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ABSTRACT

There is a large interest in developing oxidative transformations catalyzed by palladium
complexes that employ environmentally friendly and economical oxidizing reagents such as
dioxygen. Recently, we have reported the isolation and characterization of various mononuclear
Pd" and PdY complexes supported by the tetradentate ligands N,N’-di-alkyl-butyl-2,11-
diaza[3.3](2,6)pyridinophane (N4, R = Bu, 'Pr, Me), and the aerobically-induced C-C and C-

heteroatom bond formation reactivity was investigated in detail. Given that the steric and



electronic properties of the multidentate ligands were shown to tune the stability and reactivity of
the corresponding high-valent Pd complexes, herein we report the use of an asymmetric N4 ligand,
N-mehtyl-N-tosyl-2,11-diaza[3.3](2,6)pyridinophane (TM°N4), in which one amine N atom
contains a tosyl group. The N-Ts donor atom exhibits a markedly reduced donating ability, which
led to the formation of transiently stable Pd™ and Pd" complexes, and consequently the
corresponding O2 oxidation reactivity and the subsequent C-C bond formation was improved

significantly.

INTRODUCTION

Aerobic transformations catalyzed by palladium complexes are a growing synthetic
method that provides a practical use of dioxygen as an environmentally benign and inexpensive
oxidant for a range of oxidative organic transformations.!® The majority of the reported
transformations involve a Pd”"" catalytic cycle in which dioxygen regenerates the Pd" species.
However, recently an increasing number of high-valent Pd"Y and/or Pd™ active intermediates have
been reported in several catalytic and stoichiometric aerobic transformations.’!’

We have recently reported several Pd"Me> complexes supported by tetradentate ligands
N,N’-di-alkyl-butyl-2,11-diaza[3.3](2,6)pyridinophane (*N4, R = ‘Bu, 'Pr, Me) that are capable of
undergoing facile oxidation by Oz or peroxides to produce Pd™ and Pd" intermediates, which
undergo elimination of ethane under ambient conditions (Scheme 1).'*!” Similarly, we have
reported the aerobic oxidation of (Mestcan)Pd™e2 (Mestacn = N,N’,N”-trimethyl-1,4,7-

triazacyclononane) to produce a stable high-valent Pd"Y complex [(Mestacn)Pd"VMes]" (Scheme

2), which can undergo reductive elimination of ethane at elevated temperatures.?’ In all these



studies the stability of the high-valent Pd species has been shown to be essential in controlling the
subsequent C-C bond formation reactivity.?!*?

In the case of the ("N4)PdMe:2 complexes, it was proposed that the increased stability of
the Pd"™ and Pd" intermediates leads to a slower C-C bond formation reactivity. For the
(M*N4)PdMe: system, the Pd" species [(Mestacn)Pd'VMes]" was observed to form during aerobic
oxidation in up to 34% yield," and its decay correlated to the formation with ethane over several
hours, along with formation of methane as a side product in 18% yield. Similarly, in the case of
the tridentate ligand Mestcan, the corresponding [(Mestacn)Pd'VMes]" complex was found to be
stable indefinitely at room temperature, which leads to a dramatically diminished rate of C-C bond

formation that occurred only at elevated temperatures (Scheme 2).%°

Therefore, one could imagine
an increased reactivity when these high-valent Pd intermediates are destabilized through carefully
designed ligand modifications. Herein, we report the synthesis and reactivity of Pd" complexes
supported the ligand N-mehtyl-N -tosyl-2,11-diaza[3.3](2,6)pyridinophane ("M*N4), in which one
amine group has a tosyl substituent (Scheme 3).”> Given the limited donating ability of an N-
tosylated amine, we proposed that ™™°N4 could act as a pseudo-tridentate ligand in which the N-
Ts donor atom interacts only weakly with the Pd center. Indeed, the pseudo-tridentate nature of
the ™M®N4 was experimentally confirmed using electron paramagnetic resonance (EPR)
spectroscopy. Interestingly, this ligand was still able to stabilize high-valent Pd species, albeit to a
lesser extent. As a result, the aerobic oxidation of the corresponding PdMe> complex proceeds
directly to the key [("M*N4)Pd'"VMes3]" intermediate — without the formation of an appreciable
amount of the [("MN4)Pd""Me:]" species, followed by a more rapid decay to generate the C-C

bond formation product ethane in stoichiometric yields in 2 hours at room temperature, and with

no formation of methane or other side products. Overall, these results suggest that altering the



electron donating ability of the donor atoms as well as the denticity of the multidentate ligand

employed can finely tune the oxidatively-induced reactivity of high-valent Pd complexes.

