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ABSTRACT: Palladium-catalyzed fluoroalkylations of aryl halides
are valuable reactions for the synthesis of fluorinated, biologically
active molecules. Reductive elimination from an intermediate
Pd(aryl)(fluoroalkyl) complex is the step that forms the C(aryl)—
C(fluoroalkyl) bond, and this step typically requires higher
temperatures and proceeds with slower rates than the reductive
elimination of nonfluorinated alkylarenes from the analogous
Pd(aryl)(alkyl) complexes. The experimental rates of this step
correlate poorly with common parameters, such as the steric .
property or the elecuon"’VithdraVVing abﬂity of the ﬂuoroalkyl - RF containing Tr-acids or a-H atoms — 4.7 — 9.9 kcal/mol transition-state stabilization
ligand, making the prediction of rates and the rational design of Pd- - RF containing no m-acids or a-H atoms — no transition-state stabilization

catalyzed fluoroalkylations difficult. Therefore, a systematic study

of the features of fluoroalkyl ligands that affect the barrier to this key step, including steric properties, electron-withdrawing
properties, and secondary interactions, is necessary for the future development of fluoroalkylation reactions that occur under milder
conditions and that tolerate additional types of fluoroalkyl reagents. We report computational studies of the effect of the fluoroalkyl
(RF) ligand on the barriers to reductive elimination from Pd(aryl)(RF) complexes (RF = CF,CN, CF,C(O)Me, etc.) containing the
bidentate ligand di-tert-butyl(2-methoxyphenyl)phosphine (L). The computed Gibbs free-energy barriers to reductive elimination
from these complexes suggest that fluoroalkylarenes should form quickly at room temperature for the fluoroalkyl ligands we studied,
excluding R* = CF;, CF,Me, C,F;, CF,CFMe,, CF,Et, CF,iPr, or CF,{Bu. Analyses of the transition-state structures by natural bond
orbital (NBO) and independent gradient model (IGMH) approaches reveal that orbital interactions between the Pd center and a
hydrogen atom or 7-acid bonded to the a-carbon atom of the R” ligand stabilize the lowest-energy transition states of Pd(aryl)(RF)
complexes. Comparisons between conformers of transition-state structures suggest that the magnitude of such stabilizations is 4.7—
9.9 kcal/mol. In the absence of these secondary orbital interactions, a more electron-withdrawing fluoroalkyl ligand leads to a higher
barrier to reductive elimination than a less electron-withdrawing fluoroalkyl ligand. Computations on the reductive elimination from
complexes containing para-substituted aryl groups on palladium reveal that the barriers to reductive elimination from complexes
containing more electron-rich aryl ligands tend to be lower than those to reductive elimination from complexes containing less
electron-rich aryl ligands when the fluoroalkyl ligands of these complexes can engage in secondary orbital interactions with the metal
center. However, the computed barriers to reductive elimination do not depend on the electronic properties of the aryl ligand when
the fluoroalkyl ligands do not engage in secondary orbital interactions with the metal center.

y Pd-RF inter ions lower AG* of reductive elimination
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B INTRODUCTION (fluoroalkyl) complex to form a fluoroalkylarene. While the
The construction of organic molecules containing fluorine is reductive elimination step is not always rate-limiting in the
important for the development of biologically active catalytic reactions,' ' the reductive elimination of fluoroalky-

compounds, including pharmaceuticals and agrochemicals,
because fluorinated functional groups alter the Iipolphilicity,
acidity, and metabolic stability of these molecules. '’ Pd-
catalyzed fluoroalkylations of aryl halides are attractive )
reactions to introduce fluorinated motifs at late stages of Rev‘?ed: September 1, 2023 g
synthesis because of the high selectivity and functional-group Published: September 18, 2023 * O s
tolerance of Pd catalysts (Scheme Ila)."" The C—C bond- v éj Voy
forming step of these catalytic fluoroalkylation reactions is e
reductive elimination from an intermediate palladium(aryl)-

larenes, nevertheless, is often much slower than the reductive
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Scheme 1

(a) Pd-catalyzed fluoroalkylations of aryl halides
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(b) Key step: reductive elimination of Pd(Ar)(fluoroalkyl) complexes
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on the rate of reductive elimination
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ability of RF and the barrier to reductive elimination in
the absence of secondary orbital interactions

elimination of nonfluorinated alkylarenes from analogous
palladium (aryl) (alkyl) complexes.”"'*~'® As such, the rate of
this step imposes an upper bound on the rate of the reaction
overall and affects the partitioning of the reaction between the
steps on the catalytic cycle and those occurring off the cycle to
form side products or induce the decomposition of the catalyst.
Thus, understanding how structural and electronic effects of
the Pd(aryl)(fluoroalkyl) complexes affect the rate of reductive
elimination is key for the development of new, milder Pd-
catalyzed fluoroalkylation reactions.

Many experimental and computational studies on the
reductive elimination from Pd complexes containing perfluor-
oalkyl, difluoromethyl, and a-fluoroenolate ligands have been
reported.”>~** However, most of these studies have focused on
a single fluoroalkyl ligand, e.g.,, the CF; group and have not
compared this reductive elimination to those involving other
fluoroalkyl or nonfluorinated alkyl ligands (Scheme 1b). A
comparison of reductive elimination from complexes contain-
ing various types of fluoroalkyl ligands would provide insight
into structural and electronic properties that influence the rate
of the reductive elimination step and aid the future
development of Pd-catalyzed fluoroalkylations of aryl halides
(Scheme 1Ic).

To this end, we report computational investigations into the
reductive elimination of fluoroalkylarenes from (L)Pd(aryl)-
(RF) complexes (L = di-tert-butyl(2-methoxyphenyl)-
phosphine) containing a series of alkyl and fluoroalkyl ligands
RF (R = CF;, C,F, CF,H, CF,CH;, CF,CF(CH;), CFH,,
CH,, CF,Ph, CF,CN, CF,C(O)F, CF,C(O)H, CF,C(O)Me,
CF,CO,Me, CHFC(O)Me, CF,Et, CF,iPr, or CF,tBu),
leading to new insights into the factors controlling reductive
elimination. We find that the barriers to reductive elimination
from complexes of fluoroalkyl ligands containing electron-
withdrawing 7-acids (carbonyl, nitrile, or aryl moieties) or
hydrogen atoms attached to the a-carbon are significantly
lower than those from complexes of fluoroalkyl ligands that do
not contain these moieties. Analyses of these structures by
natural bond orbital (NBO) analysis’* and the independent
gradient model based on Hirshfeld partition (IGMH)*~*’
reveal that the lower barriers for the complexes containing 7-
acids or a-hydrogens result from the stabilizing secondary
orbital interactions between the Pd center and the 7-acidic or
a-hydrogen substituents in the fluoroalkyl ligand.

