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Abstract 

Kinetic Studies of Rhodium(III)-Catalyzed Allylic C-H Amination of Disubstituted Olefins 

By Daniel Cristian Salgueiro 

Allylic substitution reactions have been a powerful tool used by synthetic chemists since the 1960s 

and 1970s. Traditional allylic substitution reactions have required pre-functionalized olefins and 

stoichiometric equivalents of transition metals to generate the desired product. The Blakey lab has 

recently developed methodology for the rhodium (III)-catalyzed allylic C-H amination of 1,2-

disubstituted alkenes that is tolerant of a broad array of amine nucleophiles and aryl, alkyl alkenes. 

However, the complete mechanism of this transformation remains unknown. We have performed 

kinetics studies on the allylic C-H amination of 1,3-diphenyl propene with benzyl carbamate as 

the nucleophile and have determined that this reaction proceeds in an overall pseudo-zero order 

fashion and that the reaction exhibits first order dependence on both rhodium and alkene, and is 

inhibited by the amine nucleophile. Based on kinetic studies, stoichiometric reactions with 

rhodium π-allyl complexes, and collaborations with computational chemists we propose that the 

reaction requires both an oxidant and a carboxylate source, and that it may proceed through a 

RhII/RhIV catalytic cycle.  
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Introduction 

Allylic substitution reactions have been a widely used way of introducing complexity and 

additional functionality into simple, feedstock olefins since Tsuji and Trost pioneered this 

chemistry in the late 1960s and 1970s.1 Traditionally, these reactions have required a transition 

metal catalyst and olefins with an allylic leaving group to generate a π-allyl intermediate, which 

can then be intercepted by a broad array of nucleophiles allowing for the formation of C–C, C–N, 

and C–O bonds in the allylic position.1 More recently, π-allyl intermediates have been generated 

from alkynes or otherwise pre-oxidized olefins (Figure 1).2,3 Although this chemistry is quite 

robust, it is not an atom economical process due to the generation of a stoichiometric byproduct. 

Contemporary researchers have aimed to improve upon the Tsuji-Trost chemistry by setting out to 

accomplish the same transformations via metal-catalyzed C–H functionalization.  

Figure 1. Historical approaches for allylic functionalization via the generation of metal π-allyl 

intermediates 

As synthetic chemists interested in methodology, we aim to develop the ideal reaction. 

While previous methodologies required the use of leaving groups or otherwise pre-oxidized 

olefins, this work and future work strives to improve the state of C-H functionalization to make 

large scale industrial reactions greener and less wasteful. There are a number of natural products 

in which the synthetic route involves an allylic substitution reaction, and generating the pre-

oxidized olefins needed for older methodologies adds more steps to the reaction, making it less 

efficient and more expensive to replicate.4,5 Circumventing these unnecessary steps via C-H 
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functionalization will allow for cheaper and more efficient synthesis of many natural products and 

relevant pharmaceuticals, which could drive down their cost and make lifesaving drugs more 

available to those who need them.   

Early attempts at allylic C–H functionalization of unactivated olefins required the use of 

stoichiometric amounts of palladium to generate a palladium π-allyl intermediate, via a syn-

hydride transfer, which can then react with the desired nucleophile.6 Initially, the effectiveness of 

catalytic C–H functionalization on these systems was limited because reaction conditions needed 

to support both the electrophilic C–H cleavage and oxidation of Pd0 necessary to drive the Pd 

catalyst back into the catalytic cycle. The White group has been able to overcome this challenge 

by using catalytic amounts of palladium with a bidentate bissulfoxide ligand and stoichiometric 

benzoquinone as an oxidant (Figure 2).7 With this methodology in place, the White group used 

acetates, malonate type nucleophiles, and electron deficient amine nucleophiles to efficiently 

construct C–C, C–N, and C–O bonds from terminal olefins.8-10 The amination methodology is 

effective for C–H functionalization both intramolecularly and intermolecularly, however the 

reactions require the use of either tosyl-carbamates or triflyl amines as the nucleophile, the reaction 

is limited to terminal olefins, and the products of the reaction are difficult to deprotect to generate 

the free amine.  
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Figure 2. Precedence for allylic C–H functionalization of terminal olefins 

The Cossy group has expanded on this transformation with the use of a rhodium(III)-

pentamethylcyclopentadienyl complex to catalyze the C–H functionalization, which allows for the 

modification of the nucleophile for amination (Figure 3).11 Additionally, this reaction was tolerant 

of both terminal and internal olefins. Unlike previously developed methodology, this 

transformation is tolerant of alkyl amines bearing only one electron withdrawing group and allows 

for C–H amination of both terminal olefins and1,2-disubstituted olefins. While this methodology 

does allow for the use of singly-protected amine nucleophiles, it is limited to intramolecular 

amination.  
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Figure 3. Allylic C–H Functionalizations of internal olefins with Rh(III)Cp* on ω-unsaturated N-

sulfonylamines 

 The development of the electron deficient CpE ligand by the Tanaka group enabled the 

isolation of the postulated rhodium π-allyl complex (Figure 4).12-14 The Tanaka group then 

subjected these isolated π-allyl complexes to the reaction conditions reported by Cossy and 

generated the desired aminated product (Figure 4a), further supporting that this transformation 

proceeds via a π-allyl intermediate. Surprisingly, the formation of the new C–N bond occurs only 

in the presence of the Cu(OAc)2. Interestingly, the rhodium π-allyl complexes generated from 

trans-2-octene favored the formation of an internal π-allyl complex as the major regioisomer. This 

result supports the idea that the reactivity of rhodium catalysts can be tuned to functionalize both 

terminal and internal olefins. These results support that rhodium cyclopentadienyl complexes may 
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be proficient catalysts for the intermolecular functionalization of allylic C–H bonds on 1,2-

disubstituted olefins. 