Scheme 1. Reported Aerobic Reactivity of (‘B¥!N4)PdMe:!'® and (MN4)PdMe>."”

O,, 8 h, RT

(‘B“N4)PdMe2 —  » Me-Me + CH4 + (tBuN4)PdMe(OH)
1:1 MeOH:PhH 52+1% 3+1% 84+2%
0,,5h, RT

Me-Me + CH, + (MeN4)PdMe(OH)

(MeN4)PdMe, ———————>
T1MeOHPhH 53,10, 18+1%  64+2%

Scheme 2. Reported Aerobic Reactivity of (Mestacn)PdMe.2°

(Mestacn)Pd"Me, 212 [Me,tacn)PdVMes]*
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3 d, DMSO
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Scheme 3. Structural comparison of previously synthesized N4 ligands (*N4) and the newly

modified pseudo-tridentate variant (TMN4).
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RESULTS AND DISCUSSION

Ligand design and synthesis. The N-mehtyl-N’-tosyl-2,11-diaza[3.3](2,6)pyridinophane

("MeN4) ligand is a variant of the previously studied tetradentate ligands, N,N -di-tert-butyl-2,11-
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diaza[3.3](2,6)pyridinophane  (B'N4),**  N,N’-di-methyl-2,11-diaza[3.3](2,6)pyridinophane
(MeN4), and N,N’-di-iso-propyl-2,11-diaza[3.3](2,6)pyridinophane (*'N4).!” The ™MN4 ligand
was designed to behave like a pseudo-tridentate ligand by attaching a bulky electron-withdrawing
protecting group to one of the axial amines in order to alter the metal-binding ability of that N
donor atom. TM®N4 was successfully synthesized by a new synthetic route (Scheme 4) that started
with the preparation of the new intermediate, ""'N4, which was prepared in 47% yield via selective
monotosylation of the "N4 precursor® using 4-toluenesulfonyl chloride.”® The ™"N4 intermediate
was then methylated using Eschweiler-Clarke conditions to produce the desired ligand, ™™*N4, in

87% yield.

Scheme 4. Synthetic route for the pseudo-tridentate ™™M°N4,
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Synthesis and Characterization of (""M*N4)Pd"' Complexes. The Pd" complexes ("*MN4)PdCl>
(1), ("MeN4)PdMeCl (2), and ("M°N4)PdMe: (3) were obtained in a manner similar to the
previously synthesized ’N4 analogs (Scheme 5).!81% 26 Complex 1 was prepared in 86% yield
from the precursor (COD)Pd!Cl>%’ via ligand exchange with T™°N4. Similarly, complexes 2 and
3 were prepared in 84% and 59% yields from the precursors (COD)Pd"™MeCI?® and

(COD)Pd"Me:, ¥ respectively.

Scheme 5. Synthesis of (T"M*N4)Pd"/Pd™ complexes.
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The X-ray structure of 1 reveals a unique square planer geometry around the Pd" metal
center, with two chloride ligands, the N-Me amine donor, and one pyridine N atom of the TM*N4
ligand binding in the equatorial plane (Figure 1). This unique bonding geometry is different from
the previously synthesized (!N4)Pd" complexes, in which a square planer geometry involving the
two exogenous ligands and the two pyridine N atoms is usually observed. However, the metrical
parameters of complex 1 are comparable to those of the previously synthesized complexes
(B“N4)PdClz and (MN4)PdCl.!>:16:33