B RESULTS AND DISCUSSION

Validation of the Computational Methods. All
optimized structures and their corresponding ener%ies were
calculated using the Gaussian 16 software package™ at the
PBE0-D3(BJ)/ma-TZVP/def2-QZVP(Pd)//PBE0-D3(BJ)/
def2-SVP/def2-TZVP(Pd) level of theory™™* in THF or
toluene solvent according to the SMD model™ (see the
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Figure 1. Comparison of experimentally determined and computed barriers to reductive elimination from (a) (dfmpe)Pd(Ph)(CF;),** (b) ((S)-
SEGPHOS)Pd(4-CN-C4H,) (fluorooxindole),"” (c) (dppf)Pd(Ph)(CF,CN), and (d) (clppf)Pd(Ph)(CFZCOZEt).]5
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Scheme 2. Reported Pd-Catalyzed Aryldifluoromethylation of Aryl Halides and the Model System Studied in This Work

(a) Reported Pd-catalyzed aryldifluoromethylation of aryl halides
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Supporting Information for additional details). The computa-
tional methods chosen for this work closely reproduce higher-
level computations of closed-shell organometallic complexes in
established DFT benchmarks**™*® as well as experimentally
determined energetic barriers to reductive elimination from
arylpalladium fluorooxindole complexes.'” Nevertheless, we
calculated the barriers to reductive elimination from Pd
complexes containing various bisphosphine ligands and
fluoroalkyl groups and compared the computed barriers to
those derived from published experimental measure-
ments.'”'>** The barrier to reductive elimination from the
complex (dfmpe)Pd(Ph)(CF;) (dfmpe = 1,2-bis(bis-
(trifluoromethyl)phosphino)ethane) reported by Schoenebeck
and co-workers was calculated to be 24.5 kcal/mol, which is
only 0.9 kcal/mol higher than the value measured from
experiments (Figure 1(a)).”* This difference is similar to that
between computed and experimental barriers to reductive
elimination from the (aryl)Pd(fluorooxindole) complex
containing the (S)-SEGPHOS ligand (1.2 kcal/mol, Figure
1(b)) that we published previously."* Similarly, the computed
barriers to reductive elimination from (dppf)Pd(phenyl)-
(fluoroalkyl) complexes (dppf = 1,1’-bis(diphenylphosphino)-
ferrocene) agree with experimental values (Figure 1(c) and
(d), IAGE, — AGeixptl < 1.8 kcal/mol)."® The calculated barrier
to reductive elimination from (dppf)Pd(Ph)(CF,CN) was 1.9
kcal/mol higher than that from (dppf)Pd(Ph)(CF,CO,Et)
(AGE(CF,CN) — AGE(CF,CO,Et) = 1.9 kcal/mol),
consistent with barriers calculated from experimentally
determined rate constants (_AGefpt(CFZCN) -
AGg'Xpt(CFZCOZEt) = 1.0 kcal/mol)."” These small differences
between computation and experiment show that our computa-
tional method accurately predicts the relative free-energy
barriers to reductive elimination from Pd(aryl)(fluoroalkyl)
complexes.

Geometries and Energies of Optimized Structures.
Having confirmed that our computational method accurately
predicts the barriers to reductive elimination from Pd(aryl)-
(fluoroalkyl) complexes, we investigated the effect of the
identity of the fluoroalkyl ligand on the barrier to reductive
elimination. We selected Pd complexes containing the
aryldialkylphosphine ligand di-tert-butyl(2-methoxyphenyl)-
phosphine (L) as the model system because our group

12812

recently showed that Pd complexes containing L catalyzed the
aryldifluoromethylation of aryl halides with high yields and a
broad scope (Scheme 2(a)).***” Other aryldialkylphoshines
containing alkoxyaryl moieties such as BrettPhos, RuPhos, and
SPhos also have been reported to facilitate a variety of Pd-
catalyzed fluoroalkylation reactions;' ' *** however, we did not
investigate systems containing these ligands due to their large
sizes and accompanying high computational costs.

We optimized the ground-state and transition-state geo-
metries of a series of palladium complexes Pd-R¥ in THF
solvent (eq 1, trans- or cis-Pd-RF-GS and trans- or cis-Pd-RF-

1
" . 0
o, . O reductive O _
Pd elimination /Pd\
R P RF
R, AGH (trans) R,

trans-Pd-RF-TS trans-Pd-RF-GS

e i

o) RF |

oo reductive O  gF

& elimination Pl 1)
P

Ra AGH (cis) R» Q

cis-Pd-RF-GS cis-Pd-RF-TS

R = tBu; RF = CF3, C,Fs, CFyH, CF,CH3, CFH,, CHj, CF,CFMe,, CF,CN, CFoPh,
CF,C(O)F, CF,C(O)H, CF,C(O)Me, CF,CO,Me, CHFC(O)Me, CF,iPr, CF,tBu

TS, respectively). The calculated relative Gibbs free energies
(AG) and selected geometric parameters of representative Pd-
RF structures are shown in Table 1 (see Table 2 below and
Table S1 in the Supporting Information for the data of all
other Pd-RF structures). Structures in which the fluoroalkyl
ligand was either cis to the methoxy fragment of the ligand L
(cis-Pd-RF) or trans to it (trans-Pd-RF) were considered
(Figure 2(a) and (c), respectively, R" = CF,Ph as an example);
in most cases, the ground-state free energy of the cis isomer
was lower than that of the trans isomer (AG,,,,; — AG,;, = 0.2—
2.1 kcal/mol). The exception was the system in which RF =
CF,H; in this case, the trans isomer was slightly more stable
(AGyans — AG,; = —0.3 kcal/mol). Both cis and trans ground-
state complexes adopted slightly distorted square-planar
structures, with ¢ = 170—180°, in which ¢ is defined as the
dihedral angle formed by C(Ph)—Pd—P—O or C(RF)—Pd—P—
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Table 1. Calculated Relative Gibbs Free Energies (AG) and Selected Geometric Parameters of the Lowest-Energy Ground-
State and Transition-State Structures of Representative cis- and trans-Pd-R" Complexes

RF structure AG (kcal/mol) r (Pd—P) (A)
CF, cis-GS 0.0 2.39
cis-TS 282 233
trans-GS 1.1 2.40
trans-TS 27.3 2.34
CF,CN cis-GS 0.0 2.36
cis-TS 21.0 2.34
trans-GS 2.1 2.40
trans-TS 24.7 2.38
CF,Ph cis-GS 0.0 2.39
cis-TS 17.3 2.33
trans-GS 0.2 2.40
trans-TS 23.0 2.37
CF,H cis-GS 0.3 2.40
cis-TS 18.5 2.34
trans-GS 0.0 2.39
trans-TS 19.7 2.35
CFH, cis-GS 0.0 2.39
cis-TS 16.0 2.33
trans-GS 1.5 2.37
trans-TS 17.2 2.35
CH; cis-GS 0.0 2.37
cis-TS 14.0 2.33
trans-GS 1.1 2.36
trans-TS 15.6 2.35
CF,C(O)Me cis-GS 0.0 2.40
cis-TS 21.6 2.35
trans-GS 1.8 2.39
trans-TS 23.2 2.38
CF,C(O)H cis-GS 0.0 2.40
cis-TS 20.6 2.37
trans-GS 1.0 2.38
trans-TS 20.1 2.38

r (Pd-0) (A) ¢ (C(Ph),Pd, P, O) (°) ¢ (C(RF),P4, P, O) (°)
2.29 175
2.47 176
2.29 176
2.54 178
2.29 179
2.77 147
2.30 179
2.53 173
2.31 171
2.92 123
2.32 180
2.61 176
2.29 176
2.66 156
2.29 176
2.58 180
2.30 173
2.60 154
2.31 172
2.57 174
2.30 180
2.59 166
2.31 177
2.57 178
2.30 173
2.72 140
2.30 179
2.54 175
2.31 175
2.74 133
2.31 178
2.51 176

