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ABSTRACT: Organometallic high-valent Pd(allyl) complexes
have been recently proposed to act as intermediates in catalytic
allylic functionalization reactions. While a few Pd"(i'-allyl)
complexes have been isolated and characterized, Pd™(i*-allyl) or
Pd"(5'-allyl) complexes have not been detected or isolated to WeCN
date. Reported herein is the synthesis, characterization, and
reactivity of a series of Pd"(n*-allyl) complexes supported by the

tetradentate pyridinophane ligands N,N’-di-tert-butyl-2,11-diaza- l
[3.3](2,6)pyridinophane (®"N4) and N,N’-di-tert-methyl-2,11-
diaza[3.3](2,6)pyridinophane (M*N4). These Pd"(i*-allyl) com- R,\LN(S%%)Q
plexes exhibit accessible oxidation potentials and upon oxidation
generate Pd"(allyl) complexes that were characterized by electron
paramagnetic resonance (EPR) spectroscopy. Interestingly, the [(M°*N4)Pd™(i*-allyl)]** complex undergoes a rearrangement to the
[(MeN4)Pd™ (n'-allyl) ]** species at low temperatures. Moreover, fast allylic amination occurred within 15 min at room temperature
upon the reaction of [(M*N4)Pd"(;>-allyl)]* complexes with N-fluorobenzenesulfonimide (NFSI), and the C—N bond formation
step is proposed to occur at the Pd(IV) oxidation state, likely via a Pd" (5'-allyl) intermediate.
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up to 78%

characterized by EPR

B INTRODUCTION

Pd"(5-allyl) complexes are key intermediates in Pd-catalyzed
allylic functionalization reactions.”” Since Pd"(s7>-allyl) com-
plexes were applied for the first time in carbon—carbon and
carbon—heteroatom bond formation reactions by Tsuji et al.,’®

detection and characterization of a series of organometallic
[(*N4)Pd"(allyl) ]** complexes, as well as the allylic amination
reactivity of [("N4)Pd"(s*-allyl)]* complexes with N-fluo-
robenzenesulfonimide (NFSI).
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the number of synthetic strategies and applications of Pd" (7’
allyl) complexes has increased exponentially in the last
decades.* For example, the Tsuji—Trost reaction is one of
the most common methods to form allylic products in organic
synthesis. Furthermore, asymmetric allylic alkylation supported
by chiral ligands has been widely explored in asymmetric total
synthesis,” and Pd"(s7>-allyl) complexes proved to be essential
intermediates in these transformations. In addition, high-valent
Pd"™ and Pd" complexes have been recognized as important
intermediates in several oxidative transformations,’ "> and
earlier reports proposed the involvement of Pd"(i-allyl)
complexes as intermediates in oxidative Pd-catalyzed allylic
substitutions.'® Although a few Pd"(;'-allyl) complexes have
been isolated or observed in situ, ' Pd™(y'-allyl) or
PdV(n’-allyl) complexes have yet to be isolated. Recently,
our group has reported the characterization of Pd" and Pd""
complexes stabilized by the N,N’-di-alkyl-2,11-diaza[3.3](2,6)-
pyridinophane (*N4, R = ‘By, ‘Pr, Me) ligands and has studied
their reactivity of C—C and C—heteroatom bond formation
reactions.' "> Given the increasing significance of high-
valent Pd complexes in chemical transformations, we proposed
that the tetradentate "N4 ligands can also stabilize high-valent
Pd"(allyl) or Pd"(allyl) species. Reported herein are the
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B RESULTS AND DISCUSSION

The complex [(®"N4)Pd"(s>-allyl) |PF¢ (1**PFg) was synthe-
sized by the reaction of ®'N4 with the [Pd"(;*-allyl)Cl],
precursor and 2 equiv AgPF, in CH,Cl, (Scheme 1). X-ray
characterization of a single crystal of 17 reveals a distorted
square pyramid geometry around the Pd" center, with one of
the axial N atoms bound to the Pd" center (Figure 1).
Interestingly, the previously reported ("N4)Pd" complexes are
commonly found in square }O)lanar geometries instead of square
pyramidal geometries.">*"”*> The axial Pd1-N4 bond
distance (2.612 A) is longer than the average equatorial
Pd1-N, ;41 bond distance (2.133 A). The average terminal
Pd1—C bond distance (2.120 A) and the C1-Pd1—C3 bond
angle (68.5°) are similar to those found in the previously

