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ABSTRACT: Cross-coupling reactions of aryl groups with 
a-fluoro carbonyl compounds catalyzed by palladium 
complexes have been reported, but palladium fluoroeno-
late intermediates relevant to such reactions have not been 
isolated or even detected previously. We report the syn-
thesis, structural characterization, and reactivity of a se-
ries of C-bound arylpalladium fluoroenolate complexes 
ligated by monophosphines and bisphosphines. DPPF-
ligated arylpalladium fluoroenolate complexes 
(DPPF=1,1-bis(diphenylphosphino)-ferrocene) derived 
from a monofluoroester, a difluoroester, difluoroamides, 
and difluoroacetonitrile underwent reductive elimination 
in high yields. Reductive elimination was faster from 
complexes containing less electron-withdrawing fluo-
roenolate groups and longer Pd-C(enolate) bond lengths 
than from complexes containing more electron-withdraw-
ing fluoroenolate groups and shorter Pd-C(enolate) bond 
lengths. The rates of reductive elimination from these C-
bound fluoroenolate complexes were significantly faster 
than those of the analogous trifluoromethyl complexes.  

The importance of fluorinated compounds in pharmaceu-
ticals, agrochemicals, and materials has prompted the de-
velopment of transition metal-catalyzed methods for the 
synthesis of fluoroalkyl arenes.1-6 Palladium-catalyzed 
coupling reactions for the synthesis of aryldifluoromethyl 
carboxylic acid derivatives have been reported recently. 
The α-arylations of α,α-difluoroketones,7-8 α,α-difluoro-
esters,9 and α,α-difluoroacetamides10 with aryl halides all 
occur with broad scope. In addition, palladium-catalyzed 
cross-couplings of arylboronic acids with bromodifluoro-
acetates and –acetamides (BrCF2CO2Et, 
BrCF2C(O)NRR’) have been developed.11  
The aryl-fluoroalkyl bond could form in these catalytic 
processes by reductive elimination from an arylpalladium 
difluoroenolate complex. However, the isolation and re-
activity of such complexes have not been reported. Re-
ductive elimination reactions of alkylpalladium com-
plexes containing fluorine atoms on the α-carbon of an 

alkyl group are significantly slower than those of their 
non-fluorinated analogs.12 Reductive elimination reac-
tions to form aryl-fluoroalkyl bonds from isolated fluoro-
alkyl palladium complexes are rare and are limited to tri-
fluoromethyl,13-23 pentafluoroethyl,19, 21 and difluorome-
thyl24 compounds. 
Previous examples of isolated transition-metal fluoroeno-
lates are limited, and complexes relevant to metal-cata-
lyzed fluoroenolate arylations have not been isolated. 
Two chloroplatinum difluoroketone complexes have been 
prepared,25-26 but no reactions of the isolated complexes 
were reported, and platinum-catalyzed fluoroenolate ary-
lations are unknown. In 2015, a nickel difluoroketone 
enolate was prepared by fluoride abstraction from a Ni0-
trifluoroacetophenone complex,27 but reactions relevant 
to catalytic coupling between fluoroenolates and aryl 
groups were not reported.  
Here, we report the synthesis and structural characteriza-
tion of a series of phosphine-ligated arylpalladium com-
plexes of C-bound fluorinated enolates. Arylpalladium 
complexes ligated by DPPF underwent reductive elimi-
nation in high yield, allowing an assessment of the effects 
of the steric and electronic properties of the aryl and eno-
late ligands on the rates of this reaction. Synthesis of com-
plexes containing various phosphines allowed an assess-
ment of the effect of the ancillary ligands and a direct 
comparison of reductive elimination from a difluoroeno-
late complex and an analogous trifluoromethyl complex. 
To prepare arylpalladium difluoroenolate complexes, we 
first synthesized a series of bromopalladium difluoroeno-
late complexes ligated by DPPF. The complexes were 
prepared by oxidative addition of a carbon-bromine bond 
of bromodifluoromethyl and bromofluoromethyl esters 
and amides to Pd(PPh3)4, followed by ligand exchange 
with DPPF. The C-bound difluoroester enolate 1a was 
prepared in 90% isolated yield by oxidative addition of 
ethyl bromodifluoroacetate, followed by ligand exchange 
of DPPF for PPh3. A series of palladium monofluoroester 
(1b) and difluoroamide (1c-e) complexes ligated by 
DPPF were prepared in 73-94% yield by analogous routes 
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involving oxidative addition of the corresponding bromo-
fluorocarbonyl compound (Scheme 1). 
The bromopalladium fluoroenolate complexes were char-
acterized by NMR spectroscopy, and the connectivity of 
complex 1a was confirmed by single-crystal x-ray dif-
fraction (Figure S1). Like the previously reported plati-
num25-26 and nickel27 difluoroketone enolates, palladium 
enolate 1a was C-bound. The carbon-oxygen bond 
lengths of the difluoroester group in 1a were consistent 
with typical values for a C-O double bond and a C-O sin-
gle bond, supporting the assignment of the complex as an 
η1-C-bound enolate. 
Scheme 1. Synthesis of DPPF-Ligated Bromopalla-
dium Fluoroenolate Complexes 