O for cis or trans complexes, respectively (Figure 2(a) and (c),
R" = CF,Ph as an example). In these computed ground-state
structures, the distances from the Pd center to the phosphine
and the methoxy fragment of the bidentate ligand L (r(Pd—P)
= 2.36—2.41 A and r(Pd—0) = 2.27-2.32 A, respectively)
were in close agreement with values obtained from reported
crystal structures of similar (L)Pd complexes (r(Pd—P) =
2.29-2.32 A and r(Pd—0) = 2.27-2.30 A, respectively).*”’

The lowest-energy transition-state structures for reductive
elimination from the cis and trans complexes (cis- and trans-Pd-
RF-TS) were also computed. As was the case for the ground-
state structures, the transition-state geometries were calculated
to be lower in energy for the cis structures than for the trans
structures for most fluoroalkyl ligands (AG*,,.. — AG*; =
0.7—5.7 kcal/mol). Exceptions to this trend were complexes
with RF = CF,;, C,Fs, and CF,C(O)H, for which the trans
transition-state structures were slightly lower in energy than
the cis analogs (AG*,,,. — AG*;, = —0.9, —0.1, and —0.5 kcal/
mol, respectively). The Pd—O bonds in the transition-state
structures trans-Pd-RF-TS were moderately longer than those
in the ground states (Ar(Pd—O) = 0.2—0.3 A), and the
degrees of distortion from square planar in the transition states
were only slightly larger (IAgl < 6°) than those in the ground
states (Table 1 and Figure 2(d)). In contrast, larger changes in
the structures were computed to occur during the reductive
elimination from the cis-Pd-RF isomers. As the reaction

proceeds from cis-Pd-RF-GS to cis-Pd-RF-TS, the methoxy
fragment of the ligand L twists significantly out of the plane
defined by other ligated groups on the Pd center (Table 1 and
Figure 2(b)), the Pd—O bond lengthens (Ar(Pd—0O) = 0.2—
0.6 A), and the deviation from the square-planar geometry
(A = 14—48° except for RF = CF; (A = —1°)) is larger than
it is during reductive elimination from the trans-Pd-RF isomers.
These changes in structure suggest that the Pd—O bond is
weaker in transition state cis-Pd-RF-TS than in trans-Pd-RF-
TS. We note that a similar elongation of the Pd—O bond in the
transition state was observed in a previous DFT study on the
reductive elimination from alkylpalladium amido complexes
containing similar methoxy-substituted aryldialkylphosphine
ligands.”® We hypothesized that the greater degree of
dissociation of the methoxy substituent on the ligand in cis-
Pd-RE-TS, relative to that of the same group in the ancillary
ligand of trans-Pd-RF-TS, might reduce the destabilizing steric
interaction of the methoxy group with the adjacent migrating
R" ligand and allow for stabilizing interactions between the R
ligand and the Pd center (vide infra), ultimately leading to
lower barriers to reductive elimination.

Overall, the calculated barriers indicate that reductive
elimination from 10 of the 17 Pd-RF complexes studied
would proceed quickly even at 25 °C (AG* < 22.3 kcal/mol,
corresponding to a predicted t,,, < 45 min for R¥ # CF;, C,F;,
CF,Me, CF,Et, CF,iPr, CF,tBu, or CF,CFMe,). The seven
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Table 2. Q(RF) Values for the Fluoroalkyl Ligands RF and Calculated Free Energies Related to the Reductive Elimination of

cis-Pd-R¥ Complexes”

RF Q(RF)  AGHRF) (kcal/mol)  AG*(RF) (kcal/mol)
CF,CN —0.492 21.0 33.1
CF,Ph —0.402 17.3 284
CF,H —0.370 182 25.1
CF,C(0)Me —0.438 21.6 30.7
CF,C(O)H —0.455 20.6 29.5
CF,CO,Me —0.442 223 30.9
CF,C(O)F —0.491 21.9 32.1
C,Fs¥ —0.478 28.9 313
CF,Me" -0.377 23.3 25.5
CF,Et" —0.359 243 26.5
CF,iPr” —0.359 24.0 292
CF,Bu” -0.370 24.1 282
CE,CFMe,” —0.414 25.7 29.5
CF,"”* —0.462 282 n/a
CFH,? —-0.321 16.0 not found
CH,* —-0.292 14.0 n/a
CFHC(O)Me* —0.426 20.6 not found

AAGHRF) (kcal/mol)  AE 4 (RY) (kcal/mol)  AGE, . (RF) (kcal/mol)

—12.1 -9.9 30.9
—11.1 —6.9 24.2
—-6.9 —4.7 229
-9.1 —6.6 28.2
-89 —6.6 27.2
-8.6 —4.7 27.0
—10.1 -7.9 29.8
-2.5 n/a 28.9
-2.2 n/a 23.3
22 n/a 24.3
-5.1 n/a 24.0
—4.2 n/a 24.1
-3.8 n/a 25.7
n/a n/a 282
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a

“Definitions of energetic terms: AG*(RF), the barrier to reductive elimination involving the lowest-energy transition state cis-Pd-RF-TS;
AG*,(RF), the barrier to reductive elimination involving the transition states cis-Pd-RF-TS-rot, in which the a-H or the a-z-acceptor is oriented
away from the Pd center; AAGH(RY) = AGH(RY) — AG*(RF); AE,(RY) = AAGH(RF) — AE(RF), the energy attributable to solely secondary
orbital interactions, where AE(RF) is the estimated energetic penalty attributed to changing steric and electronic interactions caused by the
rotation of the RF ligand (see Table 4); AGE o (RF) = AGH(RF) — AE,,(RF), the estimated barrier for the hypothetical scenario in which
secondary orbital interactions are absent in the cis-Pd-RF-TS structures. “Since these RF ligands do not engage in secondary orbital interactions
with the Pd center in cis-Pd-RF-TS structures, AG*(RY) = AGE,  (RY) by definition. “Due to the symmetric nature of these R” ligands, the cis-Pd-
RF-TS-rot structures are identical to the cis-Pd-RF-TS structures. Therefore, analysis based on AG¥,(RF) is not applicable to these structures. “We
were unable to locate the transition-state structures cis-Pd-RF-rot in which the a-hydrogens or the a—r-acceptor were oriented away from the Pd
for these R ligands. Therefore, we have omitted analyses of AG*,(RF) for these structures.

