = 1.035, Npar= 311
For Documentation: http://http://www.platonsoft.nl/CIF-VALIDATION.pdf
#
#
>>> The Following Improvement and Query ALERTS were generated - (Acta-Mode) <<<
#
Format: alert-number ALERT alert-type alert-level text
#
094 ALERT 2 C Ratio of Maximum / Minimum Residual Density .... 2.68 Why ?
#
002 ALERT 2 G Number of Distance or Angle Restraints on AtSite 8 Note
008 ALERT 5 G No iucr refine reflections details in the CIF Please Do !
164 ALERT 4 G Nr. of Refined C-H H-Atoms in Heavy-Atom Struct. 3 Note
760 ALERT 1 G CIF Contains no Torsion Angles ................. ? Info
795 ALERT 4 G C-Atom in CIF Coordinate List out of Sequence .. C2 Note
796 ALERT 4 G O-Atom in CIF Coordinate List out of Sequence .. 01 Note
802 ALERT 4 G CIF Input Record(s) with more than 80 Characters ! Info
860 ALERT 3 G Number of Least-Squares Restraints ............. 4 Note
910 ALERT 3 G Missing # of FCF Reflections Below Th(Min) ..... 1 Why ?
912 ALERT 4 G Missing # of FCF Reflections Above STh/L= 0.600 4 Note
961 ALERT 5 G Dataset Contains no Negative Intensities ....... Please Check

#

ALERT Level and ALERT Type Summary

2 ALERT Level A = Most Likely a Serious Problem - Resolve or Explain

2 ALERT Level B = A Potentially Serious Problem - Consider Carefully

1 ALERT Level C = Check. Ensure it is Not caused by an Omission or Oversight
11 ALERT Level G = General Info/Check that it is not Something Unexpected

4 ALERT Type 1 CIF Construction/Syntax Error, Inconsistent or Missing Data.



ALERT Type 2
ALERT Type 3
ALERT Type 4
ALERT Type 5

Indicator that the Structure Model may be Wrong or Deficient.
Indicator that the Structure Quality may be Low.

Improvement, Methodology, Query or Suggestion.

Informative Message, Check.

Missing Experimental Info Issue(s) (Out of 054 Tests) - 98 % Satisfied
Experimental Data Related Issue(s) (Out of 28 Tests) - 100 % Satisfied
Structural Model Related Issue(s) (Out of 117 Tests) - 96 % Satisfied
0 Unresolved or to be Checked Issue(s) (Out of 223 Tests) - 96 $ Satisfied
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