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ABSTRACT

Asymmetric allylic fluorination has proven to be a robust and efficient methodology 

with potential applications for the development of pharmaceuticals and practical synthesis 

for 18F-radiolabeling. A combined computational (dispersion corrected-DFT) and 

experimental approach was taken to interrogate the mechanism of the diene-ligated 

iridium-catalyzed regio- and enantioselective allylic fluorination. Our group has shown that 

in the presence of an iridium(I) catalyst and nucleophilic fluoride source (Et3N�3HF), allylic 

trichloroacetimidates undergo rapid fluoride substitution to generate allylic fluoride 

products with excellent levels of branched-to-linear ratios. Mechanistic studies reveal the 

crucial role of the trichloroacetimidate as a potent leaving group and ligand to enable 
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conversion of racemic allylic trichloroacetimidates to the corresponding enantioenriched 

allylic fluorides, via a dynamic kinetic asymmetric transformation (DYKAT), in the 

presence of the chiral bicyclo[3.3.0]octadiene-ligated iridium catalyst.

INTRODUCTION

The trichloroacetimidate functional group has been utilized in a wide range of 

synthetic chemistry. Pioneered by Schmidt as an efficient leaving group in carbohydrate 

glycosylation reactions,1-4 the trichloroacetimidate was further used by Overman in 

selective [3,3]-sigmatropic rearrangements forming allylic trichloroacetamides.5-6 It has 

been recently reported that trichloroacetimidates have broad utility in allylic substitution 

for the creation of C-N, C-O, and C-F bonds.7 One of the synthetic utilities of 

trichloroacetimidates is highlighted in the transition-metal-catalyzed substitution to 

generate allylic fluorides,8-9 which can serve as valuable scaffolds for construction of 

pharmaceuticals,10-15 medicinal imaging tracers,16 and agrochemicals.17-18 Although there 

have been several efficient methodologies reported for the regioselective formation of allylic 
fluorides,19-25 there are few approaches available for the asymmetric synthesis of allyl fluorides.9, 

26-29 In 2011, initial studies toward a regioselective fluorination reaction were undertaken in our 
group. Accordingly, allylic trichloroacetimidates 1 were employed as electrophiles, Et3N�3HF as 

a nucleophilic fluoride source, and cyclooctadiene iridium chloride dimer, [Ir(COD)Cl]2, as a 

catalyst leading to the formation of branched allylic fluorides 2 in good yields and excellent 

regioselectivities (Scheme 1a).8 In subsequent studies, racemic secondary allylic 
trichloroacetimidates 3 were transformed to enantioenriched allylic fluorides 4 catalyzed by a 

chiral bicyclo[3.3.0]octadiene (S,S)-ligated iridium complex (Scheme 1b).9, 29  

Scheme 1. Selective allylic C-F bond formation
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Herein, we report a detailed investigation that provides insight into the mechanism and 
origin of regio- and enantioselectivity of the iridium-catalyzed allylic fluorination. Overall, a 
synergistic computational and experimental study provides strong support for a dynamic kinetic 
asymmetric transformation (DYKAT) of racemic allylic trichloroacetimidate, leading to regio- and 
enantioselective allylic C-F bond formation. This combined study also highlights the dualistic 
nature of the trichloroacetimidate as a leaving/directing group and as a ligand to facilitate 
equilibration of diastereomeric 7"����� iridium intermediates via a 7"�"7 mechanism, leading to 
enantioenriched allylic fluorides. 

RESULTS AND DISCUSSION

Based on previous work focused on transition-metal-catalyzed allylic substitutions,30-34,35-

42 a general scheme for iridium-catalyzed allylic fluorination could be hypothesized (Scheme 2). 
First, allylic trichloroacetimidate A coordinates with [Ir] catalyst then undergoes ionization of the 
C-O bond leading to the formation of 7"����� iridium intermediate B. The 7"����� iridium complex 
B is proposed to react with nucleophilic fluoride, resulting in allylic fluoride product C.