reported [Pd"(;>-allyl)(di-2-pyridylsulfide)]*** and [Pd"(s’-
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Scheme 1. Synthesis of (*N4)Pd"(#*-Allyl) Complexes 1*—
4*
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allyl) (tetramethylethylenediamine)]* complexes.””> In our
previous studies, different alkyl substituents (R = Me, Pr,
‘Bu) on the axial N atoms of "N4 ligands can tune the
electronic properties and reactivity of (*N4)Pd complexes.”®
Therefore, M*N4 was also reacted with [Pd"(s*-allyl)Cl], and
2 equiv AgPF, to generate [(M*N4)Pd"(;*-allyl) ]PF, (2*+PFy).
X-ray characterization of a single crystal of 2* also revealed a
distorted square pyramidal geometry around the Pd" center
with one of the axial N atoms bound to the Pd" center (Figure
1). Compared to the axial Pd1—N4 bond length (2.615 A) of
1%, the axial Pd1—N2 bond distance (2.464 A) of 2* is much
shorter due to the less bulky N-methyl substituent in *N4.””
In contrast to the unequal equatorial Pd1—N,.4; bond
distances of 2.160 and 2.107 A for 1*, the equatorial Pd1—
N,y bond distances of 2.137 A for 2% are equal, which
suggests 2 is more symmetrical than 1*. The [Pd"(;’-
cinnamyl)Cl], and [Pd"(7>-2-methylallyl)Cl], precursors were
also reacted with the "N4 ligand to potentially synthesize the
corresponding [("P*N4)Pd" (5 -cinnamyl)]* and [(""N4)-
Pd"(57>-2-methylallyl)]* complexes; however, the formation
of the corresponding (®"N4)Pd" complexes was hindered by
the steric clash between the bulky N-'Bu groups of the ®"N4
ligand and the #’-cinnamyl or 7*-2-methylallyl groups. In
contrast, the less bulky N4 ligand was successfully used to
synthesize [(M*N4)Pd"(i7*-cinnamyl)]PF; (3**PFy) in 82%
yield. X-ray characterization of a single crystal of 3" reveals a
distorted square pyramid geometry around the Pd" center with

a syn orientation of the 7°-cinnamyl moiety (Figure 1). For 37,
the Pd1—C1 bond distance of 2.088 A is slightly shorter than
the Pd1—C2 bond distance of 2.111 A, while the Pd1-N1
bond distance (2.164 A) is slightly longer than the Pd1—-N2
bond distance of 2.131 A. As a result, the longer Pd1-N1
bond is trans to the shorter Pd1—C1 bond, which is contrary to
the relative Pd—N and Pd—C bond lengths in the [(tmeda)-
Pd"(5*-cinnamyl)]* complex.”® The [(MN4)Pd"(3-2-
methylallyl) JPF, (4*-PF¢) complex was also successfully
synthesized and isolated in 85% yield. X-ray characterization
of a single crystal of 4% also reveals a distorted square
pyramidal geometry at the Pd" center (Figure 1), with the
methyl group of 77°-allyl moiety pointing down due to the steric
hindrance generated by the axial N-methyl groups of the M*N4
ligand.

Interestingly, the methylene groups on N4 of 1" show two
broad peaks in the 'H NMR spectrum at RT, suggesting a
rapid exchange between the two axial N donors with one
binding to the Pd center (Figure 2, top), as well as a rapid
rotation of the allyl group, given the well-established
fluxionality of the Pd-allyl complexes.29’30 Moreover, variable
temperature NMR experiments reveal that lowering the
temperature to —50 °C leads to the appearance of four well-
defined doublet peaks in the 'H NMR spectrum for 1* at 3.93,
4.50, 4.72, and 4.94 ppm, which indicate that one of the axial
N-methyl donors is locked onto the Pd" center at low
temperature and as observed previously for related cationic
Pd" complexes.”’ By comparison, the methylene groups of 2*
show two doublet peaks in the 'H NMR spectrum at RT
(Figure S3), which suggests that the two axial N atoms are
likely not bound to the Pd" center in solution, given the
preferred square planar geometry of Pd" centers.">*°~>**! The
methylene groups of 4" also show two doublet peaks, which is
consistent with the methylene groups of 2* in the 'H NMR
spectrum at RT (Figure S7). By contrast, the methylene
groups of 3" show one broad peak and two doublet peaks in
the 'H NMR spectrum at RT (Figure S5), suggesting a rapid
exchange between two axial N donors is not favorable.
Therefore, the structure of 3" prefers to be a five-coordinate
square pyramidal geometry in solution, which is in line with its
solid-state structure. The '"H NMR spectrum of 7*-cinnamyl
moiety in 3" shows two trans (*] = 10.8 Hz) coupling and only
one cis coupling (°] = 6.4 Hz), suggesting the phenyl group is a