 

Figure 4.  Generation and reactivity of  rhodium π-allyl complexes 

To this end, the Blakey group has recently developed methodology for a rhodium(III)-

catalyzed intermolecular allylic C–H amination of 1,2-disubstituted olefins.15 This system tolerates 

a variety of aryl alkenes and a broad range of amine nucleophiles bearing only one electron-

withdrawing group. Preliminary mechanistic investigations of this transformation reveal that the 

C–H cleavage step is irreversible while C–N bond may be reversible. However, the complete 

mechanism of this transformation is unknown, therefore probing the mechanism may provide 

insight for the development of new allylic C–H functionalization reactions. 

 Two mechanisms for the transition metal catalyzed allylic C–H amination have been 

proposed: innersphere and outersphere.9  An outer sphere mechanism would involve the formation 

of a rhodium π-allyl intermediate, which could then be subjected to nucleophilic attack, which 

would form the desired bond in the allylic position, regenerate the alkene, and the metal would 

subsequently dissociate from the aminated product. The second possibility is an inner sphere 
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mechanism like the one proposed by Cossy.11 In this mechanism, after formation of the π-allyl 

species, the amine nucleophile would coordinate to the metal center, and a reductive elimination 

would then occur to afford the desired product. 

 

Figure 5.  Representation of inner sphere and outer sphere pathways for allylic C–H amination. 

Current efforts in the Blakey lab aim to move beyond allylic C–H amination, and methods 

have been developed to use these conditions to form C–O and C–C bonds as well. Understanding 

the mechanism of this transformation could allow for expansion of this chemistry into systems that 

are more difficult to access: selective functionalization of alkyl, alkyl alkenes, more highly 

substituted olefins, alkenes alpha to heteroatoms, and cyclic alkenes. Kinetic analysis of a reaction 

can provide extensive, indirect information on kinetically relevant intermediates, the nature of the 

catalytic resting state, and the molecules and intermediates involved in the rate determining step.16 

Herein, we report the ongoing kinetic analysis of the rhodium catalyzed allylic C–H amination of 

1,3-diphenyl propene with benzyl carbamate. 
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Results and Discussion 

Kinetics 

Scheme 1. Allylic C–H Amination with p-toluenesulfonamide  

 

 Because optimization studies identified 1,3-diphenyl propene and p-toluenesulfonamide 

(TsNH2) as the combination of substrates that generated the highest yield for the reaction (Scheme 

1), initial kinetic analysis focused on these starting materials. Additionally, utilizing an achiral 

nucleophile and an olefin that generates a symmetric π-allyl complex removes the extra 

complications of having to account for the formation of diastereomers and regioisomers. However, 

due to issues to the insolubility of TsNH2 in DCE and complications with the work up of GC 

samples, interpreting kinetic data is difficult. 

Scheme 2. Allylic C–H Amination with benzyl carbamate 
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Figure 6. A representative plot of product formation over time with benzyl carbamate as the 

nucleophile 

Switiching to the more soluble benzyl carbamate (CbzNH2), provided more straight 

forward kinetic data. In an initial experiment, a solution of 1 (0.2 M), 2 (0.5 M), AgOAc (0.42 M), 

AgBF4 (0.024 M), and [RhCp*Cl2]2 (0.006 M) in DCE at 60°Cwas monitored periodically by 

HPLC. A plot of 3 versus time was linear to greater than three half-lives with a pseudo zero order 

rate constant of 4.2 + 0.2 x 10-6 M/s (Table S2, Entry 4). From the graph in Figure 6 it is clear that 

the rate of product formation does not change over the course of the reaction, therefore the reaction 

proceeds in an overall pseudo-zero order manner.  

Having established the overall pseudo zero order formation of product 3 over time, we set 

out to probe the order in each of the individual reactants. To accomplish this, the initial 

concentrations of reactants were varied to see their effect on the overall rate of the reaction. To 

determine the rate dependence on rhodium, pseudo-zero-order  rate constants for the appearance 

of 3 as a function of [[RhCp*Cl2]2] from  0 to 0.008 M (Figure 7). A plot of the observed rate 

versus [[RhCp*Cl2]2] was linear, which established first order dependence of the rate of amination 
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of 1 with 2 on catalyst concentration with a pseudo-first-order rate constant of k1=7.9 + 0.8 x 10-4 

s-1 

 

Figure 7. Catalyst concentration dependence of the rate of the amination of 1 (0.2 M) with 2 (0.5 

M), AgOAc (0.42 M), AgBF4 (0.024 M) catalyzed by [RhCp*Cl2]2 (0-0.008 M) in DCE at 60°C. 

 To determine the rate dependence on olefin concentration, the rates were determined as a 

function of [1] from 0 to 0.5 M. A plot of the observed rate versus [1] was linear (Figure 8), which 

established the first-order dependence of the rate of amination of 1 with 2 on olefin 1 concentration 

with a pseudo-first-order rate constant of k1=1.60 + 0.04 x 10-5 s-1.  