exceptions are Pd-CF;, Pd—C,F;, Pd-CF,Me, Pd-CF,Et, Pd-
CF,iPr, Pd-CF,tBu, and Pd-CF,CFMe,. The computed
barriers to reductive elimination from these seven Pd
complexes suggest that reductive elimination would be slow
at room temperature and proceed at a reasonable rate only at
elevated temperatures. The half-lives for reductive elimination
from complexes containing the ligands RF = CF,Me, CF,kEt,
CF,iPr, CF,tBu, and CF,CFMe, would be 3, 15, 9, 11, and 120
min, respectively, at 60 °C, while those for reductive
elimination from complexes with RF = CF; and C,F would
be 49 and 125 min, respectively, at 100 °C. These
computational results are consistent with the high temper-
atures required in experimental work for reductive elimination
from related monophosphine-ligated aryl(perfluoroalkyl)palla-
dium complexes to form perfluoroalkylarenes.'>'®'***
Quantification of the Electronic Properties of
Fluoroalkyl Ligands and Analysis of the Features of
Fluoroalkyl Ligands that Affect the Barriers to
Reductive Elimination. To determine the factors that affect
the barriers to reductive elimination, we first quantitatively
assessed the effect of the electronic properties of the fluoroalkyl
ligands on the Gibbs free energy of activation (AGY). It was
not possible simply to compare AG* values to the Hammett
substituent constants of the RF ligands of cis-Pd-RF
structures,”’ as was done in previous studies on the reductive
eliminations from arylpalladium thiolate,>> amide,”> and
alkoxide species,’*>” because of the lack of published
substituent constants for several of the RF ligands. Thus, we
developed a new descriptor for the electronic properties of RF
ligands: Q(RF), which is the sum of the QTAIM atomic
chargesS(”57 of the fluoroalkyl (RF) fragment in the ground-
state structures cis-Pd-RF-GS (Scheme 3, RF = CF,CN as an

example).”® For a comparison of Q(RF) to descriptors based
on other atomic charge schemes, we refer the reader to section
3 of the Supporting Information. We reasoned that a more
electron-withdrawing RF fragment in the ground-state complex
cis-Pd-RF-GS would contain a greater share of the electron
density of the molecule, leading to a more negative Q(RF)
value. To evaluate this new descriptor, we plotted the Q(RF)
values of the difluoroalkyl (R¥ = CF,X) ligands against the o,,
substituent constant of the X group, a parameter commonly
used to quantify inductive effects in linear free-energy
relationships (Figure 3).57%° The strong linear correlation
(R* = 0.96) between Q(CF,X) and 6,,(X) demonstrates that
Q(RF) does reflect quantitatively the electron-withdrawing
properties of the RF ligands.

We next plotted the free-energy barriers to reductive
elimination (AG?) from the cis-Pd-RF complexes against the
Q(RF) values of the RF fragments (Figure 4 and Table 2). A
high degree of scatter can be seen in this plot when all data
points are considered (R* = 0.248, Figure 4(a)). For example,
the Q(RF) values and, hence, the electron-withdrawing abilities
of R = C,F, and RF = CF,CN are similar (Q(C,F;) = —0.478
and Q(CF,CN) = —0.492), but the barrier to reductive
elimination from cis—Pd-C,F; is 7.9 kcal/mol higher than the
corresponding barrier to elimination from cis-Pd-CF,CN
(AG*(C,F5) = 289 kcal/mol and AG*(CF,CN) = 21.0
kcal/mol). Likewise, the Q(RF) values of RF = CF,Me and RF
= CF,H are similar (Q(CF,Me) = —0.377 and Q(CF,H) =
—0.370), but the barrier to reductive elimination from cis-Pd-
CF,Me is 5.1 kcal/mol higher than that from cis-Pd-CF,H
(AG*(CF,Me) = 23.3 kcal/mol and AG*(CF,H) = 18.2 kcal/
mol). Thus, the barriers to reductive elimination depend on
more than the Q(RF) values alone.
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Figure 2. Optimized structures and selected geometric parameters of (a) cis-Pd-CF,Ph-GS, (b) cis-Pd-CF,Ph-TS, (c) trans-Pd-CF,Ph-GS, and (d)

trans-Pd-CF,Ph-TS. Hydrogen atoms have been omitted for clarity.

We recently suggested that a donor—acceptor interaction
between the d orbitals of Pd and a z* orbital of the RF
fragment was present in the transition states for reductive
elimination from aryl(3-fluorooxindolyl)- and aryl-
(difluoromethylaryl)palladium complexes.'>*” Thus, we hy-
pothesized that the lack of correlation between AG*(RF) and
Q(RF) could result from the presence or absence of such

12815

interactions within cis-Pd-TS-R" complexes containing differ-
ent R ligands. Indeed, the data points can be partitioned into
two subsets that individually correlate AG*(RF) more strongly
with Q(RF): a lower-energy subset A (R’ = 0.831), in which
the R ligands contain unsaturated groups or hydrogen atoms
attached to the a-carbon atom (Figure 4(b), orange triangles),
and a higher energy subset B (R* = 0.932), in which the R
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Scheme 3. Illustration of the Definition of Q(R¥) Using RF =
CF,CN as an Example”

M CN Partial charge:
66 | o c1:+1.12
i e : -0.66
: -0.66
‘\d :-0.29
R2 Q(CF,CN)

=tBu = +1.12-0.66-0.66-0.29
c:s-Pd-CFZCN-GS =.0.49

“Q(CF,CN) is equal to the sum of the QTAIM partial charge of each
atom of the CF,CN fragment in the lowest-energy ground-state
structure cis-Pd-CF,CN-GS.

ligands are saturated and do not contain a-hydrogen atoms
(Figure 4(b), blue squares). Within each subset, the
correlation between AG*(RF) and Q(RF) is negative,
indicating that the barriers to reductive elimination from
aryl(fluoroalkyl)palladium complexes containing more elec-
tron-withdrawing fluoroalkyl ligands are higher than those
containing less electron-withdrawing fluoroalkyl ligands, a
trend that matches the well-established trend for reductive
eliminations from arylpalladium complexes containing non-
fluorinated alkyl ligands.'*®'~%*

