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Abstract – Theoretical study on the electrophilic radical trifluoromethylation of 

silyl enol ethers is reported to give -trifluoromethyl carbonyl compounds; the 

complexation with dialkylzinc accelerates the radical addition of highly 

electrophilic trifluoromethyl radical to silyl enol ethers via the Zn- complex (A) 

rather than the Zn-O complex (B). 

 

Trifluoromethyl compounds have attracted current interest, because of their important applications as 

biologically active and physically intriguing compounds for medicinal, material, and life sciences.
1
 

-Trifluoromethyl carbonyl compounds are the most promising building blocks for the construction of 

these trifluoromethyl compounds.  The addition of an electrophilic trifluoromethyl reagent to 

nucleophilic metal enolates is in principle one of the simplest ways to introduce a trifluoromethyl unit at 

the  position of the carbonyl compounds.  However, polarization of trifluoromethyl iodide (CF3
-

-I
+

) is 

in the opposite way to that of methyl iodide (CH3
+

-I
-

).  Therefore, the reaction of metal enolates with 

trifluoromethyl iodide itself cannot provide -trifluoromethyl carbonyl compounds.
2
 Limited examples 
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have so far been reported even on radical trifluoromethylation with trifluoromethyl iodide of the metal 

enolates.
3-6

  The difficulty in the radical trifluoromethylation of nucleophilic metal enolates is due to 

defluorination of the -trifluoromethyl carbonyl compounds by the parent metal enolates or bases 

employed under the reaction conditions (Scheme 1).
4
   

 

Previously, we reported the use of titanium ate enolates
7
 and even lithium enolates

8
 could avoid 

significant defluorination by their rapid radical trifluoromethylation of the “metal enolates”.  However, 

these methods are only effective with limited scope of carbonyl compounds.  Less basic enolate 

equivalents such as silyl enol ethers have been used for radical trifluoromethylation to suppress 

defluorination of the -trifluoromethyl carbonyl products.
3
  However, this silyl enol ether method can 

only be applied for ester silyl enol ethers (ketene silyl acetals), which are more nucleophilic than ketone 

silyl enol ethers of poor reactivity in radical trifluoromethylation.  We thus attempted to use less basic 

zinc metal enolates;
1d,9

 The combination of soft metal zinc
10

 with hard fluorine suggests the negligible 

zinc-fluoride elimination even from the -trifluoromethyl zinc enolates (Scheme 1).  

 

 

Scheme 1 

 

The zinc enolates were thus examined to generate from ketone silyl enol ethers and dialkylzinc
11

 for 

radical trifluoromethylation.  Although the reactivity of the trimethylsilyl enol ether is significantly 

increased for radical trifluoromethylation, the formation of the zinc enolate was not observed under the 

reaction conditions by NMR analyses.  Furthermore, the use of dialkylzinc can be reduced in catalytic 

amount in the radical trifluoromethylation of silyl enol ethers (Scheme 2 and Table 1). As expected, even 

with a semi-catalytic amount of diethylzinc (0.5 equiv), the trifluoromethylation product was obtained in 

good yield (55%, 1 h; 76%, 20 h) (entries 6 and 7). In the absence of diethylzinc, the trifluoromethylation 

product was not obtained in sufficient yields (entries 1~3).
3
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OSiMe3 O

CF3

THF, 0 °C, 1 h -78 °C

Et2Zn (X equiv)

CF3I (ca. 5 equiv)
Et3B (1.0 equiv)

air (0.1 mL)

 

Scheme 2 

 

Table 1. Trifluoromethylation with a catalytic amount of diethylzinc 

 

 

Several substrates were investigated to give good-to-moderate yields of the -trifluoromethyl carbonyl 

compounds (Scheme 3 and Table 2). The radical trifluoromethylation was found to give wide 

applicability of substrates including heterocyclic and steroidal compounds.  The wide scope of substrates 

is in sharp contrast to titanium ate enolate,
7
 which is not well applicable to (steroidal) cyclopentanone 

(entries 7 vs. 8 and 9), and lithium enolate,
7a,8

 which is limited to cyclohexanone derivatives (entries 5 vs. 