 
Scheme 2. Synthesis of DPPF-Ligated Arylpalladium 
Fluoroenolate Complexes 

 
aPrepared by transmetallation with PhB(OH)2. 

Bromopalladium fluoroenolate complexes 1a-e were con-
verted to the corresponding arylpalladium fluoroenolates 
by reactions with aryl nucleophiles. The reaction of bro-
mopalladium fluoroenolates 1a-1d with diphenylzinc oc-
curred rapidly in THF at room temperature to afford the 
corresponding phenylpalladium fluoroenolate complexes 
(2a-d) in 40-83% isolated yield (Scheme 2a). Complex 2e 
was prepared by transmetallation with phenylboronic 
acid in 37% isolated yield. A modified synthetic route af-
forded difluorocyanomethyl complex 2f in 59% isolated 
yield (Scheme 2b). The 19F NMR spectra of the arylpal-
ladium fluoroenolate complexes consisted of a single flu-
orine resonance with 31P-19F coupling between fluorine 
and two inequivalent phosphorus nuclei (JF-P = 44.0, 37.3 
Hz for difluoroester enolate 2a). The 31P NMR spectra 

consisted of two triplets of doublets, due to 31P-19F and 
31P-31P coupling. 

 

Figure 1. ORTEP diagrams of complexes 2a-c and 2f. Se-
lected bond lengths: (a) Pd1-C1, 2.053(3) Å; Pd1-C7, 
2.099(3) Å; (b) Pd1-C1, 2.051(2) Å; Pd1-C7, 2.105(3) Å; (c) 
Pd1-C1, 2.055(5) Å; Pd1-C7, 2.188(3) Å; (d) Pd1-C1, 
2.058(3)Å; Pd1-C7, 2.089(3) Å.28 Ellipsoids are shown at 
50% probability, and hydrogen atoms and solvents of crys-
tallization are omitted for clarity. 

Table 1. Reductive Elimination from Pd-Fluoroenolate 
Complexes 

 
aDetermined after 24 h by 19F NMR spectroscopy. bDeter-

mined by monitoring the decay of the Pd complex by 19F 
NMR spectroscopy. cAt 50 °C. dYield after 72 h. ePrepared 
by transmetallation between complex 1a and the correspond-
ing arylboronic acid (see Supporting Information for syn-
thetic details). fYield after 36 h.  

The structures of DPPF-ligated arylpalladium fluoroeno-
late complexes 2a-c and 2f were confirmed by single-
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crystal, x-ray crystallography (Figure 1). The geometry 
about the palladium atom is square planar in each com-
plex. The Pd-C(aryl) bond lengths are nearly constant, 
ranging from 2.051(2)-2.058(3) Å. The enolates are η1-C-
bound in all cases, but the Pd-C(enolate) bond lengths 
vary over a wide range from 2.089(3)-2.188(3) Å. Among 
the complexes of difluorinated enolates (2a, 2c, and 2f), 
the Pd-C(enolate) bond is shorter for enolates containing 
more electron-withdrawing groups. The Pd-C(enolate) 
bond is shortest in difluorocyanomethyl complex 2f 
(2.089(3) Å), followed by difluoroester complex 2a 
(2.099(3) Å). The Pd-C(enolate) bond is longest in 
difluoroamide complex 2c (2.188(3) Å).  
Arylpalladium fluoroenolate complexes 2a-e, containing 
difluoroester, monofluoroester, and difluoroamide eno-
lates, and complex 2f, containing a difluorocyanomethyl 
ligand, underwent reductive elimination to form the cor-
responding aryl fluorocarbonyl and -nitrile compounds in 
92-99% yield (Table 1). The effect of the electronic and 
steric properties of the enolate was assessed by measuring 
the rate constants for the reaction of a series of fluoroeno-
late complexes ligated by DPPF. The rate constants were 
measured from the decay of the Pd-fluoroenolate com-
plexes by 19F NMR spectroscopy in the presence of 1 
equiv of DPPF.29 These data fit a first-order exponential 
decay, from which the rate constants and half-lives for re-
ductive elimination were determined. 
Comparison of these half-lives show that complexes of 
more electron-rich enolates underwent reductive elimina-
tion at lower temperatures and with faster rates than did 
complexes of more electron-poor enolates. Difluoroam-
ide complex 2c reacted approximately 4 times faster than 
difluoroester complex 2a and approximately 20 times 
faster than difluoronitrile complex 2f. The number of flu-
orine atoms on the α-carbon of the enolate also signifi-
cantly affected the rate of reductive elimination of the cor-
responding Pd enolate complex; monofluoroester com-
plex 2b underwent reductive elimination in 98% yield 
upon heating at 50 °C, whereas difluoroester complex 2a 
reacted to <5% conversion after 24 hours at the same tem-
perature. Overall, the trend in rates of reductive elimina-
tion of the palladium fluoroenolate complexes was: mon-
ofluoroester > difluoroamide > difluoroester > difluoroni-
trile. The relationships between these relative rates and 
the structures of the enolate complexes can be assessed 
by comparing the data in Table 2 to the structures of the 
complexes determined by x-ray diffraction (Figure 1). 
Among the  complexes of difluorinated ester (2a), amide 
(2c), and nitrile (2f) enolates, a correlation between a 
longer Pd-C(enolate) bond and a faster rate of reductive 
elimination was observed.  
Complexes of more sterically hindered enolates under-
went reductive elimination with faster rates than those of 
less hindered enolates: at 90 °C, the half-life for reaction 
of dimethylamide complex 2d was 53 minutes, whereas 