Analysis of the Stabilizing Secondary Orbital Inter-
actions between Pd and the Fluoroalkyl Ligands in the
Transition States of Subset A. Further analysis of metal—
ligand bonding in the ground and transition states provides
strong evidence that the two subsets lie on distinct correlation
lines because the transition states of subset A are stabilized by
secondary orbital interactions between Pd and an unsaturated
group or an a-hydrogen atom in the fluoroalkyl ligand, but the
transition states of subset B are not. The fluoroalkyl ligands in
the transition states for reductive elimination from the
complexes in subset A are oriented such that the #* orbitals
of the electrophilic aryl, nitrile, or carbonyl groups (R" =
CF,Ph, CF,CN, and CF,C(O)R) can interact with the Pd
center (Figure S). To determine whether bonding interactions
are present in such structures, we conducted IGMH
(1nde§pendent gradient model based on leshfeld parti-
tion)” " and NBO (natural bond orbital)** analyses of
these transition-state structures. IGMH analysis classifies
interactions in specific regions of molecular space and assigns
colors to these regions based on whether the interactions are
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- 28
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CraBy 32 2% 2
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Figure 4. Plots of computed barriers to reductive elimination
(AG*(RF)) against Q(RF) values (a) without partitioning of RF
ligands into subsets and (b) with partitioning of R¥ ligands into
subsets.

attractive and stabilizing (blue), repulsive and destabilizing
(red), or the result of van der Waals interactions (green). The
IGMH plots of transition-state structures cis-Pd-RF-TS
possessing unsaturated groups in the RF fragments clearly
contain blue isosurfaces between the Pd center and the sp” or
sp carbon in the carbonyl, nitrile, or phenyl groups (indicated
by black arrows in Figure 5(a)(ii), (b)(ii), and (c)(ii); RF =
CF,C(O)Me, CF,CN, and CF,Ph, respectively), indicating
stabilizing, bonding-like interactions between them. Further-
more, second-order NBO analysis, which determines the
presence of stabilizing interactions by electron donation from
filled NBOs into vacant acceptor NBOs, reveals a stabilizing

0,(X) vs. Q(CF,X)

CF,CN g more electron-
(% " withdrawing
CRLO)F--... CF,CO,Me 0.5
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Figure 3. Linear relationship between the Q(CF,X) and the ¢,,(X) values for a series of difluoroalkyl ligands.
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Figure 5. NBO and IGMH analyses of the stabilizing secondary orbital interactions in cis-Pd-RF-TS structures between the Pd center and (a) the
a-carbonyl group for RF = CF,C(O)Me, (b) the a-nitrile group for R¥ = CF,CN, and (c) the a-phenyl group for RF = CF,Ph. NBO isosurfaces
depict the leading orbitals involved in the d(Pd) — 7*(RF) interactions. Blue isosurfaces labeled with black arrows in the IGMH plots indicate
stabilizing interactions between the R ligand and the Pd center.

(a) (b)

cis-Pd-CF,H-TS

Figure 6. NBO and IGMH analyses of the stabilizing secondary orbital interactions between the Pd center and the C(a)—H bond in the transition
state cis-Pd-CF,H-TS. (a) Visualization of the d(Pd) — ¢*(C—H) orbital interaction. (b) Visualization of the 6(C—H) — s(Pd) orbital
interaction. (c and d) IGMH plots; blue isosurfaces labeled with black arrows indicate stabilizing interactions between the RF ligand and the Pd
center.
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donor—acceptor interaction from a mostly filled d orbital of
the Pd center into the mostly vacant 7* orbitals of the
carbonyl, nitrile, and phenyl fragments (Figure 5(a)(i), (b)(i),
and (c)(i), respectively).

A similar examination of the structures of cis-Pd-RF-TS for
RF = CH,;, CFH,, CF,H, and CHFC(O)Me reveals that the a-
C—H bond is oriented so that the ¢ and ¢* orbitals of the C—
H bond interact with the Pd center (Figure 6, R" = CF,H as an
example). IGMH plots of the transition states contain blue
regions between the Pd atom and the a-hydrogen atom of the
methyl or fluoroalkyl ligands, suggesting the presence of
stabilizing interactions between them (Figure 6(c) and (d)).
NBO analysis reveals two stabilizing interactions between the
C—H bond and the Pd center in these transition-state
structures: (1) a stabilizing donor—acceptor interaction from
a mostly filled d orbital of the Pd center into the mostly vacant
o* orbital of the C—H bond (Figure 6(a)) and (2) a stabilizing
donor—acceptor interaction from the mostly filled ¢ orbital of
the C—H bond to the mostly vacant Ss orbital of the Pd center
(Figure 6(b)). Similar C—H agostic interactions also have been
proposed to be present in the transition states for reductive
eliminations from Pt(IV) and Pd(IV) methyl complexes®*®®
and are in agreement with early theoretical studies on reductive
elimination reactions.’”®” These results support our hypothesis
that transition states in subset A containing unsaturated groups
or a-hydrogens in the RF ligands are stabilized by secondary
orbital interactions between the Pd center and the m-accepting
groups or the a-hydrogens.

Analysis of the Wiberg bond indices” (calculated in the
NAO basis) between Pd and the 7-acid or the a-hydrogen in
the structures lying on the intrinsic reaction coordinates
(IRCs) for reductive elimination from cis-Pd-RF complexes in
subset A suggests that the Pd---H and the Pd---7* interactions
are absent in the lowest-energy ground-state structures cis-Pd-
RF-GS. Therefore, these interactions are specific to the
transition states. Figures 7(a) and (b) show the Wiberg
bond index between Pd and the cyano group as well as the
index between Pd and a-H along the reaction coordinates for
the reductive elimination from cis-Pd-CF,CN and cis-Pd-
CF,H complexes (as representative examples for Pd---z* and
Pd--H interactions, respectively). In the reactive complex,
which is similar in structure to the lowest-energy ground state,
the bond index between Pd and the substituent in the
fluoroalkyl ligand is small (0.072 for Pd---CN and less than
0.02 for Pd--H), suggesting that the bonding interactions
between the metal and the substituent in the R¥ fragment are
absent. As the reaction progresses to the transition state, the
bond index between Pd and the substituent increases (Pd---
CN, from 0.072 to 0.278; Pd-H, from <0.02 to 0.0412),
indicating the emergence of orbital interactions between the
metal and the 7-acceptor or the a-hydrogen in the transition
state. After the C—C bond has formed between the phenyl and
CF,CN fragments, the phenyl ring moves farther from the Pd
center, whereas the cyano group moves closer to the metal,
leading to a larger Wiberg bond index between Pd and CN in
the product than in the transition state (Figure 7(a)). In
contrast, after the C—C bond has formed between the phenyl
and difluoromethyl fragments, the C(sp’)—H bond rotates
away from the Pd, resulting in a smaller bond index between
Pd and H in the product than in the transition state (Figure
7(b)). Although the bond index in the product may be smaller
or larger than that in the transition state depending on the
identity of the R® ligand, such changes in this bonding
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Figure 7. (a) Wiberg bond index between Pd and CN along the
reaction coordinate for the reductive elimination from the cis-Pd-
CF,CN complex. (b) Wiberg bond index between Pd and a-H along
the reaction coordinate for the reductive elimination from the cis-Pd-
CF,H complex. (c) Rationalizations for why secondary orbital
interactions are specific to the transition states.

interaction occur after the transition state and, therefore, do
not affect our analysis of the orbital interactions in the ground
state versus the transition state. The small Wiberg bond indices
between the metal and the substituent in the fluoroalkyl ligand
in the reactive complexes versus the significantly larger bond
indices in the transition states strongly suggest that the
stabilizing secondary orbital interactions are specific to the
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Figure 8. Optimized transition-state structures of (a) cis-Pd-CF,C(O)Me-TS, (b) cis-Pd-CF,C(O)Me-TS-rot, (c) cis-Pd-CF,H-TS, and (d) cis-

Pd-CF,H-TS-rot.