Scheme 2. Proposed intermediate steps for the iridium-catalyzed allylic fluorination

R

F

RIonization Nucleophilic
Attack

Et3N�3HF[Ir]

R

O NH

CCl3

A B C
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To gain insight into the unique features of the trichloroacetimidate to promote 

iridium-catalyzed regio- and enantioselective allylic fluorination, dispersion-corrected DFT 

calculations were performed (see Supporting Information for full computational methods). To 
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reduce computational cost, allylic trichloroacetimidate 6 (Scheme 3) was used as the model 
substrate for all calculations. To validate the use of this model substrate, a subsequent experiment 
was performed (Scheme 3) to ensure that this trichloroacetimidate 6 also provided the allylic 
fluoride product with excellent levels of regioselectivity. As illustrated in Scheme 3, subjection of 
substrate 6 to the standard fluorination conditions provided the desired allylic fluoride 7 with 
branched-to-linear ratios greater than 99:1, therefore, validating the use of substrate 6 for 
computational studies.

Scheme 3. Fluorination of model substrate 6

[Ir(COD)Cl]2 (5 mol %)

Et3N�3HF (3 equiv)

MTBE, 25 °C, 2 hMe Me

FO NH

CCl3

95% NMR conversion
b/l > 99:1

(±) 6
7

Me F
+

Branched Linear

8

Using this model system, the mechanism of iridium-catalyzed allylic fluorination was then 
investigated (for information on the choice of the computational method, see Figure S1 in the 
Supporting Information). First, the most energetically favored mode of complexation between 
allylic trichloroacetimidate 6 and [Ir(COD)Cl]2, presumably resulting from fragmentation of 
dimeric [Ir(COD)Cl]2 pre-catalyst, was explored.43-48 After extensive conformational analysis (see 
Figure S2 in the Supporting Information) and exploration of various modes of coordination, three 
distinct isomeric structures were identified (Figure 1). Overall, calculations revealed a strong 
energetic preference for bidentate coordination to the allylic trichloroacetimidate substrate via �2-(
7-coordination) of the olefin and �1-(�-coordination) to the nitrogen atom of the imine group, to 
form a pentacoordinated square pyramidal 6-Ir-A complex. Monodentate coordination to either 
imine or olefin to form tetracoordinated square planar complexes 6-Ir-B and 6-Ir-C are > 6 
kcal/mol higher in energy. Presumably, the strong ability of the imine and olefin to coordinate in 
a bidentate fashion overcomes strain associated with forming the 7-member chelated complex 6-

Ir-A.49 We postulate that this mode of coordination (i.e., 6-Ir-A) is crucial for reactivity as it pre-
organizes the catalyst-substrate complex for facile C-O bond breaking (i.e., lowest energetic 
barrier for ionization is 8.7 kcal/mol leading to 7"����� iridium intermediate 6-Ir-D, downhill in 
energy by 10.7 kcal/mol; for other competing pathways see Figure S4 in the Supporting 
Information). A distortion-interaction analysis is provided in the Supporting Information (see 
Figure S5) to better understand the reactivity and, in particular, why the ionization via the 7-
member chelated complex (6-Ir-A) is much lower in energy than the alternatives.   

Page 4 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Cl

6-Ir-A

[0.0]

Ir
N

CCl3
H

Me

O

Cl
Ir

Me

O

NH

CCl3

6-Ir-B

[10.9]

Cl

NH

Ir

CCl3
O

Me

6-Ir-C

[6.0]

=

Ir

=

cyclooctadinene
(COD)

Ir Ir Ir

fast fast

Cl

Ir
N

CCl3
H

Me

IrIr
O

ionization

�G# = [8.7]

6-Ir-D

[-10.7]

Figure 1. Identification of various modes of iridium coordination to allylic trichloroacetimidates. 

Free energies (kcal/mol) were computed using B3LYP-D3/6-311+G(d,p)-SDD(Ir)-CPCM 

(diethyl ether)//M06/6-31G(d,p)-LANL2DZ (Ir)-CPCM (diethyl ether) in brackets.