The X-ray structures of complexes 2 and 3 reveal that both complexes adopt the more
commonly observed bonding geometry featuring both the pyridine N atoms bound to the Pd metal
center (Figure 1). Additionally, the metrical parameters of complexes 2 and 3 are also comparable

to those of the corresponding previously synthesized complexes.
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Figure 1. ORTEP representation (50% probability ellipsoids) of 1 (left), 2 (middle), and 3 (right).
Selected bond distances (A): 1, Pd1-CI1 2.2792(9), Pd1-CI2 2.3065(8), Pd1-N1 2.057(2), Pd1-N2
2.062(3); 2, Pd1-C1 2.027(2), Pd1-Cl1 2.3073(6), Pd1-N1 2.044(2), Pd1-N2 2.1724(19); 3, Pd1-

C1 2.053(7), Pd1-C2 2.053(7), Pd1-N1 2.151(6), Pd1-N2 2.151(6).

Cyclic voltammetry of all three Pd"! complexes in 0.1 M BusNClO4 in CH2Cl> or THF
reveals a series of oxidation waves over a wide range of potentials (Figure 2 and Table 1). The
cyclic voltammogram (CV) of 1 reveals oxidation peaks at 715 and 950 mV and a reversible wave
at 1100 mV vs. Fc¢/Fc. Similarly, the CV of 3 exhibits two oxidation peaks and a reversible wave
at -440, -130 and 73.4 mV vs Fc'/Fc, respectfully. The CV of 2, however, reveals a single
oxidation wave at 100 mV and a reversible wave at 605 mV vs Fc*/Fc. Since the ™M*N4 ligand is
not redox active within this potential range, the irreversible oxidations peaks are assigned to the
Pd"™ oxidation events corresponding to the two conformations in which T™N4 adopts a x° or

dIII/IV redox

binding mode, respectively, while the reversible oxidation wave is assigned to the P
cycle. These assignments are consistent with our previously reported detailed electrochemical
analyses of various ("N4)Pd complexes.??* The observed oxidation potentials of 1-3 are slightly
higher than the previously synthesized complexes,'®!% 2° likely due to both the electron

withdrawing and the steric effect of the N-tosyl group that stabilizes to a lesser extent the high-

valent Pd centers.
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Figure 2. Cyclic voltammograms of 1 (top), 2 (middle), and 3 (bottom) in 0.1 M BusNClO4 in

CH2Cl2 (for 1 and 2) or THF (for 3), 100 mV/s scan rate.

Table 1. Redox potentials of complexes 1, 2 and 3.2

Epa(P dII/III) Epc(PdHI/H) | (P d]n/]v)
Complex mV) mv) i
1 715, 950 670, 396 1100
2 100 -45,-220 605




¢ (M'em™)

3 -440, -130 -615 74

2 Measured vs. F¢*/Fc in 0.1 M BusNC10O4 in CHCl, (for
1 and 2) or THF (for 3), at 100 mV/s scan rate.

Synthesis and Characterization of (""M*N4)Pd"™! Complexes. Controlled potential electrolysis
(CPE) of 1 and 2 at potentials above the first anodic wave were performed to generate deeply
colored solutions of complexes [("*MN4)Pd"'Cl2]* (17, forest green) and [("M*N4)Pd""MeCl]" (2%,
purple). The UV-Vis spectra of 1*and 2* in MeCN show strong absorption bands at 545-665 nm
and 350-380 nm(Figure 3). Additionally, the reduced stability of the Pd™ complexes was also
monitored via UV-Vis spectroscopy. The characteristic Pd" absorption bands for complexes 1*
and 2* decay at room temperature within 30 minutes and 2 hours, respectively, which is in contrast
to the much more stable analogous ("N4)Pd"! complexes (R = Me, iPr, tBu).!>1%33 Moreover,
neither electrochemical nor chemical oxidation of 3 were capable of producing detectable amounts
of the corresponding Pd™ product 3*, and thus supporting our hypothesis that the pseudo-tridentate

nature of the "M*N4 ligand results in the marked destabilization of the Pd"" centers.
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Figure 3. UV-Vis spectra of [17]C104 (0.5 mM, top) and [27]C1O4 (1 mM, bottom) in MeCN.