Table 3. Distances between the Pd Center and the @-H or the Electrophilic Atom of the @-7-Acid in Optimized Transition-

State Structures cis-Pd-RE-TS and cis-Pd-RF-TS-rot

entry RF r(Pd---X)? in cis-Pd-RF-TS (A)
1 CF,CN 222
2 CF,C(0)Me 237
3 CF,C(O)H 224
4 CF,CO,Me 241
5 CF,C(O)E 2.30
6 CF,Ph 2.29
7 CE,H 2.16

“X refers to the atom that is @ to the difluoromethylene moiety. X =

r(Pd--X)? in cis-Pd-RF-TS-rot (A)
3.64
3.65
3.63
3.66
3.66
3.66
322

H(a) for RF = CF,H; X = C(x) for any other RF.

raw(Pd) + raw(X)* (1)
3.33

2.83

transition-state structures and, therefore, influence the free-
energy barriers to reductive elimination.

We propose that the secondary orbital interactions are
absent in the ground-state structures cis-Pd-R-GS for the
following reasons: (1) the distance between Pd and the
methoxy fragment of ligand L is short and the coordination site
on the metal is occupied; (2) the bond angle @ formed by
C(RF)—Pd—C(Ph) is close to 90°, so the distance between Pd
and the substituent in the fluoroalkyl ligand is long; and (3)
the m-acceptor lies out of the plane defined by the atoms
bound to Pd in complexes containing large RF ligands due to
steric repulsions (Figure 7(c), left). In contrast, the secondary
orbital interactions can be present in the transition states cis-
Pd-RF-TS because (1) the methoxy group of ligand L
dissociates from the metal center to open a coordination
site; (2) the RF ligand migrates closer to the phenyl ligand as
the reaction proceeds, decreasing the bond angle 8 (from ~90°
to ~55°) and the distance between Pd and the 7-acceptor or

the @-H; and (3) the substituent in the migrating fluoroalkyl
ligand is coplanar with the Pd center, enabling favorable
overlap between the orbitals. All of these factors lead to the
presence of stabilizing orbital interactions between Pd and the
fluoroalkyl ligand in the transition state but not in the ground
state.

Determination of the Energetic Stabilizations Result-
ing from Secondary Orbital Interactions. Having
identified features in the R¥ ligands that engage in secondary
orbital interactions with the Pd center as well as the causes for
such stabilizations, we sought to estimate the energetic
stabilization resulting from these features. To do so, we
compared the cis-Pd-RF-TS structures to higher-energy
transition-state structures in which the stabilizing groups of
the fluoroalkyl ligand were oriented away from the Pd center
by rotation about the Pd—RF bond (cis-Pd-RF-TS-rot) (Figure
8). The free energies of the cis-Pd-RF-TS-rot structures,
relative to those of the corresponding ground-state structures
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Table 4. Calculated Volumes of Protonated Fluoroalkyl Fragments and Estimates of the Energetic Penalties (AE,,) Associated
with Reorienting the R" Ligands in the cis-Pd-RF-TS-rot Structures

RF, calculated volume of Ry (A%)* AE,(R) = AAG*(RFg) (kcal/mol) RF, calculated volume of RF, (A%)* AE,(RF,) (kcal/mol)
CF,Me 75.5 —2.2 CF,CN 76.1 -22
C,F, 90.6 -2 CF,CO,Me 111.6 -39
CE,Et 98.5 22 CF,C(O)F 82.5 23
CE,iPr 121.1 -5.1 CE,C(O)H 783 23
CF,CFMe, 125.8 -38 CF,C(0)Me 100.8 -2.5
CF,tBu 143.0 —42 CE,H 52,0 —22b
CF,Ph 148.7 —42°

“See the Supporting Information for calculations of the volumes of RF fragments. YAE,, values of RF, ligands whose volumes lie outside the range
of the volumes of the Ry ligands were assigned to the AE,, value of the R¥y ligand closest in size.

of cis-Pd-RF-GS (AG*,(RF)), are reported in Table 2, and
representative geometries for cis-Pd-RF-TS and cis-Pd-RF-TS-
rot are compared in Figure 8 (R¥ = CF,H and CF,CN as
examples) and Table 3. By separating the Pd center from the
unsaturated groups or a-hydrogen atoms of the R ligand, we
reasoned that the secondary orbital interactions would be
much weaker or absent. Indeed, in the rotameric transition-
state structures cis-Pd-RF-TS-rot, the distances between the Pd
center and the a-hydrogen or the a-7-acid are greater than the
sum of the van der Waals radii of the corresponding atoms
(Table 3), demonstrating that the Pd center does not interact
directly with the a-hydrogen or the a-z-acid in the R ligand.
The energies of cis-Pd-RF-TS-rot are higher than those of
cis-Pd-RF-TS by 6.9—12.1 kcal/mol for the complexes of R in
subset A and by 2.2—5.1 kcal/mol for the complexes of R" in
subset B (Table 2). We recognize that the difference in energy
between cis-Pd-RF-TS and cis-Pd-RF-TS-rot (AAG*(RF))
does not arise solely from the aforementioned donor—acceptor
interactions (AE,,(RF)). Other differences in the steric and
electronic properties (AE(RF)) caused by the rotation of the
RF fragment exist between these two structures. Thus, we
decomposed AAG*(RF) into a term representing the
stabilization energy arising from the secondary orbital
interactions (AE,,(R")) and a term representing the energetic
penalty resulting from other differences between the steric and
electronic properties of the structures (AE(RF)). That is,

AAGTRF) = AG'(RF) — AG"_,(RH)
= AEorb(l{l:) + AEse(RF) (2)

To estimate AE,,(RF), we first considered that AE(RF) =
AAG*(RF) for RF ligands that did not participate in donor—
acceptor orbital interactions (i.e., those in subset B: Ry =
C,F,, CF,CH,, CF,Et, CF,iPr, CF,tBu and CF,CFMe,, for
which AE,,(RFg) = 0; see Table 2). Then, we reasoned that
AE,(RF) values would be similar for RF ligands of similar sizes
(see the Supporting Information for details regarding the
volumes of R ligands) and estimated the AE,(R",) values by
interpolating the AE,,(RF;) values with respect to the volumes
of the RF ligemds70 (Table 4). By solving eq 2 for AE_y, we
obtained a quantitative estimate of the magnitude of the
stabilizing secondary orbital interactions, AE,(RF), in
transition state cis-Pd-RF-TS for each RF ligand (eq 3). From
this analysis, we determined that the secondary orbital
interactions stabilized the lowest-energy transition states to
reductive elimination by 4.7—9.9 kcal/mol (Table 2, column
AEorb(lkF) )