the half-life for reaction of the analogous diethylamide 
complex 2e was 30 minutes. The magnitude of this effect 
is comparable to that observed for reductive elimination 
from arylpalladium complexes of non-fluorinated eno-
lates of dimethyl- and diethylamides.12  
The relative rates of reductive elimination from com-
plexes 2a, 2g, and 2h containing hydrogen, methoxy and 
chloro substituents on the palladium-bound aryl group 
were measured (Table 2, entries 1 and 7-8). The half-life 
for reductive elimination from the more electron-rich 
para-anisylpalladium complex 2g was nearly identical to 
that for reductive elimination from the phenylpalladium 
complex 2a; the half-life for reaction of para-chloro-
phenyl complex 2h was longer than that for the reactions 
of 2a or 2g. In previous studies of reductive elimination 
from arylpalladium cyano complexes30 and arylpalladium 
complexes of non-fluorinated ketone enolates,12 the reac-
tions of para-chlorophenyl complexes were slower than 
those of the parent phenyl complexes, just as observed for 
complexes 2h and 2a of the fluorinated enolates. 
Finally, we investigated the effect of the ancillary phos-
phine ligand on this class of reductive elimination. A se-
ries of phosphine-ligated difluoroester complexes were 
prepared by oxidative addition of a carbon-halogen bond 
to the Pd0 precursors Pd(PPh3)4 or Pd(dba)2. Complex 3a 
was isolated from the oxidative addition of ethyl bromod-
ifluoroacetate to Pd(PPh3)4 in 88% yield. Oxidative addi-
tion of ethyl bromodifluoroacetate to Pd(dba)2 in the pres-
ence of a chelating bisphosphine afforded difluoroester 
complexes 4a, ligated by Xantphos, and 3a, ligated by 
DPPE (DPPE=1,2-bis(diphenylphosphino)ethane), in 66 
and 71% yield, respectively (Scheme 3). The connectivity 
of Xantphos complex 4a was confirmed by x-ray crystal-
lography (Figure S2). Transmetallation with diphenylzinc 
afforded triphenylphosphine- and DPPE-ligated com-
plexes 3b and 5b in 87% and 69% yield, respectively.  
Scheme 3. Synthesis of Phosphine-Ligated Palladium 
Difluoroester Complexes 

 
Reductive elimination to form ethyl phenyldifluoroace-
tate from arylpalladium difluoroester enolate complexes 
ligated by monophosphines and bisphosphines occurred 
with rates and yields that depended strongly on the iden-
tity of the ancillary ligand (Table 2). Triphenylphosphine-
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ligated arylpalladium difluoroester complex 3b did not 
undergo reductive elimination in high yield; only 31% 
yield of ethyl phenyldifluoroacetate was obtained upon 
heating of 3b at 90 °C for 24 h, although full consumption 
of 3b was observed.  
While reductive elimination from difluoroester enolate 
complex 2a, ligated by DPPF (bite angle = 99.1°31), pro-
ceeded in high yield (vide supra), the analogous elimina-
tion from complex 5b, ligated by DPPE (bite angle = 
85.8°32), proceeded in low yield. Complex 5b required 
heating at 100 °C for 72 hours for full conversion, and 
only 25% yield of ethyl phenyldifluoroacetate formed. 