Figure 1. ORTEP representation (50% probability ellipsoids) of anions 1%, 2%, 3*, and 4* (from left to right). Selected bond distances: 1%, Pd1-N1
2.160(14), Pd1-N2 2.107 (14), Pd1-N4 2.615(1), Pd1—C1 2.117 (18), Pd1—C2 2.104 (17), and Pd1—C3 2.122 (16); 2*, Pd1-N1 2.137 (5),
Pd1-N2 2.464 (8), Pd1-N4 2.137 (5), Pd1—C1 2.116(9), Pd1—C2 2.108(7), and Pd1—C3 2.108(7); 3*, Pd1-N1 2.164 (2), Pd1-N2 2.131(2),
Pd1—-N3 2.434(2), Pd1-C1 2.088(3), Pd1—C2 2.111(3), and Pd1—C3 2.135(3); 4%, Pd1—N1 2.134(2); Pd1-N1’ 2.134(2), Pd1-N2 2.475(2),

Pd1-C1 2.103(3), Pd1—-C1’ 2.103(3), and Pd1—C2 2.147(3).
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Figure 2. '"H NMR variable temperature experiment of 1* in acetone-ds. The peaks at ~2.7 ppm in the RT correspond to H,O and HOD,

respectively, and they shift to ~3.4 ppm at —50 °C.*

syn position in solution, which matches the solid-state structure
of 3*. Thus, we can conclude that the syn—anti isomerization is
absent in solution at RT.

The cyclic voltammetry (CV) of 1" in 0.1 M tetrabuty-
lammonium hexafluorophosphate (Bu,NPF)/acetonitrile
(MeCN) exhibits an irreversible oxidation wave at 942 mV
vs ferrocene/ferrocenium (Fc'/Fc), which is tentatively
assigned to the Pd"™ redox couple (Figure 3 and Table 1).
The CV of 2" in 0.1 M Bu,NPF;/MeCN reveals three
reversible waves at 93, 595, and 885 mV vs Fc*/Fc. Similarly,
the CVs of 3" and 4" exhibit three reversible waves at 79, 515,
and 755 mV vs Fc"/Fc for 3%, and 210, 590, and 950 mV vs
Fc*/Fc for 4, respectively. Since the M*N4 ligand is not redox-
active within this potential range, the first and second
reversible waves are both tentatively assigned to the Pd"™/™
redox couple, since the M°N4 ligand can adopt either a k* or °
binding mode.”’ Comparing the CV of 1* with that of 2%, a
higher oxidation potential with an increase in ligand steric bulk
from M°N4 to ®"N4 is observed, as seen previously for the
(MN4)Pd"(CH;), vs (®'N4)Pd"(CH;), or the (MN4)-
Pd"(CH;)Cl vs (**N4)Pd"(CH;)Cl complexes.”

The low Pd"™ redox potentials allowed for the use of
chemical oxidants to generate the corresponding Pd™
intermediates, which were characterized by electron para-
magnetic resonance (EPR) spectroscopy. The EPR spectrum
of the species formed upon the oxidation of 1% with
thianthrenyl hexafluorophate ([Thn**]PF,) at —40 °C reveals
a rhombic signal with the g, value of 2.112 corresponding to
the Pd"™ d” metal center in the d,* ground state (Figure 4). The
quintet superhyperfine coupling in the g, region (A,(2N) =
22.0 G) is attributed to the interaction with the two axial N
atoms (I = 1), suggesting that the distorted octahedral
geometry of 1** is maintained in solution (Scheme 2), while
a rapid rotation of the allyl group is expected to still be
operative, given the well-established fluxionality of the Pd-allyl

complexes.””*® Unfortunately, the complex 1** was highly

unstable and decayed within 1 min to generate an EPR-silent
species. Because of the lower Pd"/™ redox potentials of the
(MeN4)Pd" complexes, acetylferrocenium hexafluorophosphate
(*“FcPF4) was used to generate the corresponding Pd™
species. For the oxidation of 2%, while the oxidation potential
of Pd"™ was accessible by ““FcPFg, no EPR signal was
observed at —35 °C. Subsequently, we presumed the
corresponding Pd™ complex was unstable at —35 °C.