 

Figure 8. [1] dependence of the rate of the amination of 1 (0-0.5 M) with 2 (0.5 M), AgOAc 

(0.42 M), and AgBF4 (0.024 M), catalyzed by [RhCp*Cl2]2 (0.006 M) in DCE at 60°C global rate 

of the reaction plotted as a function of initial concentration of olefin 1 

7 b) 7 a) 

8 a) 8 b) 
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 To determine the rate dependence on amine concentration, the observed rates were 

determined as a function of [2] from 0.25 to 1.0 M (Figure 9). A plot of the observed rate versus 

[2] had an overall downward trend, meaning that amine 2 inhibits the formation of product 3. 

This inhibition of product formation may stem from the ability of 2 to coordinate to the rhodium 

center and bring it into an off-cycle resting state. 

 Figure 9. [2] dependence of the rate of the amination of 1 (0.2 M) with 2 (0.25-1.0 M), AgOAc 

(0.42 M), and AgBF4 (0.024 M), catalyzed by [RhCp*Cl2]2 (0.002 M) in DCE at 60°C global rate 

of the reaction plotted as a function of initial concentration of amine 2. 

 Reactions carried out with varying concentrations of silver tetrafluoroborate suggest that 

this silver salt is necessary for abstracting the halides from rhodium to generate an active catalyst, 

but adding more equivalents does not increase the global rate of the reaction, signifying a zero 

order dependence The addition of 50 mol% of the aminated product to a reaction under standard 

conditions revealed that there is no significant rate inhibition caused by the product.  Additionally, 

the lack of change in reaction rate shows that the catalyst does not decompose over time.  

Oxidant Screening 

 Attempts to determine the reaction order with respect to oxidant have been unsuccessful 

thus far as we have found no oxidant that is both soluble and competent under reaction conditions. 

Metal carboxylate oxidants, have proven to be competent oxidants in this system, but are relatively 

9 a) 9 b) 9 a) 
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insoluble in 1,2-dichloroethane. The benzoin derivatives in the top row of figure 8 as well as the 

hypervalent iodine oxidants shown in the bottom row were soluble in 1,2-dichlorethane but were 

incompetent oxidants under reaction conditions (Table S6).  

 

Figure 10. Oxidants tested for solubility and viability under reaction conditions 

Controls (Role of Carboxylates) 

 Additionally, several reactions were run to assess the viability of this reaction with 

monomeric rhodium catalysts without metal carboxylate sources. Reactions run with benzoyl 

peroxide as the oxidant did generate a low yield of the desired amination product but led to 

decomposition of the olefin at a much faster rate. The use of diisopropylethylamine (DIPEA) in 

all cases shut down reactivity, possibly due to the ability of DIPEA to competitively bind to 

rhodium. Silver tetrafluoroborate proved to be unable to oxidize, even in the presence of catalytic 

amounts of carboxylate. These results in combination with the results from the oxidant screen 

suggest that a superstoichiometric equivalent of carboxylate is necessary in order to turn over the 

reaction, and that catalytic amounts of carboxylate are not sufficient to achieve the same effect. 
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Catalyst Oxidant Additive Result 

RhCp*(OAc)2
a AgBF4

b None No desired product 

RhCp*(OAc)2
a (BzO)2

c None Olefin decomposition 

RhCp*(OAc)2
a (BzO)2

c DIPEAd, AgBF4
e No desired product 

RhCp*(OAc)2
a AgOAc AgBF4

e 5.4 + 0.1 x10-6 (mol/s) product 

formation 

[RhCp*(MeCN)3]SbF6
a AgBF4

b None Trace product 

[RhCp*(MeCN)3]SbF6
a AgBF4

b DIPEAd No desired product 

[RhCp*(MeCN)3]SbF6
a (BzO)2

c None Olefin decomposition 

[RhCp*(MeCN)3]SbF6
a (BzO)2

c AgBF4
e Olefin decomposition 

Table 1. Reaction screen with monomeric rhodium pre-catalysts. [1]=0.2 M, [2]=0.5 M, in DCE 

at 60°C. a[Rhodium]=0.012 M. b[AgBF4]=0.42 M. c[(BzO)2]=0.22 M. d[DIPEA]=0.42M. 

e[AgBF4]=0.024 M  

Stoichiometric π-allyl Complex Reactions17 

 To elucidate more information on the mechanism of this transformation, RhCp* π-allyl 

complex 4 (Figure 11) was synthesized and subjected to various reaction conditions (Table 2). In 

the presence of nucleophile 2 without any additional additives, only the complex 5 was recovered. 

In the presence of a stoichiometric equivalent of oxidant we see consumption of the starting 

complex and formation of the aminated product 6 in less than 10% yield. Increasing the equivalents 

of the oxidant leads to further consumption of complex 4 with less than 10% yield of product 6.  