AE,,(RF) = AAGF(RF) — AE_(R) 3)

AAGj —orb(RF) = AGi(RF) - AEorb(RF) (4)

0

Subtracting AE,;,(R") from the barrier to reductive elimi-
nation corresponding to the lowest-energy transition state
(AG*(RY)) affords the new parameter AGL . (RF) (eq 4),
which estimates the hypothetical barrier to reductive
elimination through the lowest-energy transition-state struc-
ture cis-Pd-R"-TS in the absence of secondary orbital
interactions between the Pd center and the RF ligand. By
plotting the AGE, . (RF) values versus the Q(RF) values, we
observed that subsets A and B no longer constitute distinct
groups. Instead, these new transition-state barriers for all
complexes together correlate well with the corresponding
Q(RF) values (Figure 9, R* = 0.910). Thus, in the absence of

Linear Correlation between AG*, ,,(RF) and Q(RF) 35
F 33
= subset B
-CF,C(O)F
C(0) subsetA | 31
CF,CN ™" w._ - CF, -CF,C(O)Me F 20 =
“CF,CIOH _GF GOl CF.CFMe, _CFZTEt 78
- =
................... 25 2
crph § f;_{%u g 3
2 B ERPTL 93 st
]
FMe cr Q
y =-50.228x + 5.117 M2t
R?=0.910 L 19
. ' ' : : : : ! 17
-0.50 -0.48 -0.46 -0.44 -0.42 -0.40 -0.38 -0.36
more electron- Q(RF) less electron-
withdrawing withdrawing

Figure 9. Linear correlation between AGE, ,(RF) and Q(RF).
AGE o (RF) is the estimated hypothetical barrier to reductive
elimination through the lowest-energy transition-state structure cis-
Pd-RF-TS in the absence of secondary orbital interactions between
the Pd center and the RF ligand; “no-orb” stands for “no orbital”.

secondary orbital interactions, complexes of more electron-
withdrawing fluoroalkyl ligands generally undergo reductive
elimination more slowly than those with less electron-
withdrawing fluoroalkyl ligands, and this result is consistent
with general trends for reductive elimination from palladium-
(alkyl)(aryl) complexes in which complexes containing more
electron-withdrawing alkyl ligands undergo reductive elimi-
nation to form alkylarenes more slowly than complexes
containing less electron-withdrawing alkyl ligands.' 61-63
Furthermore, the absence of the distinction between subsets
A and B after the secondary orbital stabilizations are removed
strongly suggests that these orbital interactions are the primary,
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Table S. Comparison of Reductive Elimination from Palladium(phenyl)(fluoroalkyl) Complexes Containing the Hemilabile

Ligand L and the Nonlabile Bisphosphine Ligand L’

tBu 'tBU

tB“\F! reductive tBu\P

/ elimination /

- o
@—Pd—y L:Y = OMe Q\\ f’/d\\ Y
LY =
F’I/\R PMe,
F F F

cis-Pd-CF,R-GS cis-Pd-CF,R-TS

ligand = L (Y = OMe)

or @\""Bd‘ Y

,tBu
tBu
~p

/

tBu\ tBu CF,R

/
P
- . .
Pq
AN
Y

ligand = L’ (Y = PMe,)

N4

S

F
cis-Pd-CF,R-TS-rot

AGH(L, RY) AGH (L, RF) AE (L, RY)
CF,R (kcal/mol) (kcal/mol) (kcal/mol)
CE,H 182 25.1 —47
CF,CN 21.0 33.1 -9.9
CF,Ph 17.3 28.4 —6.9

“Estimated using the AE (RF) values found in Table 4 for Y = OMe.

AGHL/, RY) AGH (L, RF) AE,, (L', RF)
(kcal/mol) (kcal/mol) (kcal/mol)”
31.0 33.9 -0.6
32.7 41.5 —6.5
30.8 38.3 =33

if not the sole, features distinguishing subset A from subset B.
Indeed, a comparison of the barriers to reductive eliminations
from Pd complexes containing R¥ ligands with similar Q(RF)
values but varying sizes (R® = CF,Me, CF,Et, CF,iPr, and
CF,tBu) suggests that any additional steric effect of R" ligands
on the barriers is small (AG* = 23.3-24.3 kcal/mol; see
section S of the Supporting Information for a more detailed
discussion).

Effect of the Hemilabile Ligand on the Secondary
Orbital Interactions. As illustrated in Figure 7(c), dissoci-
ation of the methoxy group of ligand L from the Pd center in
transition state cis-Pd-RF-TS accompanies the secondary
orbital interactions. To investigate the impact of this
dissociation on the stabilization from these secondary
interactions, we computed the barriers to reductive elimination
from palladium(phenyl)(fluoroalkyl) complexes (fluoroalkyl =
CF,H, CF,CN, and CF,Ph) containing the nonlabile
bisphosphine ligand L’ (L’ di-tert-butyl(2-
dimethylphosphinophenyl)phosphine) and compared the
results to those for reductive elimination from (L)Pd(aryl)-
(fluoroalkyl) complexes (Table S). The barriers to reductive
elimination from (L")Pd complexes are significantly higher
than those from (L)Pd complexes (AG*(L, RF) — AG*(L, RF)
= 11.7—13.5 kcal/mol). This difference in barrier is consistent
with the well-established trend that reductive elimination from
three-coordinate complexes is faster than that from closely
related four-coordinate complexes.”' At the same time, this
study shows that the stabilization from secondary orbital
interactions in the transition states for reductive elimination
from (L’)Pd complexes is smaller than that from (L)Pd
complexes (IAE (L, RF)l — IAE (L', RF)l = 3.4—4.1 kcal/
mol; see the Supporting Information for calculation details).
Such differences in energy suggest that dissociation of the
methoxy fragment of the hemilabile ligand L in the transition
state enhances the stabilizing secondary orbital interactions
between the fluoroalkyl ligand and the Pd center and that
enhancement of these interactions is one reason why
complexes containing hemilabile or monodentate ligands
generate catalysts that are particularly active for the coupling
of aryl halides with partially fluorinated alkyl groups.