To test the hypothesis that 6-Ir-D complex is an active intermediate in the reaction, we 
subsequently mixed allylic trichloroacetimidate (R)-9 with [Ir(COD)Cl]2 catalyst 10 (Figure 2).50 

A white precipitate was isolated and further characterized by X-ray crystallography, confirming 

a pentacoordinated �-allyl Ir(III) species 11 with �1-(�-coordination) of the trichloroacetamide 
nitrogen to the iridium, which presumably arises from facile ionization of the bidentate Ir-substrate 
complex (e.g., 6-Ir-A; Figure 151). Notably, examination of the orientation of the iridium from �-
allyl iridium complex shows a retention in stereochemistry from trichloroacetimidate (R)-9. This 
evidence supports that the trichloroacetimidate is crucial to induce ionization and acts as both a 
leaving group and a ligand to the iridium.
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Figure 2. X-ray crystal structure of distorted square pyramidal �-allyl iridium intermediate 11. 
Thermal ellipsoids are shown at 50% probability; hydrogen atoms are omitted for clarity. Gray, 
green, white, blue, red and yellow ellipsoids represent C, Cl, Ir, N, O, and F atoms respectively. 

Next, as part of our initial investigation, we examined the effect of the leaving group in the 
iridium-catalyzed allylic fluorination by subjecting different electrophiles (trichloroacetimidate 9, 
acetate 13, carbonate 14, and phosphate 16) to the optimized reaction conditions (Scheme 4). 
Therein, we found that the use of allylic trichloroacetimidate 9 provided allylic fluoride 12 in 93% 
yield with branched-to-linear ratios greater than 99:1 (Scheme 4a). In stark contrast, allylic acetate 
13 was ineffective toward allylic fluorination formation leading to quantitative recovery of starting 
material 13 (Scheme 4b). Interestingly, allylic carbonate 14, which is known to form �-allyl 
iridium intermediates with cationic character was less reactive towards allylic fluorination (only 
10% yield), but formed the undesired allyl ether product 15 (Scheme 4c) as the major product.52-

53 The formation of 15 supports the cationic 7"����� iridium intermediate as methoxide counter 
anion can be formed after decarboxylation via ionization and acting as nucleophile.53 In 
comparison the allylic trichloroacetimidate byproduct, trichloroacetamide, does not act as a 
nucleophile competing with fluoride attack. Allylic phosphate 16 proceeded smoothly to the 
regioselective product albeit in lower yield.54 Given the presumed distinct abilities of the imine of 
the trichloroacetimidate group to bind to the metal center to form a neutral iridium intermediate, 
these results further support our hypothesis that the mode of complexation (i.e., 6-Ir-A, Figure 1) 
could be essential in the effectiveness of the reaction (vide supra). Indeed, computations show that 
only the trichloroacetimidate substrate favors bidentate coordination while other leaving groups 
favored monodentate coordination (see Figure S6 for a summary of these results and Figures S7 � 

S8 in the Supporting Information for details on the conformational search). Since other allylic 
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substitutions using iridium have been established to proceed with the conservation of 

stereochemistry in the products,40, 55-56 could the use of trichloroacetimidate change the 

stereochemical outcome of allylic substitution?
Scheme 4.  Leaving group comparison
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To clarify the stereochemical outcome of our allylic fluorination process, enantioenriched (S)-9 or 
(R)-9 trichloroacetimidates were subjected to the optimized reaction conditions using 
[Ir(COD)Cl]2 catalyst (Scheme 5). Each of the enantioenriched (S)-9 or (R)-9 substrates led to 
nearly racemic (±2% ee) allylic fluoride 12 at high conversion. These results attest to the difference 
between the trichloroacetimidate and other commonly used leaving groups in allylic substitutions 
as the conservation of the stereochemistry was not observed.50-51 It has been well-established that 
L3-allyl metal complexes can undergo interconversion through a 7"�"7 mechanism.57-58 As such, 
through conformational analysis on various M3-allyl iridium intermediates (see Figures S9� S14 in 
the Supporting Information), we found several isomeric M3-bound 7"����� iridium complexes that 
are nearly isoenergetic. Assuming facile 7"����� isomerization, these DFT calculations predict that 
M3-bound 7"����� iridium intermediates can quickly equilibrate under experimental conditions. As 
previously reported, the addition of additives (halide anion or phosphine) to the metal center can 
increase the rate of isomerization of 7"����� metal intermediates as formation of the sigma complex 
becomes favored. 59-60 The nature of trichloroacetimidate as a ligand to allow the formation of 
neutral pentacoordinated 7"����� iridium (III) intermediate could play a key role in the 
interconversion of 7"����� isomerization and explain racemization of the allylic fluoride product 
using achiral [Ir(COD)Cl]2 catalyst (Scheme 5).
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Scheme 5. Fluorination of enantioenriched allylic trichloroacetimidate substrates