In the presence of a stoichiometric carboxylate source we see consumption of complex 4, but no 

formation of the desired product. Only in the presence of both an oxidant and a carboxylate source 

is the significant formation of product 6 observed. These results suggest that both an oxidant and 

a carboxylate source are necessary to drive the reaction. 
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Figure 11. Stoichiometric amination of Rh π-allyl complex 4 

Oxidant (equiv) CsOAc Yield 5a Yield 6a 

-- -- 92% 0% 

AgSF6 (1 equiv) -- 26% 7% 

AgSF6 (2 equiv) -- 0% 7% 

-- 1 (equiv) 30% 0% 

AgSF6 (2 equiv) 1 (equiv) 0% 29% 

Table 2. Reactions with isolated Rh π-allyl complex 4. aIsolated yields 

Computational Studies18 

 Collaborations with computational chemists suggest two possible pathways for the allylic 

C–H amination of alkene 1. The first pathway (Figure 12) suggests that concerted metalation 

deprotonation is the rate limiting step followed two steps later by a single electron oxidation to 

afford a RhIV species. This oxidation is subsequently followed by a reductive elimination to 

generate the aminated product and a RhII species that is then oxidized back to RhIII. The second 

pathway (Figure 13) suggests that, unlike the first pathway, the reductive elimination step is rate 

limiting. Additionally, this pathway cycles between RhIII and RhI oxidation states. According to 

the computational data, the first pathway is more kinetically accessible, and is the operative 

pathway at low temperatures (~40-60°). At elevated temperatures (~80°C or higher) both reaction 

pathways may be accessible. In both cases, AgI is responsible for promoting the regeneration of 

the active rhodium catalyst. 



14 
 

 

 

Figure 12. Computational studies depicting one possible pathway for the RhII/RhIV catalyzed 

allylic C–H amination of alkene 1. Computations were run with the following basis set: B3LYP-

D3/cc-pVTZ(-f)/LACV3P**//B3LYP-D3/6-31G**/ LACVP** (ε = 9.08). All energies are in 

kcal/mol. 
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Figure 13. Computational studies depicting one possible pathway for the RhI/RhIII catalyzed 

allylic C–H amination of alkene 1. Computations were run with the following basis set: B3LYP-

D3/cc-pVTZ(-f)/LACV3P**//B3LYP-D3/6-31G**/ LACVP** (ε = 9.08). All energies are in 

kcal/mol. 

 

With the information gathered from our kinetic studies, we propose the mechanism shown 

in Scheme 3. The mechanism begins silver tetrafluoroborate abstracting the chlorides from the 

rhodium pre-catalyst dimer, followed by the coordination of acetate and benzyl carbamate. At this 

point, benzyl carbamate must dissociate from the rhodium center in order to allow 1,3-diphenyl 

propene to coordinate. This step is consistent with the inhibition of the rate of formation of product 

3. This step is followed by rate limiting C–H cleavage to generate the rhodium π-allyl intermediate, 

ongoing collaborations with computational chemists suggest. Preliminary computational analysis 
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supports the coordination of benzyl carbamate to rhodium, followed by oxidation and subsequent 

reductive elimination to afford the aminated product and active rhodium catalyst.18 

 

Scheme 3. Proposed reaction mechanism 

 

Consider the catalytic cycle from the off-cycle resting state to the rate determining step 

(Scheme 4): 

Scheme 4. Pre-equilibrium and rate determining step 

 

Because the conversion of B to C is a unimolecular process, the rate of formation of the 

product C is equal to: 
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Rate = 𝑘2[𝐁] 

(Equation 1) 

In order to determine a rate law consistent with experimental and computational data a few 

assumptions must be made. Assuming the first step proceeds much faster than the second step, we 

can use the pre-equilibrium approximation to express [B] in terms of the equilibrium expression 

of the first step. The second assumption we make is that all of the rhodium in solution is taken up 

as either A or B (Equation 3). If k2 is rate determining, this assumption should be valid as all other 

rhodium species should be transient.  

K =  
[𝐁][𝟐]

[𝐀][𝟏]
 

(Equation 2) 

[𝐀] = [Rh]𝑡𝑜𝑡 − [𝐁] 

(Equation 3) 

If equation x is substituted for [A] in the equilibrium expression, and then we subsequently solve for [B] 

we see: 

K =  
[𝐁][𝟐]

([Rh]𝑡𝑜𝑡– [𝐁])[𝟏]
 

                                                                                                                                                      (Equation 4) 

[𝐁] =
K[Rh]tot[𝟏]

K[𝟏]  + [𝟐]
 

(Equation 5) 

 This expression can then be substituted back into the initial rate law to afford the equation below: 

Rate = 𝑘2

K[Rh]tot[𝟏]

K[𝟏]  + [𝟐]
 

(Equation 6) 
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Which can then be rearranged to afford: 

Rate = 𝑘2[Rh]𝑡𝑜𝑡 (
K[𝟏]

K[𝟏] + [𝟐]
)

(Equation 7) 

       If the equilibrium constant K is small, the equilibrium strongly favors the formation of A and 1. As K 

approaches 0, the K[1] factor in the denominator approaches zero and the fraction in parentheses can be 

approximated to 

K[𝟏]

[𝟐]
 

(Equation 8) 

Thus, if K<<1,     

Rate = 𝑘2[Rh]𝑡𝑜𝑡

K[𝟏]

[𝟐]
 

                                                                                                                                                  (Equation 9) 

        This rate expression is consistent the experimental kinetic data as we see a first order dependence on 

[Rh]tot and [1], and a negative order dependence on [2]. At first glance it would appear that this reaction 

proceeds in an overall first order fashion. However, because the concentration of rhodium remains constant 

throughout the reaction, the [Rh]tot term can be treated as a constant. Additionally, under the experimental 

conditions used to monitor the reaction the ratio of 1:2 does not change significantly, causing us to observe 

an overall zero-order reaction that comes from first order dependence on [1] and inverse order dependence 

on [2] 
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Conclusions and Future Directions 

 Although the complete kinetic profile of this reaction is not reported, this project provided 

important insight into the mechanism of this rhodium catalyzed allylic C–H amination of 1,2-

disubstituted olefins. This project concluded that the reaction exhibits an overall pseudo-zero order 

kinetic profile, with first order dependence on both the catalyst and the olefin. Additionally, the 

reaction rate is inhibited by benzyl carbamate. The kinetic dependence on the oxidant has yet to 

be determined as no competent, soluble oxidant has been found yet. 