6 and 8). Acyclic substrates (entries 12 vs. 13 and 14 vs. 15) as well as cyclic substrates including 

heterocyclic compound (entry 16) provided the -trifluoromethyl carbonyl products in good-to-moderate 

yields, via the silyl enol ethers activated with dialkylzinc.  
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Scheme 3 
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Table 2. Radical trifluoromethylation of various silyl enol ethers of acyclic and cyclic ketones 
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These observations imply that the complexation of dialkylzincs with the silyl enol ethers might involve 

the 3d orbital of Zn/

-orbital of silyl enol ether complex (A) or the Lewis acidic zinc (4p vacant 

orbital)/Lewis basic oxygen (lone pair electrons) of silyl enol ether complex (B) as depicted in Figure 1.
12

  

To clarify the mode (A or B) and role of the Zn-complexation for trifluoromethylation, the DFT 

calculations were carried out for trifluoromethylation and methylation of the model complexes between 

acetone silyl enol ether (1) and dimethylzinc (ZnMe2) using the B97X-D/TZVP level of theory.
13

  In 

Figure 2, the optimized structures of reactants, CH3 and CF3 radicals, 1, and ZnMe2, are collected.  As 

shown in Figure 2, a carbon atom in CF3 radical is pyramidized with highly positive charge (+0.909 e), 

while a carbon atom in CH3 radical is planar with moderately negative charge (-0.490 e).   

 

Figure 1. Possible activation modes (A or B) of silyl enol ethers with dialkylzinc or their Si→Zn 

transmetalation (C) 

 

 

Figure 2. Reactants for trifluoromethylation or methylation of acetone silyl enol ether (1) with ZnMe2 
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We considered the two possibilities as to whether the Zn- complex A or the Zn-O complex B.  The 

optimized geometries for these two complexes (A and B) are displayed in Figure 3.  It is interesting to 

note that for the complex A, the Zn-C2 bond (3.249 Å) is longer than the Zn-C1 bond (2.930 Å).  

Compared with the optimized structures as shown in Figures 2 and 3, the geometrical perturbation of 1 

and ZnMe2 after complexation with ZnMe2 is relatively small for both complexes.  The calculated 

complexation energy for A and B is -7.48 kcal/mol and -8.19 kcal/mol, respectively (Table 3).  From 

these results, it is clear that interactions between 1 and ZnMe2 for both complexes are thermodynamically 

favored but weak.  If the interaction is strong, the “transmetalation” between SiMe3 moiety in 1 and 

ZnMe moiety in ZnMe2 to give zinc enolate (2) should be facilitated.  The transition state (TS1) for 

Si→Zn transmetalation was optimized (Figure 3); The calculated activation energy (Ea) is 41.97 kcal/mol 

and the heat of the transmetallation reaction (H) is 11.49 kcal/mol endothermic (Table 3).  Therefore, 

the transmetalation reaction is disfavored not only kinetically but also thermodynamically.  This is 

consistent with the NMR experiment that the zinc enolate was not observed by the addition of ZnMe2 to 

the trimethylsilyl enol ether (1).  The natural charges for selected atoms are also shown in Figures 2 and 

3.  It is interesting to note that the charge on C1 is -0.545 e for 1, -0.585 e for complex A, and -0.494 e 

for complex B, respectively.  It is highly expected that the electrophilic radical trifluoromethylation on 

C1 will be accelerated via not the complex B but the complex A driven mainly by charge-controlled 

mechanism, while nucleophilic radical methylation will be in an opposite manner controlled by 

frontier-orbital interaction.   