F

O

O

O NH

CCl3

F

O

O

F

F

O

O

O

92% ee

NH

CCl3

99% NMR yield
+2% ee

[Ir(COD)Cl]2 (5 mol %)

Et3N�3HF (3 equiv)

MTBE, PhCF3, 25 °C, 2 h

F

O

O

F

94% ee

99% NMR yield
-2% ee

[Ir(COD)Cl]2 (5 mol %)

Et3N�3HF (3 equiv)

MTBE, PhCF3, 25 °C, 2 h

(S)-9

(R)-9

12

12

The experimental and computational data leading to the racemic allylic fluoride from 
enantioenriched starting material suggests that racemic allylic trichloroacetimidate could be 
converted to a single stereoisomer through a dynamic kinetic asymmetric transformation 
(DYKAT).32, 61-62 To probe this hypothesis, racemic allylic trichloroacetimidate 9 was fluorinated 

using [IrCl(R,R)-L]2 and [IrCl(S,S)-L]2 complexes (L = bicyclo[3.3.0]octadiene, Scheme 6). The 

desired (R)- and (S)-allylic fluoride products 12 were obtained in good yields and with excellent 
enantioselectivities (Scheme 6). The absolute stereochemistry of 12 was established via X-ray 

crystallography of allylic fluoride derivative.9 Notably, while use of (R,R)-diene ligand yielded 

(S)-allylic fluoride 12 as the major enantiomer, use of (S,S)-diene ligand afforded (R)-12 as the 
major enantiomer (Scheme 6). In both cases, only branched allylic fluoride was observed with the 
linear allylic fluoride byproduct not detected in the reaction.

Scheme 6. Fluorination of racemic substrate using [IrCl(R,R)-L]2 and [IrCl(S,S)-L]2
63
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To further validate that the fluorination indeed proceeds through the DYKAT 

process, the reaction was monitored measuring the enantiomeric excess of the allylic fluoride 

product 12 and trichloroacetimidate starting material 9, as a function of time using 19F NMR and 
chiral HPLC analyses. As illustrated in Figure 3, the enantiomeric excess of the product formed 
during the reaction remained unchanged as the reaction progressed (90% ee at 15% conversion at 
20 min P 90% ee at 94% conversion at 180 min). Additionally, starting material 9 remained 
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racemic throughout the course of the reaction. Collectively, this data does not support kinetic 
resolution of the starting material, but rather suggests that a DYKAT process55, 61, 64-65 could be 
operative in the iridium-catalyzed fluorination reaction wherein both enantiomers of starting 
material 9 convert into a single allylic fluoride product, (S)-12, with high enantiomeric excess.
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Figure 3. Kinetic profile with racemic allylic trichloroacetimidate 9 using [IrCl(R,R)-L]2 

To provide more evidence of a possible DYKAT scenario for the chiral-diene ligated 
iridium-catalyzed allylic fluorination mechanism, enantioenriched trichloroacetimidates (S)-9 and 
(R)-9 were submitted to the same [IrCl(R,R)-L]2 catalyst (Scheme 7). A full kinetic profile for 
(S)-9 with [IrCl(R,R)-L]2 can be found in Figure S1A). Both reactions gave the same asymmetric 
product (S)-12 with high enantioselectivity and yield. This result indicates that both reactions 
proceed through the same chiral iridium complex intermediate. A match/mismatch scenario could 
explain the slight difference in enantioselectivity and yield.62 
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Scheme 7. Fluorination of (R)- and (S)-enantioenriched substrates using [IrCl(R,R)-L]2 
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In an attempt to isolate the intermediate in the reaction using chiral diene ligand, 

the enantioenriched (R)-9 trichloroacetimidate (yellow oil) was reacted with [IrCl(R,R)-L]2 (red 

solid) to produce a white precipitate, which was presumed to be a �-allyl iridium complex 17.66 

Unfortunately, crystallization of 17, which could provide more insight on the 7"����� iridium 

configuration, was unsuccessful after numerous attempts.67 Nevertheless, computations (Figure 5) 
were used to assess the formation of the putative 7"����� intermediates (vide infra), which showed 
low barriers (ca. 11 kcal/mol) for ionization from the chelated complex leading to the 

corresponding 7"����� iridium intermediates akin to 17. Moreover, the fluorination of the 

racemic substrate 9 using a catalytic amount of the presumed �-allyl intermediate 17 led 

to the formation of allylic fluoride 12 in high yield (85%) and enantioselectivity (90% ee) 