 This project is currently ongoing and there are two main objectives. The first objective is 

to find a soluble oxidant that is compatible with this system in order to see if there is any kinetic 

dependence on the oxidant. The second objective is to determine the kinetic isotope effect for C–

H bond cleavage. The deuterated substrate of interest has already been synthesized and kinetic 

studies on this substrate will begin shortly.  
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Supplemental Information 

General Information 

Materials: Reagents were purchased from commercial sources (Sigma Aldrich, Oakwood, Alfa 

Aesar, Fluka, and Fischer scientific) and were used as received, without further purification unless 

otherwise stated. DCE was purified via distillation over CaH2, and other anhydrous solvents were 

purified through alumina using a Glass Contours solvent purification system 

Analysis: All 1H NMR spectra were obtained on Varian NMR spectrometer operating at 400MHz 

for 1H and 100 MHz for 13C. 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 µm) manufactured by J&W. Synthesized compounds were 

purified with a Biotage flash column chromatography system with silica gel cartridges 

Material Preparation 

 

 

1,3-diphenyl propene19 (S1) 

 

In a round bottom flask, phenylacetaldehyde (7.2g, 60.0mmol) potassium hydroxide pellets 

(3.6g, 64.0 mmol) and ethanol (200ml) were combined. The mixture was heated to 80°C and 

refluxed overnight. The mixture was concentrated in vacuo, dissolved in water and extracted three 

times with ethyl acetate. The organic layers were combined, washed with brine, dried over sodium 

sulfate, and concentrated in vacuo. The crude mixture was purified via flash chromatography 
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(Hex/EtOAc) to yield a viscous pale yellow liquid.(3.2 g, 55%) ; 1H NMR (400 MHz, CDCl3): δ 

7.38 – 7.19 (m, 10H), 6.46 (d, J = 15.6 Hz, 1H), 6.47 (dt, J = 15.6, 6.8 Hz, 1H), 3.56 (d, J = 6.4 

Hz, 2H)  

 

(E)-4,4'-(Prop-1-ene-1,3-diyl)bis(methoxybenzene)20 (S2) 

 

To a sealed tube was added allyl acetate (200mg, 2.0 mmol), 4-iodoanisole (1.17g, 5.0 

mmol), palladium acetate (45.0mg, 10 mol%), triethylamine (1.6g, 1.16mL, 8.0 mmol), 

tetrabutylammonium chloride (0.834g, 3.0 mmol), and acetonitrile (20mL). The mixture was 

stirred for 12 h at 120°C under an atmosphere of air. After 12 h, the reaction mixture was cooled 

to room temperature, diluted with diethyl ether, and washed with brine. The brine was 

subsequently extracted three times with diethyl ether, the organic layers were combined, dried over 

sodium sulfate, and concentrated in vacuo. The crude mixture was purified via flash 

chromatography To afford a white solid (188 mg,37%)   1H NMR (400 MHz, CDCl3) δ: 7.27 (t, J 

= 7.5 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H), 6.86-6.81 (m, 4H), 6.37 (d, J = 15.8 Hz, 1H), 6.24-6.16 

(m, 1H), 3.78 (s, 6H); 3.46 (d, J = 6.6 Hz, 2H) 

(E)-4,4'-(Prop-1-ene-1,3-diyl)bis(trifluoromethylbenzene)21 (S3) 

 

To a sealed tube was added allyl acetate (200mg, 2.0 mmol), 4-iodobenzotrifluoride (1.36g, 

5.0 mmol), palladium acetate (45.0mg, 10 mol%), triethylamine (1.6g, 1.16mL, 8.0 mmol), 
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tetrabutylammonium chloride (0.834g, 3.0 mmol), and acetonitrile (20mL). The mixture was 

stirred for 12 h at 120°C under an atmosphere of air. After 12 h, the reaction mixture was cooled 

to room temperature, dillulted with diethyl ether, and washed with brine. The brine was 

subsequently extracted three times with diethyl ether, the organic layers were combined, dried over 

sodium sulfate, and concentrated in vacuo. The crude mixture was purified via flash 

chromatography to afford a white solid ( 198 mg, 30%)  1H NMR (400 MHz, CDCl3): δ : 7.51–

7.46 (m, 4H), 7.36 (d, J=8.0 Hz, 2H), 7.27 (d, J= 8.0 Hz, 2H), 6.41 (d, J=16.0 Hz, 1H), 6.38–6.32 

(m, 1H), 3.50 (d, J=6.0 Hz , 2H)11 

 

 

 

 

 

2-Oxo-1,2-diphenylethyl pivalate22 (S4) 

 

To a flame dried flask under an inert atmosphere was added benzoin (0.848g, 4.0 mmol) 

and  pyridine (5.0 mL). To this mixture was added pivaloyl chloride (0.74 mL, 6.0 mmol) 

dropwise. The reaction mixture stirred for 16 h at room temperature under an inert atmosphere.  