Complexes 1" and 2" are both paramagnetic, allowing the bonding interactions with the Pd
metal center to be probed using electron paramagnetic resonance spectroscopy (EPR). The EPR
spectra of 1" and 2" (in 3:1 PrCN/MeCN frozen glass at 77 K) reveals that the two axial amino
donors interact to a different extent with the Pd'!! center, in contrast to the previously reported Pd"!
complexes supported by the symmetric N4 ligands (Figure 4).3%12

For complex 1% the Pd™ center strongly couples to the N atom of the N-Me group (A1)
=35.5 G) and weakly couples to the N atom of the N-Ts group (Azn2)= 10.0 G) in the g, direction.
This variance in the N atom superhyperfine coupling constants produces a distinctive coupling
pattern observed in the EPR spectrum, in which the weakly coupled N atom of the N-Ts group
leads to a broadening on the superhyperfine coupling pattern of the N atom of the N-Ts group,
resulting in the observed broadened ‘triplet of triplets’ (Figure 4). In addition, for complex 2* the
coupling between the Pd metal center and the N of the N-Ts group amine is even less (Azn2)= 5.0
G), given the presence of the stronger methyl ligand donor, and as a result the broadening of the

observed superhyperfine coupling in the gz direction is reduced (Figure 4).
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These distinctly different superhyperfine coupling constants for the N-Me and N-Ts
donating groups strongly support the proposed pseudo-tridentate nature of the "™M°N4 ligand.
Furthermore, the extent to which the N atoms of the N-Me and N-Ts group couple with the Pd™
center appears to be dependent on the exogenous ligands bonded to Pd. The more o-donating the
exogenous ligands (that is methyl vs. chloride ligands), the weaker the interactions between the Pd
center and the axial N-Ts and N-Me groups, resulting in weaker superhyperfine coupling in the g;
direction. From this general trend, the binding coordination of "M¢N4 in the Pd""Me> complex 3*

is proposed to be almost completely tridentate, and thus leading to the marked instability of 3*

(vide infra).
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Figure 4. EPR spectra of a solution of [17]C104 (top) and [27]ClO4 (bottom) in 3:1 PrCN/MeCN
frozen glass at 77 K (red lines), and simulated EPR spectra (black lines). The following parameters
were used for the simulations: [1*]ClO4, gx= 2.1632, gy=2.1290, g-= 2.0005 (An1=35.5 G, An2

= 10.0 G); [2*]Cl04, g= 2.2220, gy=2.1180, g,= 2.0110 (Ax1 = 31.5 G, An2 = 5.0 G).

Computational Studies of Complexes 1" and 2*. Due to the low stability of complexes 1" and
2%, X-ray quality crystals of these complexes could not be isolated. However, it is evident from the
above spectroscopic studies that complexes 1" and 2* are formed in solution. Furthermore, the
resulting EPR results suggest the bonding geometry around the Pd"™ center is based on the pseudo-
tridentate nature of the ™°N4 ligand (Figure 4). To support the proposed structures, density
functional theory (DFT) and time-dependent density functional theory (TD-DFT) calculations
were performed, and the resulting metrical parameters for the optimized geometries of 1" and 2*
were compared to the previously characterized M*N4-supported complexes [(M*N4)Pd"'CL,]" (4%)
and [(M*N4)Pd"MeCI]" (5%, Table 2). The bond distances for the axial N atoms in 4* and 5% were
determined to be symmetric, whereas in 1" and 2* the bond distances are clearly different between

the N-Me and N-Ts N atoms, with the electron-deficient N-Ts N atom being unable to form a

12



strong interaction with the Pd"" center. In addition, the DFT-calculated metrical parameters for
complexes 1" and 2* correlate well with the experimental EPR results (Figure 5). The less o-
donating the exogenous ligands (that is chloride vs. methyl ligands), the longer the calculated
distances between Pd center and the axial N-Ts and N-Me groups. and in line with weaker
superhyperfine couplings in the g- direction. Moreover, the calculated Naxial atomic contributions
to the LUMO’s for 17 and 2* show that the N-Me donor atoms interact more strongly with the Pd™!
center then the N-Me donor atoms in 4" and 5%, while the N-Ts donor atoms interact more weakly

(Figure 5).