(Scheme 8). This result is comparable to that obtained with the optimized fluorination 

conditions using the [IrCl(S,S)-L]2 catalyst species (Scheme 6), supporting �-allyl iridium 

species 17 is catalytically competent.
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Scheme 8. Asymmetric fluorination using presumed chiral �-allyl iridium complex as catalyst 

O
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O
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CCl3

NH

94% ee
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Cl

NH

O
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O
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Ar

Ar

H

H

S
S

(S,S)-L

Ar = 4-F-C6H4

(R)-9

17

(±)-9

(R)-12

17 (2.5 mol %)

Although the X-ray crystal structure of [Ir(COD)Cl]2 and allylic trichloroacetimidate 
showed a monomeric pentacoordinated iridium complex, to further confirm the nature of the active 
catalyst we performed a non-linear test experiment. Optically enriched dimeric catalysts are known 
to exhibit nonlinear effects, while optically enriched monomeric catalysts provide linear effects.68 
To probe the nature of the active catalyst, we investigated the reaction of racemic allylic 
trichloroacetimidate 9 with Et3N�3HF using [IrCl(R,R)-L]2 catalyst (L = 

bicyclo[3.3.0]octadiene) of varying enantiomeric purity (Figure 4). Overall, a linear relationship 

was observed between the product % ee and the % ee of the catalyst in which increasing the 
enantiomeric excess of the catalyst resulted in improved enantiomeric excess of the allylic fluoride 
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product 12. This result supports a monomeric iridium complex as the active catalyst in the 
fluorination reaction.

Et3N�3HF (1.5 equiv)

entry product ee (%)

5 92

O

O

O

NH
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O

4 71

3 48
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0

99

25

50

75
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(±)-9

R² = 0.9807

-20
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100
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P
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d
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c
t 
e
e
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)

Catalyst ee (%)

Test for Non-Linear Effect

Figure 4. Test for nonlinear effect in the asymmetric iridium-catalyzed allylic fluorination

From the experimental evidence supporting the neutral monomeric nature of the active �-
allyl iridium (III) species, computational studies were then employed to examine the various 

ionization pathways using the chiral (S,S)-diene (L) ligated iridium catalyst (L = 

bicyclo[3.3.0]octadiene).69 As shown in Figure 5 (red), the lowest energy pathway from (S)-II 

(R = Me) proceeds via dissociation/re-association of the substrate to form pentacoordinated 
complex (S)-II� (i.e., ionization directly from (S)-II complex is ~5 kcal/mol higher in energy; see 
Figure S5 in the Supporting Information). Notably, (S)-II� complex is ca. 6 kcal/mol uphill in 
energy presumably due to steric interactions between the substrate and the �Cl� group. 
Nonetheless, from (S)-II� complex, facile C-O bond breaking via 7-member bis-chelated transition 
state (S)-II�-TS [relative barrier is 11.3 kcal/mol from (S)-II] leads directly to the 7"����� iridium 
intermediate, I-E3, downhill in energy by 6 kcal/mol. We also located two distinct pathways for 
C-O bond breaking that included a [3,3]-sigmatropic rearrangement and 5-member 7"O-chelation, 
but these pathways were much higher in energy than the 7-member 7"N-chelation pathway (see 
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Figures S15 � S20 in the Supporting Information for information on these pathways); therefore, 
they were not considered further.

Having established the lowest energy pathway for 7"����� iridium intermediate formation 
(I-E3) from the (S)-II complex, we next focused on the formation of 7"����� iridium intermediates 
from (R)-II (Figure 5, green).70 Contrary to the (S)-II complex, (R)-II favors ionization directly 
(via transition state (R)-II-TS) to form 7"����� iridium intermediate I-E1 with an overall barrier of 
11.2 kcal/mol (green-solid).71 In regard to �-allyl isomerization, the complex I-E1 can then 
undergo facile sigma rotation (via TS-E1-E2) followed by slippage to form the lower energy 7"
allyl iridium intermediate I-E2. Finally, we also located TS-E2-E3 (barrier of 5.2 kcal/mol), which 
interconverts between I-E3 and I-E2 (for information on the conformational search for these 
transition states, see Figures S21 � S22 in the Supporting Information). 
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[11.2]
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Figure 5. Relative energy for the formation of the 7"����� iridium intermediates from both (S)- 

and (R)-allylic trichloroacetimidate (R = Me) using the chiral (S,S)-diene (L) ligated iridium 

catalyst (L = bicyclo[3.3.0]octadiene). Free energies (kcal/mol) were computed using B3LYP-