After 16 h, the mixture was concentrated in vacuo, and re-dissolved in diethyl ether. The ether 

solution was washed three times each with 1N HCl in water, a saturated sodium bicarbonate 
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solution, and brine. The organic layer was then dried with sodium sulfate and the solvent was 

removed in vacuo to afford a white solid ( 0.912g, 77% yield)  1H NMR (400 MHz, CDCl3) δ : 

7.93-7.96 (2H, m), 7.46-7.54 (3H, m), 7.31-7.43 (5H, m), 7.31-7.43 (5H, m), 6.80 (1H, s), 1.29 

(9H, s) 

 

 

2-Oxo-1,2-diphenylethyl acetate22 (S5) 

 

To a flame dried flask under an inert atmosphere was added benzoin (1.0g, 5.0 mmol) and  

pyridine (12.0 mL). To this mixture was added acetic anhydride (0.70 mL, 2.5 mmol) dropwise. 

The reaction mixture stirred for 16 h at room temperature under an inert atmosphere.  After 16 h, 

the mixture was concentrated in vacuo, and re-dissolved in diethyl ether. The ether solution was 

washed three times each with 1N HCl in water, a saturated sodium bicarbonate solution, and brine. 

The organic layer was then dried with sodium sulfate and the solvent was removed in vacuo and 

the crude mixture was purified via flash chromatography to afford a white solid (  g, 75%yield) 1H 

NMR (400 MHz, CDCl3) δ :7.92-7.96 (2H, m), 7.51-7.55 (1H, m), 7.32-7.42 (5H, m), 6.87 (1H, 

s), 2.21 (3H, s) 

2-(tert-Butoxycarbonyloxy)-1,2-diphenylethanone22 (S6) 
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To a solution of benzoin (0.637g, 3.0mmol) and zinc acetate (55.0 mg, 0.3 mmol) in 

dichloromethane (3.0 mL) was added Boc anhydride (0.720g, 0.758mL, 3.3 mmol). The reaction 

mixture was heated to 40°C and was refluxed for 19 h. After 19 h, the reaction mixture was diluted 

with dichloromethane and washed with water three times. The solvent was removed in vacuo and 

the crude mixture was purified via flash chromatography to afford a pale-yellow crystal (814 mg, 

2.61 mmol, 81% yield) 1H NMR (400 MHz, CDCl3) δ : 7.30-7.50 (m, 8 H) 7.92-7.96 (m 2 H,), 

6.70 (s, 1 H), 1.49 (s, 9 H) ppm 

Cp*Rh(OAc)2
23 (S7) 

 

In a nitrogen filled glove box, a [RhCp*Cl2]2 (0.0473g, 0.077mmol) and silver acetate 

(0.0625g, 0.37 mmol) were added to a 7 mL vial. The vial was equipped with a septum cap and 

removed from the box. Dry dichloromethane (1.54 mL) was added via syringe and the reaction 

was left to stir under an inert atmosphere at room temperature for 72 h. The crude reaction mixture 

was filtered through diatomaceous earth and washed with more dichloromethane. The solvent was 

evaporated in vacuo to afford a red-orange solid ( 47.0 mg, 82% yield) H NMR (400MHz, CDCl3) 

1.68 (s, 15H), 1.93 (s, 6H) ppm 

Copper (II) Pivalate (S8)25 

 

To a round bottom flask was added pivalic acid (1.12 g, 11 mmol, sodium hydroxide (0.4 

g, 10 mmol), and 8 mL of deionized water. The mixture stirred at room temperature under an air 
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atmosphere. After 1 h, the mixture was filtered and the filtrate was added to a solution of Cu(NO3)2 

(1.2 g, 5 mmol) in 8 mL of water. The resulting mixture stirred at room temperature for an 

additional hour, after which the mixture was filtered, and the precipitate was washed with 

additional water to afford a blue solid 

Preparation of Deuterated Olefin for Kinetic Isotope Effect Studies 

(E)-1,1-dideutero-3-phenylprop-2-en-1-ol(98.5%D)26 (S9) 

 

In a nitrogen filled glove box lithium aluminum deutride (98%D) (230.7 mg, 5.5 mmol, 0.55 equiv) 

and a stir bar were added to a 50 mL round bottom flask. The flask was subsequently sealed with 

a septum and removed from the glove box. Anhydrous THF (16 mL) was added via syringe, and 

the resulting mixture was cooled to 0°C in a brine/ice bath. Ethyl cinnamate (1.68 mL, 10.0 mmol) 

was added dropwise over the course of 5 minutes while stirring rapidly. The reaction mixture was 

then allowed to stir for an hour. After 1 h, the reaction mixture was re-cooled to 0°C in a brine/ice 

bath and was quenched with the dropwise addition of deionized water (0.24 mL), followed by 1M 

aqueous sodium hydroxide (0.24 mL), and additional deionized water (0.72 mL) while stirring 

rapidly. The quenched mixture was allowed to stir for 30 minutes, after which it was diluted with 

diethyl ether (16 mL) and filtered through a plug of diatomaceous silica, eluting with additional 

diethyl ether. The filtrate was then washed with 1M aqueous hydrochloric acid. The aqueous layer 

was then extracted twice with additional diethyl ether. The combined organic layers were washed 

with brine, dried over sodium sulfate, concentrated in vacuo, and purified via flash 

chromatography to afford a clear oil (610 mg, 4.5 mmol, 45% yield, 98.5%D)  (Hex/Et2O) 1H 
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NMR (400 MHz, CDCl3 ) δ = 7.39 (d, J = 7.6 Hz, 2 H), 7.33 (t, J = 7.6 Hz, 2 H), 7.21 (t, J = 7.6 

Hz, 1 H), 6.63 (d, J = 15.6 Hz, 1 H), 6.37 (d, J = 15.6 Hz, 1 H) ppm 

(E)-(3-bromoprop-1-en-1-yl-3,3-d2)benzene(98.5%D)27 (S10) 

 

S9 (500 mg, 3.67 mmol, 2.0 equiv) and diethyl ether (5.3 mL) were added to a round bottom flask. 