Table 2. DFT-calculated (UB3LYP/CEP-31G) metrical parameters for complexes 17 and 2*
compared to the DFT-calculated values (X-ray experimental parameters shown in parenthesis) for

similar M*N4-supported complexes 4" and 5.

Metrical 1" 4* 2* 5*
Parameters | DFT | DFT (Expt) | DFT | DFT (Expt)

Bond Lengths

Pd-N1(Ts/Me) |2.498|2.365 (2.310)| 2.529 |2.379 (2.302)

Pd-N2 (Me) |2.318(2.368 (2.311)| 2.313 |2.377 (2.338)

Pd-N3 (Py) |2.063|2.051 (2.029)| 2.111 |2.104 (2.085)

Pd-N4 (Py) [2.067|2.052 (2.002)| 2.181 |2.148 (2.085)

Pd-Cll  |2.416]2.425 (2.303)| 2.466 |2.486 (2.344)

Pd-CI2/C1 |2.417|2.424 (2.322)| 2.073 |2.070 (2.021)

Bond Angles

NI-Pd-N2  [150.6]153.3 (153.5)| 146.5 [149.7 (149.1)

N3-Pd-N4 | 82.8 | 83.2(82.3) | 80.9 | 81.5(81.4)
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4* LUMO 5*LUMO
Pd 49% Pd 56%
Nve 30% Nme 22%
CI’s 6% Cl 5%
Neg’s 6% Neg’s 6%
1" LUMO 2*LUMO
Pd 50% Pd 53%
Nve 22% Nve 15%
NTs 5% NTs 4%
CI’s 6% Cl 5%
Neq’ S 6% Neq’ S 5%
Complex 1" 2+ 4* 5*

Axial Bond  NroPd 2498 Nr-Pd 2.529 Nj-Pd 2.365(2.310) N;-Pd 2.379 (2.302)
Lengths (A)  NuePd 2318 NyePd 2.313 N,-Pd 2.368 (2.311) Na-Pd 2.377 (2.338)

EPR Coupling AN-Ts 10.0 AN-Ts 5.0

Anme 255 Axme 230
Constants (G)  Anme 355  Anme 315 M M

Figure 5. DFT-calculated (UB3LYP/CEP-31G) molecular orbitals (§ LUMOs) of 17 (bottom-left)
and 2% (bottom-right) compared to the M*N4-supported complexes 4" (top-left) and 5% (top-right),
and the calculated atomic contributions, DFT-calculated (and X-ray experimental values) Pd-Naxial

bond distances, and the experimental EPR superhyperfine coupling constants.

Furthermore, TD-DFT calculations were employed to simulate the UV/Vis spectra for

complexes 1*and 2* (Figure 6).>° Excitingly, the calculated UV-vis spectra match very well the
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experimental spectra, strongly supporting the calculated optimized geometries for 1" and 2*, and

most importantly validating their calculated electronic properties.
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Figure 6. Comparison of experimental (red line) and computational simulated (black line) UV-

Vis spectra of complexes [17]C104 (top) and [27]C104 (bottom) in MeCN.