D3/6-311+G(d,p)-SDD(Ir)-CPCM(diethylether)//M06/6-31G(d,p)-LANL2DZ(Ir)-CPCM(diethyl 
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ether) level of theory (For the details on the full pathway, see Figure S23 in the Supporting 

Information). 

Having located the lowest energy pathways for interconversion between (R)- and (S)-allylic 
trichloroacetimidate substrates and establishing rapid equilibration among the lowest energy �- 
allyl iridium intermediates (Figure 5), we next focused on determining the origin of regio- and 

enantioselectivity.72 For simplicity, we only discuss nucleophilic attack onto the lowest energy �-
allyl iridium intermediates (I-E3 and I-E2) since all others were found to be much higher in energy 
(see Figure S24 in the Supporting Information). Overall, we found that the lowest energy pathway 
for iridium-catalyzed allylic fluorination proceeds via outer-sphere nucleophilic fluoride attack 
(see Figure S25 for details on inner-sphere attack) onto the lowest energy 7"����� iridium 
intermediates (Figure 6).  The barriers for fluoride attack73 onto the two lowest energy isomeric �-
allyl iridium intermediates leading to linear and branched allylic fluorides are higher in energy 
(14.3 - 24.9 kcal/mol, Figure 6) than the barriers for isomerization (5.2 kcal/mol) of the 7"����� 
iridium intermediates (Figure 5). These results strongly support a Curtin-Hammett scenario in 
which both (S)- and (R)-allylic tricholoroacetimidates can undergo facile racemization via 
formation of 7"����� iridium intermediates (i.e., I-E2 to I-E3) followed by regio- and 
stereodetermining nucleophilic fluoride attack. 

R
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R

[22.4]

[24.9]

I-E3-TSL
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Figure 6. Relative energetics for allylic fluorination of 7"����� iridium intermediates and 
regioselectivity. Free energies (kcal/mol) were computed using B3LYP-D3/6-311+G(d,p)-
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SDD(Ir)-CPCM(diethyl ether)//M06/6-31G(d,p)-LANL2DZ(Ir)-CPCM(diethyl ether) levels of 

theory. 

Moreover, concerning the regioselectivity, the computed barriers for nucleophilic attack at 
the least substituted carbon (leading to linear products) were significantly higher in energy (8 - 9 
kcal/mol) than nucleophilic attack on the most substituted carbon (Figure 6, left versus right). 
Presumably, the branched transition states benefit from stronger interactions between the 
developing 7C=C moiety and the iridium as evident by the shorter Ir-allyl distances in the transition 
state structures (see Figure S24 in the Supporting Information). Therefore, quantum mechanical 
calculations predict exclusive formation of branched allylic fluoride products. Collectively, these 
results are consistent with the experimental regioselectivity in which high branched to linear ratios 
(b:l >99:1) were observed for a wide range of allylic trichloroacetimidates substrates. 

R

I-E3-TSB I-E2-TSB

R

Ar

Ar

Ir

HN O
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Cl
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F

[14.3] [15.5]

F
Ar
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(S)-PB

2.11

2.25

1.94
2.12

2.26

1.95

F F

Figure 7. Lowest energy diastereomeric transition states leading to major and minor 

branched-selective allylic fluorides with relative energies of fluoride addition. Free energies 

(kcal/mol) were computed using B3LYP-D3/6-311+G(d,p)-SDD(Ir)-CPCM(diethyl 

ether)//M06/6-31G(d,p)-LANL2DZ(Ir)-CPCM(diethyl ether) levels of theory. 