To obtain the Pd™ species 2?*, [Thn®*]PF was added to the
MeCN solution of 2" at —94 °C. Intriguingly, the EPR
spectrum of 2** shows two different EPR signals, suggesting
there are two corresponding Pd"™ complexes present upon
oxidation (Figure Sa) and tentatively assigned as the
[(MeN4)Pd™ (i*-allyl) ]** (3°-2>*) species and the [(M°N4)-
Pd"(n'-allyl) ]** (57'-2%*) species, respectively (Schemes 2 and
3). The two EPR species decayed while warming up from —94
°C to RT. The EPR spectrum of 7>-2** at —94 °C reveals a
quasi-rhombic signal with the g,,. value of 2.090 corresponding
to the Pd™ d” metal center (Figure Sb). The superhyperfine
coupling of 7>-2** reveals there are two axial N atom donors
(A,(2N) = 24.0 G) binding to the Pd™ center. The EPR
spectrum of 77'-2>* formed upon 5 min warmup at —40 °C
displays a rhombic signal with the g,. value of 2.152
corresponding to the Pd"™ d” metal center, along with the
superhyperfine coupling from the two axial N atoms (A,(2N)
= 20.0 G, Figure Sc). Notably, the superhyperfine coupling
constant in 7'-2*" is smaller, suggesting the Pd"" species in 7'
2" has a weaker binding interaction between the two axial N
arms and the Pd™ center. This effect could be a result of a
strong o-donating ligand at the Pd™ center. Therefore, we
propose the Pd™ species in #°-2>* is the [(M*N4)Pd™(n*-
allyl)]** complex and the Pd™ species in 7'-2*" is the
[(MN4)Pd"™(n'-allyl)]** complex, since n'-allyl ligand has
stronger o-donating ability than a 7’-allyl ligand (Scheme 2).

https://doi.org/10.1021/acs.organomet.2c00215
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Figure 3. CV of 1* (a), 2* (b), 3" (c), and 4* (d) in 0.1 M Bu,NPF,/
MeCN (scan rate =100 mV/s).

Moreover, the geometry of #°-2*" is more symmetrical than
that of #'-2**, which may cause a pseudo-axial EPR signal in
17°-2*", comparable to a rhombic EPR signal in 7'-2>*. With the

Table 1. Redox Potentials of Complexes 17—4"

Epa(P dII/III) Epc(P dIII/II) Epa(P dIII/IV) Epc(P dIV/III)
complex (mV) (mV) (mV) (mV)
1* 942 840
2" 150, 700 36, 490 930 840
3" 140, 570 17, 460 800 710
4* 290, 720 130, 460 1000 900
9x=2.207
gy=2.118

9,=2.011, A,(2N) =22.0 G

1 1 T
2800 3000 3200 3400
Field (G)
Figure 4. Experimental (1:3 MeCN/PrCN glass, 77 K) and simulated

EPR spectra of 1**. The following parameters were used for
simulations: 1%, g, = 2.207; g, = 2.118; g, = 2.011 (A4,(2N) = 22.0 G).