Aerobic reactivity of (T"M*N4)Pd'"Me; (3). On account of the low oxidation potential observed
for complex 3, as well as the previously observed aerobic oxidation of (B“N4)Pd'Me; and

(MeN4)Pd"Me:,'#1? we proposed that 3 could be similarly oxidized using mild oxidants to form
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reactive high-valent Pd species. Therefore, a solution of 3 in MeOH was reacted with O2 and the
reaction was monitored by NMR to reveal the formation of ethane in up to 50% yield (Scheme 5).
This yield is similar to the results previously reported for the other ("N4)Pd™e> complexes,
however no methane side product was obtained even though the reaction was performed in a protic
solvent, and the reaction was already complete in 2 hours.'®" Furthermore, the observed C-C
bond formation reactivity was not affected by the presence of the alkyl radical trap TEMPO,
suggesting a non-radical mechanism.*® Finally, the reaction of 3 with Mel gave ethane in 89% and
99% yields when 1 equiv or 20 equiv of Mel were used, respectively, suggesting a rapid oxidative
addition to generate a [(T*M°N4)Pd'VMes]" intermediate,*!” followed by C-C reductive eliminate

to form ethane (Scheme 5).

Scheme 5. C-C Bond Formation Reactivity of ("MN4)Pd"Me: (3).

TsMe, 02 TsMe
(TSMeN4)PdMe, — = Me-Me + CH, + (M°N4)PdMe(OH)
2h, RT 50+1% 0% 85+2%
Oa,
(TsMeN4)PdMe, %» Me-Me + CH, + (T*MeN4)PdMe(OH)
2h, RT 50+1% 0% 88+2%
TsMe 1eq Mel TsM:
(TMeN4)PdMe, — = Me-Me + CH + (TSVeN4)PdMel
cetone
15h, RT 89+1% 0% 93+1%

xs Mel
(TsMeN4)PdMe, yyST—— Me-Me + CH,4 + (TMeN4)PdMel
cetone
2h, RT  99+1% 0% 98+1%

Detection of high-valent Pd intermediates. In the previously reported cases, the formation of
[(*N4)Pd""Me2]" species upon aerobic oxidation was monitored by UV-Vis spectroscopy and
confirmed by EPR and ESI-MS.!®!? In the case of complex 3", monitoring its reaction with O2

by UV-vis in MeOH did not reveal the formation of any intermediate species with a characteristic
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absorption spectrum, and the reaction progressed directly from the starting material to the final
product (Figure 7). Since a Pd"" species would be expected to be colored,'®!? this further supports
our assumption that the pseudo-tridentate "M*N4 ligand does not stabilize the Pd" center to a great

extent, and thus leads to an increased C-C bond formation reactivity.
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Figure 7. UV-vis spectrum of a 2.14 mM solution of ("*M*N4)PdMe: in MeOH under Oz at 20°C

(t = 0-26 h, spectra collected every 2 h), showing the growth of the absorption band at 440 nm,

without any intermediate species being observed.

Similarly, the formation of any Pd™ intermediate was not observed when the aerobic
reaction mixture was analyzed by EPR spectroscopy at different time points. However, a trace
amount of the [(T"M*N4)Pd""Me2]" species 3* was observed by ESI-MS, which reveals a peak at
m/z 545.1131 (calculated for 3*: 544.1124). Species 3* is formed within the first minute after the
start of the aerobic oxidation, however it fully decays within 10 minutes to the key intermediate
[(T"MeN4)Pd'VMe:3]*, 4. The lifetime of 4 is much longer, and its presence is confirmed by ESI-

MS until the completion of the reaction. These results suggest the direct formation of the key Pd'Y
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intermediate 4 without progressing through the Pd"™ intermediate 3*. Additionally, the observed
rate of ethane formation is slightly larger than that for the previously reported (*N4)Pd"Me:
complexes (R = tBu, iPr, Me),'>!® suggesting that the N-Ts donor arm of T™M°N4 in the
[(T"M*N4)Pd'VMe3]" species 4 may further destabilize it, possibly by distorting the octahedral

coordination of the Pd" center and thus promoting the C-C reductive elimination step.