Regarding the enantioselectivity of the branched allylic products, overall, transition state 
I-E3-TSB, which will lead to the experimentally observed enantiomer, is 1.2 kcal/mol lower in 
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energy than diastereomeric transition state I-E2-TSB. This energy difference between the 
competing diastereomeric transition states is also in reasonable agreement with experiment 
(%eecalc = 76 vs. %eeexp = 93; Figure 5) although other methods (UM06 and DLPNO) predict 
similar results, (M06) %eecalc = 96 and (DLPNO) %eecalc = 76, respectively (see Figure S31 in the 
Supporting Information). Closer inspection at the two lowest energy I-E2-TSB and I-E3-TSB 
diastereomeric transition states (Figure 7) reveal nearly identical Ir-allyl distances (2.11 and 2.25-
2.26 Å), suggesting similar electronic strength74 of the transition metal fragment and the 
developing olefin interaction in both transition states. However, in I-E2-TSB the allyl group has an 
unfavorable interaction with the �NHCOCl3 moiety while in I-E3-TSB these two groups 
experience lesser steric interactions. 

Scheme 9. Fluorination of enantioenriched deuterium labelled allylic trichloroacetimidates 
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With the establishment of the origin of regioselectivity and enantioselectivity, an additional 
experiment was pursued to illuminate the nucleophilic attack of the fluoride (outer sphere vs inner 
sphere). Experiments using deuterium labelled allylic substrates have been employed to probe 
mechanisms of retention or inversion of stereochemistry.75-76 The cis-alkene deuterium labeled 
trichloroacetimidate (S)-18 and (R)-18 were synthesized and submitted to the standard fluorination 
condition using [IrCl(S,S)-L]2 catalyst (Scheme 9). For the (S)-18 substrate using [IrCl(S,S)-L]2, 
the (R)-enantioenriched product 19 was obtained with retention of configuration of the olefin 
geometry (cis). In stark contrast, for the (R)-18 substrate using the [IrCl(S,S)-L]2, the (R)-
enantioenriched product 20 was obtained with transposition of the deuterium on the terminal 
alkene (trans). Overall, the stereochemistry is consistent with a retention-inversion pathway. 
Indeed, following the possible mechanism using [IrCl(S,S)-L]2 catalyst (Figure 8); allylic 
trichloroacetimidate (S)-18, would go through ionization with retention of stereochemistry and 
nucleophilic attack with inversion to afford cis product 19 without scrambling of deuterium on 
terminal alkene. On the other hand, allylic trichloroacetimidate (R)-18, would first proceed through 
ionization with retention of stereochemistry, the 7"����� iridium intermediate would then undergo 
isomerization via a 7"�"7 mechanism to eventually lead to fluoride nucleophilic attack with 
inversion to afford trans-product 20. 

Page 16 of 26

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



R

O NH

CCl3

R

O NH

CCl3

Ionization

Ionization

F-

R

R [Ir](S,S)

(S,S)[Ir]
F-

I-E3

I-E2

MAJOR

ENANTIOMER

(R)-PB

MINOR

ENANTIOMER

(S)-PB

R

F

(S)-SM

(R)-SM

RR

(S,S)[Ir] F

retention inversion

retention inversion

Figure 8. Possible mechanism of Ir-catalyzed DYKAT using [IrCl(S,S)-L]2 

CONCLUSION

Our combined experimental and computation studies represent the systematic mechanistic 
investigation of the diene-ligated iridium catalysts that have been employed in the regio- and 
enantioselective fluorination of secondary allylic trichloroacetimidates. X-ray crystal structure 
confirmed the presence of the �-allyl iridium intermediate in the reaction and in combination with 
computational data suggests that the ionization step would undergo retention of stereochemistry. 
Furthermore, DFT calculations and deuterium labelled trichloroacetimidate experiments suggest 
that the nucleophilic attack would undergo regio-determining C-F bond formation proceeding via 
outer-sphere fluoride attack at the more substituted allyl moiety of the M3-bound �-allyl iridium 
complex. Taken together, the experimental and computational study supports that fluorination 
reaction of racemic allylic trichloroacetimidate substrates is likely to occur via a DYKAT process. 
The importance of the trichloroacetimidate is highlighted through its multiple-purpose role as both 
a leaving/directing group and a ligand promoting the ����� isomerization leading to a DYKAT 
process. In future work, we intend to apply the mechanistic findings obtained from these 
computational and experimental studies to develop more effective catalysts with use of the 
trichloroacetimidate as the leaving group in other allylic substitutions.
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