Table 2. Reductive Elimination of Arylpalladium Difluoro-
ester Complexes 

 
aDetermined after 24 h by 19F NMR spectroscopy with 
fluorobenzene as internal standard. bFull conversion of 
the starting material was observed. cFormed in situ from 
complex 4a and Ph2Zn with THF as solvent. dYield after 
30 min. e<5% conversion of the starting material was ob-
served. fAt 100 ºC for 72 h. 
The reaction of a Xantphos-ligated difluoroester enolate 
complex allows a comparison of the rate of reductive 
elimination from a difluoroenolate to that of reductive 
elimination from trifluoromethyl compound. Treatment 
of complex 4a,  ligated by Xantphos (bite angle = 111°33), 
with diphenylzinc formed the corresponding arylpalla-
dium difluoroester enolate 4b, which was characterized 
in situ. Consistent with the high yields obtained from ar-
ylation reactions of difluorocarbonyl compounds cata-
lyzed by palladium and Xantphos9, 11 and the effect of 
large bite angles on the rates of reductive elimination, re-
ductive elimination of ethyl phenyldifluoroacetate oc-
curred in 94% yield after just 30 min at room temperature. 
Reductive elimination from this compound was much 
faster than reductive elimination of trifluoromethylben-
zene from the (Xantphos)Pd(Ph)(CF3) complex studied 
by Grushin, which required heating for 3 hours at 80 °C 
for reductive elimination to occur in high yield.15  
In conclusion, we report the first examples of isolated flu-
oroenolate complexes of palladium, as well as the first re-
ductive elimination reactions of isolated fluoroenolate 
complexes. DPPF-ligated arylpalladium complexes of C-
bound fluorinated ester, amide, and nitrile enolates were 
isolated, characterized, and shown to undergo reductive 
elimination in high yield upon heating. The combination 
of structural data and rates of reductive elimination reveal 

that complexes containing more electron-donating fluo-
roenolate groups, which have longer Pd–C(enolate) 
bonds, react significantly faster than those with less elec-
tron-donating groups and shorter Pd–C(enolate) bonds. 
Future work will examine the reactivity of metal fluo-
roenolate and fluoroalkyl complexes ligated with a range 
of ancillary ligands, as well as the development of new 
catalytic reactions involving these classes of complexes.  

ASSOCIATED CONTENT  

Experimental procedures and spectra for all new com-
pounds. This material is available free of charge via the In-
ternet at http://pubs.acs.org. 

AUTHOR INFORMATION 

Corresponding Author 

jhartwig@berkeley.edu 

ACKNOWLEDGMENT  

We thank the NSF for financial support (CHE-1565886) and 
for a graduate fellowship to S.I.A. We also gratefully 
acknowledge Dr. Antonio DiPasquale for X-ray crystallo-
graphic analysis (NIH Shared Instrumentation Grant S10-
RR027172). 

REFERENCES 

1. Tomashenko, O. A.; Grushin, V. V., Chem. Rev. 2011, 111 (8), 
4475-4521. 

2. Furuya, T.; Kamlet, A. S.; Ritter, T., Nature 2011, 473 (7348), 
470-477. 

3. Kirsch, P., Perfluoroalkylation. In Modern Fluoroorganic 
Chemistry, Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 
Germany, 2013; pp 107-167. 

4. Chen, B.; Vicic, D. A., Transition-Metal-Catalyzed 
Difluoromethylation, Difluoromethylenation, and 
Polydifluoromethylenation Reactions. In Organometallic Fluorine 
Chemistry, Braun, T.; Hughes, R. P., Eds. Springer International 
Publishing: Cham, 2015; pp 113-141. 

5. Xu, P.; Guo, S.; WaReng, L.; Tang, P., Synlett 2015, 26 (01), 36-
39. 

6. Liang, T.; Neumann, C. N.; Ritter, T., Angew. Chem. Int. Ed. 
2013, 52 (32), 8214-8264. 

7. Guo, Y.; Shreeve, J. n. M., Chem. Commun. 2007,  (34), 3583-
3585. 

8. Ge, S.; Chaładaj, W.; Hartwig, J. F., J. Am. Chem. Soc. 2014, 
136 (11), 4149-4152. 

9. Xia, T.; He, L.; Liu, Y. A.; Hartwig, J. F.; Liao, X., Org. Lett. 
2017, 19 (10), 2610-2613. 

10. Ge, S.; Arlow, S. I.; Mormino, M. G.; Hartwig, J. F., J. Am. 
Chem. Soc. 2014, 136 (41), 14401-14404. 

11. Feng, Z.; Min, Q.-Q.; Xiao, Y.-L.; Zhang, B.; Zhang, X., Angew. 
Chem. Int. Ed. 2014, 53 (6), 1669-1673. 

12. Culkin, D. A.; Hartwig, J. F., Organometallics 2004, 23 (14), 
3398-3416. 

13. Cho, E. J.; Senecal, T. D.; Kinzel, T.; Zhang, Y.; Watson, D. A.; 
Buchwald, S. L., Science 2010, 328 (5986), 1679-1681. 