Proposed mechanism for the aerobic C—C bond formation reactivity of 3. Based on the
experimental results described above, and by analogy with the aerobic oxidation of previously

reported Pt'-dimethyl and Pd'-dimethyl complexes,**4°

we propose a mechanism for the
aerobically induced C-C bond formation from 3 that is slightly altered from the previously reported
mechanisms for (B'N4)Pd'Me> and (M*N4)Pd'Me2,!3" in which the key intermediate 4 is
generated without going through the 3* intermediate (Scheme 6). Oxidation of 3 by Oz through an
inner-sphere mechanism is expected to generate a transient Pd"-superoxide intermediate, [(i*-
TsMeN4)Pd""Me2(02)]."*!® Upon protonation, this would yield the Pd"(hydroperoxo) species 6,
which was detected transiently via ESI-MS during the aerobic oxidation.® The intermediate
species 6 can then oxidize another molecule of 3 to give two molecules of the Pd"(hydroxo)
species 7, which can then undergo a Pd"V-to-Pd" methyl group transfer with complex 3 to produce
the key reactive intermediate 4 and the final Pd"methyl(hydroxo) product 5. The key
[(T"MeN4)Pd'VMe3]" intermediate 4 would then undergo the rate-determining reductive elimination
of ethane along with another equivalent of the Pd" product 5. The reductive elimination of ethane

via intermediate 4 was independently confirmed via the observed reactivity of Mel with complex

3, to give directly ethane in up to 99% yield in 2 hours (Scheme 5). *
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Scheme 6. Proposed Mechanism for the Aerobic Oxidation of (""M*N4)Pd!'Me: (3) and Subsequent

Ethane Formation.

HO"
Me-Me + ("MeN4)Pd''Me(OH) -
Reductive
5 Elimination
NMR
ESI-MS ESI-MS, destabilized
CONCLUSION

In summary, reported herein is the synthesis, characterization, and reactivity of a series of
Pd"' complexes supported by a pseudo-tridentate TM°N4 asymmetric pyridinophane ligand, in
which one amine N atom contains a tosyl group. The pseudo-tridentate ligand was shown via
spectroscopic methods to generate transiently stable high-valent Pd"" and Pd'V centers. As a result,
the corresponding aerobically-induced reactivity of the ("*M*N4)Pd"Me> complex was improved
by favoring the direct formation of the key [(""M°N4)Pd'VMes]" intermediate which in turn
undergoes faster reductive elimination to cleanly generate a stoichiometric amount of ethane

without the formation of any methane side product. Overall, these results suggest that finely tuning
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the donating ability of the donor atoms as well as the denticity of the multidentate ligand employed
can improve the aerobically-induced reactivity of the Pd" complexes via transient high-valent Pd
intermediates to generate cleanly the reductive elimination products, and thus has the potential to

be further developed into catalytic oxidative transformations.

EXPERIMENTAL DETAILS

General Specifications. All manipulations were carried out under a nitrogen atmosphere using
standard Schlenk and glove box techniques if not indicated otherwise. All reagents for which
synthesis is not given were commercially available from Aldrich, Acros, STREM or Pressure
Chemical and were used as received without further purification. Solvents were purified prior to
use by passing through a column of activated alumina using an MBRAUN SPS. 2,11-
diaza[3.3](2,6)pyridinophane (N4H2),> (COD)PACl2,?’ (COD)PdMeCl,*?® and (COD)PdMe;!®
were prepared according to the literature procedures. 'H NMR spectra were recorded on a Varian
Mercury-300 spectrometer (300.121 MHz) or Varian Unity Inova-600 spectrometer (599.746
MHz). '*C NMR spectra were recorded on a Varian Unity Inova-600 spectrometer (599.746
MHz). UV-visible spectra were recorded on a Varian Cary 50 Bio spectrophotometer and are
reported as Amax, nm (g, Mlcm™). EPR spectra were recorded on a JEOL JES-FA X-band (9.2
GHz) EPR spectrometer in frozen solution at 77 K. ESI-MS experiments were performed using a
Thermo FT or Bruker Maxis Q-TOF mass spectrometer with an electrospray ionization source.
Elemental analyses were carried out by the Columbia Analytical Services Tucson Laboratory.
Cyclic voltammetry experiments were performed with a BASi EC Epsilon electrochemical
workstation or a CHI 660D Electrochemical Analyzer. Electrochemical-grade (BusN)ClO4 from

Fluka was used as the supporting electrolyte. Electrochemical measurements were performed
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under a blanket of nitrogen, and the analyzed solutions were deaerated by purging with nitrogen.
A glassy carbon disk electrode (d = 1.6 mm) was used as the working electrode for cyclic
voltammetry. The auxiliary electrode was a Pt wire for cyclic voltammetry measurements. The
non-aqueous Ag wire reference electrode assembly was filled with 0.01M AgNO3/0.1M

(BuaN)CIO4/MeCN solution. The reference electrodes were calibrated against Cp2Fe (Fc).