Effect of the Electronic Properties of the Pd-Bound
Aryl Ligand. Finally, to conduct a systematic study of the
effect of the electronic properties of the palladium-bound aryl
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group that couples with the fluoroalkyl group during reductive

elimination from cis-Pd-R" complexes, we computed the

barriers to reductive elimination from a set of complexes

with varying substituents on the palladium-bound aryl group

(eq S). We obtained the lowest-energy ground-state,
+

Me

RF
o/
Pd
/
P
Ry
X

cis-Pd-RF-GS

Me
i

RF
O be
Pd:" \
e — Pd + (5)
X R X

cis-Pd-RF-TS or
cis-Pd-RF-TS-rot

R =1Bu; X =CN, H, NMe,;

RF = CF3, CF,H, CF,Ph, CF,CN, CF,C(O)Me

reductive
elimination
AGH

transition-state, and rotated transition-state structures of a
representative series of cis-Pd-R¥ complexes (R" = CF;, CF,H,
CF,CN, CF,Ph, and CF,C(O)Me) that contained electron-
poor 4-cyanophenyl or electron-rich 4-(dimethylamino)phenyl
ligands and compared the computed barriers to reductive
elimination from these complexes to those from cis-Pd-RF
complexes containing unsubstituted phenyl ligands (Table 6).
For complexes containing R¥ ligands that can participate in
secondary orbital interactions, i.e., RY = CE,H, CF,CN, CF,Ph,
and CF,C(O)Me, the barriers to reductive elimination from
species containing the more electron-donating 4-
(dimethylamino)phenyl ligand were lower than the barriers
for those containing the less electron-rich phenyl or 4-

Table 6. Free Energy Barriers to Reductive Elimination
(AG*') from Transition-State Structures Containing
Unsubstituted or para-Substituted Phenyl Groups

AG* (kcal/mol)

entry transition-state structure p-CN p-H p-NMe,
1 cis-Pd-CF,H-TS 19.0 18.5 17.5
2 cis-Pd-CF,CN-TS 22.5 21.0 19.2
3 cis-Pd-CF,Ph-TS 18.7 17.3 16.9
4 cis-Pd-CF,C(O)Me-TS 21.6 21.6 20.3
S cis-Pd-CF;-TS 272 28.2 27.3
6 cis-Pd-CF,H-TS-rot 24.3 25.1 25.2
7 cis-Pd-CF,CN-TS-rot 322 33.1 31.5
8 cis-Pd-CF,Ph-TS-rot 27.7 28.4 27.8
9 cis-Pd-CF,C(O)Me-TS-rot 30.3 30.7 30.2
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cyanophenyl ligands (see entries 1—4 in Table 6). This trend
matches that observed experimentally for bisphosphine-ligated
arylpalladium fluoroenolate and difluoromethyl com-
plexes'>">*? but is the opposite of that commonly observed
for the reductive elimination of nonfluorinated alkylarenes and
biaryls from Pd centers. Most commonly, the barriers to
reductive elimination from complexes containing more
electron-poor aryl ligands are lower than those from complexes
containing more electron-rich aryl ligands.'®**~*%*

This unusual electronic effect on reductive elimination from
cis-Pd-RF complexes for which the transition states contain
secondary orbital interactions was absent when the elimination
from complexes lacked such secondary orbital interactions. No
consistent trend was observed between the AG* values for
reductive elimination from complexes that lack the secondary
orbital interactions (cis-Pd-CF5-TS and all cis-Pd-RF-TS-rot)
and the electronic properties of the palladium-bound aryl
group (entries 5—9, Table 6). We note that previous
experimental and computational studies investigating the
rates of reductive elimination from several aryl-
(trifluoromethyl)palladium complexes also revealed no system-
atic effect of the electronic properties of the palladium-bound
aryl group on the barriers to reductive elimination of
trifluoromethylarenes.' ">

We propose that the greater electron density on the Pd
center in the transition states cis-Pd-RF-TS of complexes
containing the more electron-donating 4-(dimethylamino)-
phenyl ligand enhances the stabilizing donor—acceptor
interaction between d(Pd) orbitals and the n* orbital of the
unsaturated group or the 6* orbital of the a-C—H bond of the
R" ligand. This enhanced stabilizing secondary orbital
interaction results in a lower barrier to reductive elimination.
However, the electron density around Pd resulting from the
electron-donating ability of the phenyl ligand has less impact
on the barrier to reductive elimination for complexes
undergoing reductive elimination through transition states
cis-Pd-CF;-TS and all cis-Pd-RF-TS-rot that lack the donor—
acceptor interaction.

B CONCLUSION

In-depth DFT calculations investigating the effect of the
fluoroalkyl ligand on the barrier to reductive elimination from
(L)Pd(aryl) (fluoroalkyl) (L = di-tert-butyl(2-methoxyphenyl)-
phosphine) complexes to form fluoroalkylarenes have revealed
the strong influence of secondary orbital interactions between
the metal and the substituents in the fluoroalkyl ligand on the
barriers to reductive elimination. The energies of ground-state
and transition-state structures in which the fluoroalkyl group is
cis- to the methoxy fragment of ligand L are generally lower
than those for structures in which the fluoroalkyl group is
trans- to the methoxy fragment. A descriptor Q(RF), defined as
the sum of QTAIM atomic charges of the fluoroalkyl (RF)
fragment in the ground-state structure cis-Pd-RF-GS, was
developed to describe the electron-withdrawing ability of the
R ligand quantitatively and correlated strongly with the barrier
to reductive elimination in the absence of the secondary orbital
interactions. The barriers to reductive elimination from
complexes containing more electron-withdrawing fluoroalkyl
ligands are generally higher than those containing less electron-
withdrawing fluoroalkyl ligands in the absence of this
secondary orbital interaction.

However, analyses of the lowest-energy transition-state
structures cis-Pd-RF-GS-TS by IGMH, NBO, and Wiberg
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bond index analyses revealed the presence of stabilizing
secondary orbital interactions between the Pd center and the
a-m-acceptors or the a-hydrogens in the R" fragment in the
transition states that were absent in the ground states. These
secondary orbital interactions exist in the transition states
because (1) the methoxy fragment of the ligand L dissociates
from Pd and opens a free coordination site, (2) the distance
between Pd and the z-acceptor or the a-hydrogen in the
migrating fluoroalkyl ligand is short, and (3) the substituent in
the RF ligand and the metal center are coplanar in the
transition states. The magnitude of such stabilization was
estimated to be 4.7—9.9 kcal/mol, and this stabilization
accounts for the much lower barriers to reductive elimination
from arylpalladium difluoroenolates, difluorocyanomethyl,
difluorobenzyl, and difluoromethyl complexes compared to
perfluoroalkyl complexes. These secondary interactions
account for the poor correlation between the experimental
rates of reductive elimination from palladium(aryl)-
(fluoroalkyl) complexes and common parameters of the
fluoroalkyl ligands (e.g., steric or electronic properties). In
the absence of these interactions, computed barriers to
reductive elimination correlate linearly with the electronic
properties of the fluoroalkyl ligands. Finally, the barrier to
reductive elimination from a palladium complex containing a
more electron-donating aryl ligand that couples with the
fluoroalkyl fragment in the transition state is lower than that
from a palladium complex containing a less electron-donating
aryl ligand if the fluoroalkyl ligand can participate in stabilizing
secondary orbital interactions with Pd in the transition state
because such stabilizations are enhanced by a more electron-
rich metal center. This work rationalizes the scope and effects
of ancillary ligands on a wide range of coupling reactions
involving fluoroalkyl ligands and can facilitate future develop-
ment of novel Pd-catalyzed fluoroalkylations of aryl halides.
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