EPR simulations of #>-2% and 7'-2**, the EPR spectrum of the
oxidation of 2* in 30 s at —94 °C has a 1.3:1 ratio of #>-2>" to
n'-2** (Figure S14d). After a 10-min warmup at —94 °C, the
ratio of 7*-2** to n'-2>* is 1:2.2 (Figure Sl4e). Further
warmups at RT caused immediate decay of both 7>-2** and #*-
2>*. Based on these EPR results, we assume >-2>* was formed
first from the oxidation of 2* (Figure Sa). Then, 7*-2** decayed
within minutes at —94 °C (black arrow, Figure Sa) and
converted to 77'-2**, which formed predominantly after 10 min
at —94 °C (red arrow). Subsequently, both 7°-2>* and 7>-2**
decomposed rapidly upon warming up to RT. Notably, the
allyl ligand in high-valent Pd" complexes prefers to adopt a 7'
bonding mode, as observed for the two reported high-valent
Pd" complexes with a 7'-allyl ligand."”'® However, these two
high-valent Pd"(i'-allyl) complexes were unstable and were
only detected by the low-temperature "H NMR. To the best of
our knowledge, this is the first observation of the conversion of
high-valent [(M*N4)Pd" (5*-allyl)]** to [(M*N4)Pd™(s'-allyl)]
>* intermediates (Scheme 3).

The oxidation of 3% at —78 °C exhibits a complicated EPR
signal (Figure 6), and the EPR simulation suggests more than
one more Pd™ species exist upon oxidation of 3*; the
possibility that the phenyl group interacts directly with the Pd
center cannot be excluded. The best EPR simulation of 3**
reveals a rhombic signal with the g,,. value of 2.109 and the
superhyperfine coupling from the two axial N donors (,,(2N)
=25.0G; Ay(ZN) =80.0 G; A,(2N) = 19.0 G) observed in the
8w 8 and g, regions. However, the corresponding pd™
complexes decay within 1 min at RT. The EPR spectrum of
the oxidation of 4" at —78 °C reveals an isotropic signal with

https://doi.org/10.1021/acs.organomet.2c00215
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Scheme 2. Oxidation of Pd" Complexes 1*—4* to Generate Pd""-Allyl Species

1*: R=Bu, R'=H, R"=H

2*: R=Me, R'=H, R"=H
3*: R=Me, R'=Ph, R"=H

4*: R=Me, R'=H, R"=Me

o+

42+

the g, value of 2.102, along with the superhyperfine coupling
from the two axial N atoms (A,(2N) = 24.0 G) observed in the
g. region, suggesting an octahedral geometry at the Pd™ d’
metal center in the d,” ground state (Figure 6). The
superhyperfine coupling (A,(2N) = 24.0 G) in 4> suggests
the presence of the 7°-2-methylallyl ligand at the Pd™ center,
which is consistent with the superhyperfine coupling (A,(2N)
=24.0 G) in 77>-2**. Furthermore, we did not observe an EPR
signal corresponding to [(™*N4)Pd™(s'-2-methylallyl)](PF),
when [Thn**]PF, was added into the MeCN solution of 4" at
—94 °C. Consequently, [(**N4)Pd"(2-methylallyl)]** would
prefer to be in the 5’-allyl coordination mode due to the
additional methyl group at the C2 position of the allyl ligand.
Indeed, the EPR spectrum of 4** reveals an isotropic signal,
suggesting the structure of the corresponding Pd™ is more
symmetric and likely due to a 7*-allyl coordination mode of the
17°-2-methylallyl ligand. While the EPR signal of 4** remains
unchanged for 15 min at RT, suggesting a fairly stable Pd™
complex, several attempts to isolate and structurally character-
ize 4** in different solvent combinations were unsuccessful.
Although we were unable to get an X-ray quality crystal of 4**,
to the best of our knowledge, this is the first stable high-valent
[Pd"™(17*-2-methylallyl) ]** complex adopting a 7°-allyl bonding
mode.

To support the proposed structures for the Pd™ species,
density functional theory (DFT) calculations were performed,
and the resulting metrical parameters for the optimized
geometries of [(MN4)Pd"™(i7*-allyl)]** complexes 7'-2**, i’
2%, 3% and 4** were investigated and compared to the
previously characterized [(M*N4)Pd"MeCl]* (6%, Figure 7).
For 7%-2>* and 4%', the electron densities of their
corresponding LUMOs are localized mainly along the axial
direction, with contributions from the axial N atoms of 24% for
7%-2%" and 23% for 4**, respectively. In contrast, the lower 22%
contribution from the axial N atoms of 6 is in line with the
stronger o-donating ligand (methyl vs 77-allyl) that decreases
the binding interaction from the axial N atoms to the Pd™
center. For 3%, the lower 22% contribution from the axial N
atoms is also likely caused by the steric hindrance from the
phenyl group of the cinnamyl ligand that weakens the axial
binding interaction. Accordingly, the minimized structure of
7'-2** has a 22% contribution from the axial N atoms,
suggesting the 7'-allyl ligand is a stronger o-donating group,
which is identical to 22% contribution from the axial N atoms
of 6", which contains methyl ligands. The 4% contribution
from the 7*-allyl ligand of 7>-2*" and 4" also indicates that the
1-allyl ligand is a weak o-donating group, comparable to the