The reaction mixture was cooled to 0°C in a brine/ice bath and PBr3 (0.174 mL, 1.84 mmol, 1.0 

equiv) was added via syringe. The reaction mixture was warmed to room temperature and was 

allowed to stir for an additional 24 h. After 24 h, the reaction was quenched with the addition of a 

saturated aqueous solution of ammonium chloride. The aqueous layer was extracted three times 

with diethyl ether, and the combined organic layers were dried with MgSO4 and concentrated in 

vacuo and purified via flash chromatography to afford a yellow residue (436 mg, 2.54 mmol, 69% 

yield, 98.5% D) ) 1H NMR (400 MHz, CDCl3) δ 7.40-7.24 (m, 5H), 6.64 (d, J=15.6 Hz, 1H), 6.39 

(d, J =15.6 Hz, 1H) ppm 

(E)-(prop-1-ene-1,3-diyl-3,3-d2)dibenzene(98.5%D)28 (S11) 

 

S10 (430 mg, 2.16 mmol, 1 equiv), phenylboronic acid (42 mg, 2.80 mmol, 1.3 equiv), potassium 

fluoride (190 mg, 3.24 mmol, 1.5 equiv), and Toluene:Water (10:1, 6.6 ml) were added to a round 

bottom flask. The resulting mixture stirred at 90°C for 18 h. After 18 h, the reaction mixture was 

treated with 1M hydrochloric acid, and the aqueous layer was extracted three times with 

dichloromethane. The combined organic layers were dried with MgSO4, concentrated in vacuo and 
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the crude mixture was purified via column chromatography to afford a clear oil (210 mg, 1.05 

mmol, 49%, 98.5% D) 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.18 (m, 10H), 6.47 (d, J = 15.8 Hz, 

1H), 6.36 (d, J = 15.8 Hz, 1H) ppm 

  

Kinetic Studies Procedures 

 

In a nitrogen filled glove box a stir bar, benzyl carbamate (194 mg, 1.28 mmol) and silver acetate 

(180 mg, 1.08 mmol) were added to a 7 mL vial. Silver tetrafluoroborate was added to a 4 mL vial 

and the rhodium catalyst was added to a separate 4mL vial. The vials were subsequently fitted with 

septum caps and removed from the glove box. The internal standard, nonane, was added to a 

volumetric flask followed by the addition of distilled 1,2-dichloroethane to create a ~0.1M 

solution. 2.3 mL of the solution was added to the 7mL vial and 1 mL of this solution was added to 

each of the 4mL vials to create stock solutions of silver tetrafluoroborate and the rhodium catalyst. 

0.1mL of neat 1,3-diphenyl propene and 0.1mL from each of the stock solutions were added via 

syringe to the reaction vial, and the vial was placed in a heating block resting on a hot plate set to 

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 μL). 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. Helium was used as 
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the inert carrier gas, with a steady flow of 2.0 mL/min. The optimized temperature ramp began at 

a temperature of 40°C and was raised to a temperature of 300°C at a rate of 10°C/min. The 

temperature of the detector and injector were held at 250°C and 225°C respectively. Under this 

optimized protocol, 1,3-diphenyl propene, benzyl carbamate, and the aminated product eluted at 

t=14.341 min, t=11.367 min, and  t= 22.460 min respectively 

 

Figure S1. GC-FID of 1,3-diphenyl propene 

 

Figure S2. GC-FID of Benzyl Carbamate 

 

Figure S3. GC-FID of aminated product 3 
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Figure S4. GC-FID of the internal standard 

 

Figure S5. GC-FID of a running reaction as described in the kinetics studies procedure 

Calibration of GC response ratios 

To evaluate the relative responses of each component of the reaction, each compound was 

dissolved in ethyl acetate and diluted to several different known concentrations and the slopes of 

the resulting trend lines were compared 
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Substance Slope Response Ratio 

1,3-diphenyl propene 122094 0.786984 

Benzyl Carbamate 80539 1.193037 

Nonane 96086 1 

3 144073 0.666926 

Table S1. Response factors of kinetically relevant species and response factor ratios relative to 

nonane 

 

 

 

 

 

 

 

Kinetics Data 

 

Figure S6. A representative plot of product formation over time under reaction conditions shown 

in Scheme 1. [1]=0.2 M, [TsNH2]= 0.5 M, [AgOAc]= 0.42 M, [AgBF4]=0.008 M, 

[[RhCp*Cl2]2]=0.002 M 
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 In Figure S5, it is difficult to determine the trend in product formation over time and as 

such it is unclear what the overall order of the reaction is. To address these issues, all future 

reactions were run with benzyl carbamate, a significantly more soluble nucleophile and reaction 

samples were filtered through diatomaceous earth instead of silica gel. Employing these changes 

yielded much clearer data, allowing for better interpretation and understanding of the reaction. 