 

Table 3. Calculated activation energy (Ea) and heat of reaction (H) in kcal/mol
a
 

Reaction Ea H 

1 + ZnMe2 → complex A − -7.48 

1 + ZnMe2 → complex B − -8.19 

complex B → TS1 → C + SiMe4 41.97 11.49 

CF3 + 1 + ZnMe2 → TS-A(CF3) → 3 + ZnMe2 -1.86
b
 -35.17 

CF3 + 1 + ZnMe2 → TS-B(CF3) → 3 + ZnMe2 -1.14
c
 -35.17 

CH3 + 1 + ZnMe2 → TS-A(CH3) → 4 + ZnMe2 6.44
b
 -25.05 

CH3 + 1 + ZnMe2→ TS-B(CH3) → 4 + ZnMe2 6.23
c
 -25.05 

a
Relative energies are obtained by using total electronic energy corrected with unscaled zero-point 

vibrational energies. 
b
Activation energy relative to complex A. 

c
Activation energy relative to 

complex B. 
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Figure 3. The optimized structures of complexes A and B, and transition state (TS1). The arrows in TS1 

indicate the mode of the reaction coordinate defined by having only one imaginary frequency. 

 

The optimized structures of the transition states (TSs) for the trifluoromethylation and methylation of 

complexes A and B are shown in Figure 4, respectively.  The calculated activation energies (Ea) and 

heats of reaction (H) are collected in Table 3.  Ea for the trifluoromethylation of complex A (-1.86 

kcal/mol) is smaller than that of complex B (-1.14 kcal/mol).  This is ascribed to the more negative 

charge on C1 in complex A than that in complex B.  The reason of minus values for the activation energy 

may be explained by instability of the bare trifluoromethyl radical and the electron spin delocalization in 

the TS's.  Since charge separation is disfavored in gas phase, the activation energy for 

trifluoromethylation of complex A in condensed phase should be much smaller than that of complex B.  

Therefore, it seems reasonable to assume that the electrophilic radical trifluoromethylation on C1 must be 

accelerated through complex A, while the nucleophilic radical methylation on C1 may be accelerated 

through complex B.  Complex A is thus proposed as the key for trifluoromethylation of highly 

electrophilic and pyramiderized trifluoromethyl radical (Figure 2). In a polar solvent, Zn- complex A is 

likely formed in the presence of dialkylzinc and, hence, the addition of trifluoromethyl radical onto the C1 

atom will be facilitated.   
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Figure 4. The optimized structures of transition states for trifluoromethylation and methylation of 

complexes A and B, respectively. The arrows in each TS indicate the mode of the reaction coordinate 

defined by having only one imaginary frequency. 

 

 

The results of Natural Bond Orbital (NBO) analysis
13

 for complex A and B are depicted in Figure 5.  It 

is clear that the orbital interaction between the 4p vacant orbital of Zn and the -orbital of silyl enol ether 

was the largest of 5.75 kcal/mol in complex A, but the next one was the interaction between the 3d orbital 

of Zn and the *-orbital of silyl enol ether.  This indicates that the orbital interaction between the 3d 

orbital of Zn and *-orbital of silyl enol ether plays an additional role for acceleration of 

trifluoromethylation of silyl enol ethers by dialkylzinc. 
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Figure 5. Donor-Acceptor NBO pairs and their interaction energy for complexes A and B 

 

In conclusion, we have thus developed the radical trifluoromethylation of silyl enol ethers accelerated by 

dialkylzinc complexation; Activation with dialkylzinc leads to the -trifluoromethyl carbonyl compounds 

in increased yields with wide scope of the substrates including acyclic and cyclic ketones including 

cyclopentanonone, and heterocyclic compounds.  Theoretical study shows that the Zn- complex rather 

than the Zn-O complex plays the important role for trifluoromethylation of silyl enol ethers.  The use of 

dialkylzinc to activate the silyl enol ethers is the key to the efficient radical trifluoromethylation, by 

which trifluoromethyl substituent can be introduced to give various -trifluoromethyl carbonyl 

compounds without formation of the zinc enolate intermediates. 
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