7% contribution from the n'-allyl ligand of #'-2**. Con-
sequently, the less o-donating ligands (77'-allyl ligand vs 7>-allyl
ligand) result in a weaker binding interaction between the Pd™
center and the axial N atoms, which is in line with the weaker
superhyperfine couplings in the g, direction (4,(2N) =24.0 G
for >-2**, A,(2N) = 24.0 G for 4**, and A,(2N) = 20.0 G for
n'-2*"). The calculated superhyperfine coupling (A,(2N) =
22.2 G) for 7'-2*" is smaller than the calculated superhyperfine
coupling (A,(2N) = 242 G) for n*-2% providing further
support that the 7'-allyl ligand is a stronger o-donating ligand
vs to the 7’-allyl ligand and the structural assignments for the
observed EPR species. Finally, the calculated superhyperfine
coupling (A,(2N) = 242 G) matches the experimental
superhyperfine coupling (A,(2N) = 24.0 G) for n3>-2%*
(Table 2).

The calculated superhyperfine couplings are similar to the
experimental superhyperfine couplings for 7°-2%*, n'-2**, 3%,
and 4°* (Table 2). The calculated superhyperfine coupling
constant of A,(2N) = 19.1 G for 1** is smaller than the
calculated superhyperfine coupling constant A,(2N) = 24.2 G
for 1°-2**, which is attributable to the bulky N-Bu groups
weakening the axial interaction. The experimental super-
hyperfine coupling constant of A,(2N) = 22.0 G measured for
17" also implies that the allyl ligand adopts a 77° coordination
mode. Otherwise, if 1>* adopts a the #'-allyl coordination, an
experimental superhyperfine coupling constant smaller than
20.0 G would be expected, comparable to the value of A,(2N)
= 20.0 G observed for n'-2** (Figure S5b). Finally, the
calculated superhyperfine coupling constant of A,(2N) = 20.7
G for 3?* is close to the experimental value of A,(2N) = 19.0
G, suggesting the cinnamyl ligand binds to the Pd™ center in a
1’ binding mode.

Pd"(allyl) complexes have been previously established as
intermediates toward forming allylic substitution products such
as allylamine and allyl acetate.”™*” The reaction conditions
usually require higher temperatures or longer reaction times
for the Pd”"catalyzed allylic substitution reactions.’®>’
Recent reports reveal three chemical oxidants (PhI(OAc),,
PhICl,, and NFTPT) that have been used to oxidize the Pd"
complexes to the stable Pd" complexes containing a OAc, Cl,
or F ligand.**~* These Pd" complexes can undergo fast
reductive elimination to make C—Cl, C—F or C—OAc bond
formation products. Since our [(M°N4)Pd"(;*-allyl)]* com-
plexes proved to be easily oxidized to high-valent Pd species,
we performed preliminary investigations of the reactivity of 2%,
3%, and 4" toward C—Cl and C—OAc bond formations using
PhICl, and PhI(OAc),.**** However, we did not observe Pd"’

https://doi.org/10.1021/acs.organomet.2c00215
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Figure 5. EPR spectrum of 7°-2*" and #'-2** in 3:1 PrCN/MeCN
glass, 77 K. (a) Variable time and temperature EPR spectrum of the
oxidation of 2*. (b) Simulation #>-2%, g, = 2.153; g, = 2.119; g, =
1.999 (A,(2N) = 24.0 G). (c) Simulation 5'-2*, g, = 2.261; g, =
2.210; g, = 1.984 (A,(2N) = 20.0 G).