14. Ye, Y.; Ball, N. D.; Kampf, J. W.; Sanford, M. S., J. Am. Chem. 
Soc. 2010, 132 (41), 14682-14687. 

15. Grushin, V. V.; Marshall, W. J., J. Am. Chem. Soc. 2006, 128 
(39), 12644-12645. 

16. Bakhmutov, V. I.; Bozoglian, F.; Gomez, K.; Gonzalez, G.; 
Grushin, V. V.; Macgregor, S. A.; Martin, E.; Miloserdov, F. M.; 

LnPd
O

OEt
F F dioxane

F F

O

OEt

ligand temperatureentry
2a
3b
4bc

5b

DPPF
PPh3

Xantphos
DPPE

90 °C
90 °C

r.t.
90 °C

1
2
3
4

complex yielda

97%b

31%b

94%d,b

0%e (25%)b,f

Page 4 of 5

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



 

 

Novikov, M. A.; Panetier, J. A.; Romashov, L. V., Organometallics 
2012, 31 (4), 1315-1328. 

17. Ball, N. D.; Gary, J. B.; Ye, Y.; Sanford, M. S., J. Am. Chem. 
Soc. 2011, 133 (19), 7577-7584. 

18. Ball, N. D.; Kampf, J. W.; Sanford, M. S., J. Am. Chem. Soc. 
2010, 132 (9), 2878-+. 

19. Maleckis, A.; Sanford, M. S., Organometallics 2014, 33 (10), 
2653-2660. 

20. Zhang, S.-L.; Deng, Z.-Q., PCCP 2016, 18 (48), 32664-32667. 
21. Ferguson, D. M.; Bour, J. R.; Canty, A. J.; Kampf, J. W.; 

Sanford, M. S., J. Am. Chem. Soc. 2017. 
22. Zhang, S.-L.; Huang, L.; Sun, L.-J., Dalton Transactions 2015, 

44 (10), 4613-4622. 
23. Grushin, V. V.; Marshall, W. J., J. Am. Chem. Soc. 2006, 128 

(14), 4632-4641. 
24. Gu, Y.; Leng, X.; Shen, Q., Nat Commun 2014, 5. 
25. Russell, D. R.; Tucker, P. A., J. Chem. Soc., Dalton Trans. 1975,  

(21), 2222-2225. 

26. Burgess, J.; Chambers, J. G.; Clarke, D. A.; Kemmitt, R. D. W., 
J. Chem. Soc., Dalton Trans. 1977,  (19), 1906-1910. 

27. Doi, R.; Kikushima, K.; Ohashi, M.; Ogoshi, S., J. Am. Chem. 
Soc. 2015, 137 (9), 3276-3282. 

28. Two molecules of complex 2f were present in the unit cell. For 
clarity, only one molecule of 2f is shown in Figure 1d, and bond lengths 
for only one molecule of 2f are provided. 

29. Reductive elimination was found to be zero-order in the 
concentration of added DPPF. 

30. Klinkenberg, J. L.; Hartwig, J. F., J. Am. Chem. Soc. 2012, 134 
(13), 5758-5761. 

31. Hayashi, T.; Konishi, M.; Kobori, Y.; Kumada, M.; Higuchi, T.; 
Hirotsu, K., J. Am. Chem. Soc. 1984, 106 (1), 158-163. 

32. Steffen, W. L.; Palenik, G. J., Inorg. Chem. 1976, 15 (10), 2432-
2439. 

33. van der Veen, L. A.; Keeven, P. H.; Schoemaker, G. C.; Reek, J. 
N. H.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.; Lutz, M.; Spek, A. 
L., Organometallics 2000, 19 (5), 872-883. 

 

 
F

OEt

O

< < <

Fe
P

P
Pd

F F
OEt

O

PhPh

Ph Ph

=

F
NR2

O

FF
OEt

O

FF

CN

F

F F
OEt

O

increasing rate of reductive elimination

Page 5 of 5

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