Order in catalyst experiments 

Reaction order in catalyst studies were completed using general kinetics experimental procedure 

except with variations in concentration of [RhCp*Cl2]2. See Figure 7a and 7b in the body 

Experiment [Catalyst] (M) Reaction Rate (mol/s) 

Control (No Catalyst) 0.00 0 

Standard 0.002 1.4 + 0.1x10-06 

2x Catalyst 0.004 2.9 + 0.2 x10-06 

 

3x Catalyst 0.006 4.2 + 0.2 x10-06 

4x Catalyst 0.008 6.5 + 0.2 x10-06 

 Table S2. Global reaction rate dependence on [Rh catalyst] 

 

 

 

Order in olefin experiments 

Reaction order in these studies were completed using general kinetics experimental procedure 

except with variations in concentration of 1,3-diphenyl propene and 3x catalyst loading. See Figure 

7c and 7d in the body 
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Experiment [1,3-diphenyl propene] (M) Reaction Rate (mol/s) 

No Olefin 0.00  0.00 

Standard 0.20 4.3 + 0.1 x10-06 

2x Olefin 0.40 9.5 + 0.2 x10-06 

3x Olefin 0.60 1.19 + 0.03 x10-05 

Table S3. Global reaction rate dependence on [olefin] 

 

Order in nucleophile experiments 

Reaction order in these studies were completed using general kinetics experimental procedure 

except with variations in concentration of benzyl carbamate. See Figure 7e and 7f in the body. 

Experiment [Benzyl carbamate] (M) Reaction Rate (mol/s) 

0.5x Nucleophile 0.25M 1.93 + 0.02 x10-06 

Standard 0.50M 1.40 + 0.05 x10-06 

2.0x Nucleophile 1.00 M 2.5 + 0.3 x10-07 

Table S4. Global reaction rate dependence on [nucleophile] 

Additional reactions were run with variations in the concentration of benzyl carbamate with 3x 

catalyst loading  

Experiment [Benzyl carbamate] (M) Reaction Rate (mol/s) 

0.5x Nucleophile 0.25M 6.1 + 0.2 x10-06 

1.5x Nucleophile 0.75M 1.2 + 0.1x10-06 

2.0x Nucleophile 1.00M 3.9 + 0.3 x10-07 

Table S5. Global reaction rate dependence on [nucleophile] 
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Order in Halide Scavenger experiments 

Reactions run to determine order with respect to AgBF4 were run using the general kinetics 

procedure except with variation of concentration of AgBF4 

Experiment [AgBF4] (M) Reaction Rate (mol/s) 

None 0 0 

0.25x Halide Scavenger 0.006 2.3 + 0.1 x 10-07 

0.33x Halide Scavenger 0.008 4.2 + 0.2 x 10-06 

0.5x Halide Scavenger 0.012 1.4 + 0.1 x 10-06 

0.75x Halide Scavenger 0.018 1.5 + 0.1 x 10-06 

Standard 0.024 1.40 + 0.05 x 10-06 

2x Halide Scavenger 0.048 6.9 + 0.2 x 10-06 

 

Table S6. Global reaction rate dependence on [Halide Scavenger] 

 

 

 

 

 

 

 

 

 

 

 



36 
 

Oxidant Screening Experiments 

Reactions were completed using general kinetics procedure except with various oxidants (See 

Figure 8 for oxidant numbering)  

[DPP] [CbzNH2]  [AgBF4]  [Rh catalyst] Oxidant Rate (mol/s) 

0.20 0.50 0.024 0.006 1 0 

0.20 0.50 0.024 0.006 2 0 

0.20 0.50 0.024 0.006 3 0 

0.20 0.50 0.024 0.006 4 0 

0.20 0.50 0.024 0.006 5 0 

0.20 0.50 0.024 0.006 6 6.5 + 0.2 x10-06 

0.20 0.50 0.024 0.006 7 1.64 + 0.02 x10-06 

Table S7. Oxidant screening reactions, DPP=1,3-diphenyl propene. 1=2-Oxo-1,2-diphenylethyl 

pivalate, 2=2-Oxo-1,2-diphenylethyl acetate, 3= 2-(tert-Butoxycarbonyloxy)-1,2-

diphenylethanone, 4= (Diacetoxyiodo)benzene, 5= Bis(tert-butylcarbonyloxy)iodobenzene, 

6=copper 2-ethylhexanoate, 7= copper acetate 
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Control (Role of Carboxylates) Experiments 

These experiments were run using the general kinetics procedure except with the following 

changes listed below the table 

Catalyst Oxidant Additive Result 

RhCp*(OAc)2
a AgBF4

b None No desired product 

RhCp*(OAc)2
a (BzO)2

c None Olefin decomposition 

RhCp*(OAc)2
a (BzO)2

c DIPEAd, AgBF4
e No desired product 

RhCp*(OAc)2
a AgOAc AgBF4

e 5.4 + 0.1 x10-6 (mol/s) product 

formation 

[RhCp*(MeCN)3]SbF6
a AgBF4

b None Trace product 

[RhCp*(MeCN)3]SbF6
a AgBF4

b DIPEAd No desired product 

[RhCp*(MeCN)3]SbF6
a (BzO)2

c None Olefin decomposition 

[RhCp*(MeCN)3]SbF6
a (BzO)2

c AgBF4
e Olefin decomposition 

Table S8. Reaction screen with monomeric rhodium precatalysts, [1]=0.2 M, [2]=0.5 M, in DCE 

at 60°C. a[Rhodium]=0.012 M. b[AgBF4]=0.42 M. c[(BzO)2]=0.22 M. d[DIPEA]=0.42M. 

e[AgBF4]=0.024 M 
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