Scheme 3. Proposed Rearrangement from the 7°-2>* to the
n'-2** Species

Me _|2+
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[(MeN4)PdlIl(n3_a“yl)] 2+ (I]3_22+)
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N.
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Figure 6. Experimental (1:3 MeCN/PrCN glass, 77 K) and simulated
EPR spectra of 3** (top), 4> (bottom). The following parameters
were used for simulations: 3*', g, = 2.153 (,4,(2N) = 25.0 G); g, =
2.146 (A,(2N) = 80.0 G); g, = 2.023 (A,(2N) = 19.0 G); 4*, g, =
2.166; g, = 2.146; and g, = 1.993 (4,(2N) = 24.0 G).

complexes bearing OAc or Cl ligands, nor C—Cl or C—OAc
bond formation products from the reaction of 2*—4* with
PhICl, and PhI(OAc), (Table S2). The trifluoromethyl

https://doi.org/10.1021/acs.organomet.2c00215
Organometallics XXXX, XXX, XXX—XXX



Organometallics

pubs.acs.org/Organometallics

n’-2* LUMO
Pd  52%
® N 24%
Ney 6%
Callyl 4%
3** LUMO
Pd  54%
N 22%
Neg 6%
Callyl 4%
1> LUMO
Pd  52%
Nox  27%
Neg 5%
Caiyt 3%

)

n'-2* LUMO
Pd  52%
Nax  22%
Ny 5%
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4" LUMO
Pd  53%
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Nax  22%
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Figure 7. DFT-calculated (UB3LYP/Def2-TZVP) molecular orbitals ( LUMOs) of 7>-2*" (top left), #'-2>* (top right) 3** (middle left), 4**
(middle right), the M*N4-supported complexes 6* (bottom right) and 1** (bottom left), and the calculated atomic contributions.

Table 2. Comparison of Experimental and DFT-Calculated
N Superhyperfine Coupling Constants for Pd"" Complexes
1242+

A,(2N), G
complex experimental calculated
1> 22.0 19.1
P2 24.0 24.2
n'-2** 20.0 222
3 19.0 20.7
47 24.0 21.6

reagents are reported to isolate stable Pd"-CF; complexes,
which is followed by the reductive elimination to form C—CF;
bond products.*® Thus, we examined the C—CF; bond
formation reactivity upon the reaction of 2"—4" with 1-
trifluoromethyl-1,2-benziodoxol-3-(1H)-one (I-CF;) and S-
(trifluoromethyl)dibanzothiophenium (S-CF;). Unfortunately,
none of these reactions produced the desirable C—CF;
products. We then probed the C—F bond formation reactivity
using 1-fluoro-2,4,6-trimethylpyridinium triflate (NFTPT) and
N-fluorobenzenesulfonimide (NFSI) as F* reagents."’~*
Interestingly, the color of the reaction of 2*—4* with 2 equiv
NFSI in MeCN changed from yellow to purple at room
temperature, and the terminal amine products were formed in
48—58% vyield within 15 min (Table 3). Interestingly, when
NFSI was added to the solutions of 2*—4* at —35 °C, the
yields of amination products increased to 70—78%. By
comparison, no color change was observed for the reaction
of 1" with 2 equiv NFSI in MeCN, and the amination product
was formed in only 21% yield after 24 h, suggesting that NFSI

Table 3. Yields of the Amination Products Upon the
Reaction of 1*—4" with NFSI

+
R' 1
. R"
\ NFSI
(RN4) _/§7R" m R'\)\/N(SOZPh)z
3
complex yield (%)“
1 21+ 17
2" 56 + 1 (75)°
3* 58 + 4 (78)°
4 48 + 2 (70)°

“Reaction conditions: 2 equiv NFSI, CD;CN, 25 °C, 15 min. Yields
(%) were determined by '"H NMR vs 1,3,5-trimethoxybenzene as
internal standard. “The amination product was formed over 24 h.
“The yields in parentheses were obtained at —35 °C.

lacks the oxidation strength to oxidize efficiently 1*, which has
a higher Pd"™™ redox potential.

Pd-catalyzed allylic C—H amination with NFSI was reported
by Zhang et al.>° They proposed the amination products were
formed upon the reductive elimination of the Pd"(;*-allyl)-
N(SO,Ph), intermediates via a Pd™ catalytic cycle. However,
they also proposed that a Pd"'V catalytic cycle could be an
alternate mechanism for the formation of amination products.
While their system requires high temperatures for the
amination reaction, in our case, allylic amination occurs
rapidly at room temperature. To explore the possible
amination mechanisms, we have analyzed the oxidation of
2"—4" with NFSI by EPR at —35 °C. Interestingly, using 1
equiv NFSI, no EPR signals were detected, and no color
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changes occurred upon the oxidation of 2*—4*. After the
addition of 1 more equiv NFSI, the EPR spectra for the
oxidation of 2*—4" reveal isotropic signals with the g, values
of 2.080 (Figure S17a—c). In the EPR spectra for the oxidation
of 2*—4*, the superhyperfine coupling constant of A,(2N) =
29.0 G in the g, region is attributed to the interaction with the
two axial N atoms (I = 1), suggesting that an octahedral
geometry is maintained in solution. Surprisingly, this super-
hyperfine coupling constant of A,(2N) = 29.0 G is larger and
comparable to the superhyperfine coupling constant of A,(2N)
= 24.0 G observed in #°>-2*" and 4°*. In addition, the EPR
signals are stable even after a 30-min warmup at RT. These
results led us to propose that the observed species are no
longer containing allyl ligands bound to the Pd" center, and a
possible Pd-solvento species [(M°N4)Pd"(MeCN),]** is
formed in solution. To confirm this hypothesis, the [(*°N4)-
Pd"(MeCN),]*" complex was independently synthesized and
oxidized with 1 equiv NFSI to generate the [(M°N4)-
Pd"™(MeCN),]** complex. The EPR spectrum of [(*°N4)-
Pd"™(MeCN),]* displays an isotropic signal with the g,.. value
of 2.063 (Figure S17d), which is similar to the EPR spectra
obtained upon the oxidation of 2*—4" with 2 equiv NFSL The
Zave Values of the EPR signals obtained upon the oxidation of
2"—4" with 2 equiv NFSI are only slightly larger than that
observed for the [(M*N4)Pd"(MeCN),]** complex, which
could potentially be due to the N(SO,Ph), anion or the F~
anion binding to the Pd™ center. The superhyperfine coupling
constant of A,(2N) = 29.0 G observed for [(M°N4)-
Pd"(MeCN),]*" is also consistent with the superhyperfine
coupling constants A,(2N) = 29.0 G observed for the oxidation
of of 2*—4* with 2 equiv NFSL Overall, these results strongly
suggest that the oxidation of 2*—4* with 2 equiv NFSI leads to
the formation of the [(*N4)Pd"™(MeCN),]** complex, which
likely forms upon the one-electron oxidation by NFESI of the in
situ-generated [(M*N4)Pd"(MeCN),]** species.” ~>° Since
NFSI can also act as a two-electron oxidant™*™® and the
high-valent Pd"(allyl) complexes prefer to adopt a n'-allyl
coordination mode, ”'® we propose that upon two-electron
oxidation of 2*—4*, [(MN4)Pd"™(5'-allyl)F]** species are
generated as the key intermediates. The formation of only
terminal amines during the oxidatively induced amination
provides further evidence for 5'-allyl coordination in these
(MeN4)Pd" intermediates. Overall, we propose a mechanism
of allylic amination in which the (M*N4)Pd" complexes 2*—4*
undergo two-electron oxidation by NEFSI to generate a
(MeN4)Pd™(n'-allyl) intermediate 7**, followed by an Sy2-
type reductive elimination involving the —N(SO,Ph), anion to
form the terminal allylic amines and 8** (Scheme 4).
Subsequent one-electron oxidation of 8** by excess NFSI
generates 9°*, which was confirmed experimentally.

B CONCLUSIONS

In conclusion, herein, we report the synthesis and character-
ization of Pd(allyl) complexes supported by the tetradentate
pyridinophane N4 ligands. We observed that the nature of
allyl moiety can affect the stability of the corresponding Pd™
complexes, with the [(M*N4)Pd"™(5*-2-methylallyl)]** complex
being most stable. Furthermore, a rearrangement between the
1-allyl and the n'-allyl coordination modes was observed for
the first time via EPR at a Pd™ center. Interestingly, a fast
amination reaction occurred under mild conditions via high-
valent Pd"(;'-allyl) intermediates to generate terminal amines
in high yields, especially at a lower temperature. Overall, these

Scheme 4. Proposed Mechanism for the Formation of
Amination Products

stoichiometric reactivity and mechanistic studies set the stage
for developing fast Pd-mediated allylic functionalization
reactions involving high-valent Pd intermediates.
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