Preparation and Isolation of ™HN4. Solid N4Hz (1.67g, 6.95mmol) was placed in a 1000 mL
round bottom flask equipped with a magnetic stirring bar and dissolved in 200 mL dry CH2Cl..
Then triethylamine (970puL, 6.95mmol) was added. The resulting solution was cooled down to
0°C under nitrogen atmosphere. And a solution of p-toluenesulfonyl chloride (1.325g, 6.95mmol)
in 400 mL dry CH2Cl2 was added dropwise. After the addition was complete, the reaction was
stirred at 0 °C for an additional three hours. After the reaction was complete the reaction mixture
was washed with a solution of saturated sodium bicarbonate (3 x 200 mL). The organic layer was
then dried over potassium carbonate for 30 minutes and concentrated to dryness to isolate a product
mixture of N4 and N4Ts2. The product mixture was then suspended in 600 mL of isopropanol.
The suspension was stirred overnight and then vacuum filtered. The solid and filtrate were dried
separately resulting in N4Ts2 (1.14g, 2.08mmol) and ™"N4 (1.28g, 3.24mmol, 47%) respectively.
"H-NMR (300 MHz, CDCI3), § (ppm): 7.83 (d, 2H, Ts-H), 7.41 (d, 2H, Ts-H), 7.22 (t, 2H, Py-H),
7.10 (d, 2H, Py-H), 6.64 (d, 2H, Py-H), 4.52 (s, 4H, -CHz-), 3.96 (s, 4H, -CH2-), and 2.46 (s, 3H,
-CH3s). 3C-NMR (600 MHz, CDCls), & (ppm): 158.60, 155.31, 143.60, 136.37, 129.94, 126.91,
122.06, 120.88, 57.16, 55.75, 21.54. ESI-MS of [P"N4H]" in Acetonitrile: m/z 395.1535;

Calculated: m/z 395.1463.
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Preparation of MN4. Solid ™"N4 (1.28g, 3.24mmol) was placed in a 500 mL round bottom
flask equipped with a magnetic stirring bar and dissolved in 200 mL concentrated formic acid and
20 mL 40% formaldehyde solution. The solution was stirred and refluxed at 110 °C for 24 hours
under nitrogen atmosphere. The solution was then treated with 20 mL of concentrated hydrochloric
acid. After several minutes the solution was concentrated to dryness. The residue was basified
with 1M sodium hydroxide solution and extracted with CH2Cl> (4x200mL). The combined
organic portions were dried over anhydrous potassium carbonate, and filtered. The filtrate was
concentrated to dryness resulting in a yellow-white solid, "™M°N4 (1.145g, 2.82mmol, 87%). 'H-
NMR (300 MHz, CDCI3), 6 (ppm): 7.78 (d, 2H, Ts-H), 7.40 (d, 2H, Ts-H), 7.23 (t, 2H, Py-H),
7.10 (d, 2H, Py-H), 6.86 (d, 2H, Py-H), 4.52 (s, 4H, -CH2-), 3.80 (s, 4H, -CH2-), 2.72 (s, 3H, -
CH3), 2.49 (s, 3H, -CH3). *C-NMR (600 MHz, CDCI3), § (ppm): 157.16, 154.55, 143.56, 136.33,
135.99, 129.91, 126.86, 123.20, 122.53, 65.73, 56.56, 49.04, 21.49. ESI-MS in Acetonitrile: m/z

409.1695; Calculated: m/z 409.1620.

Synthesis of T"M*N4PdCl; (1). Solid samples of (COD)PdCIz (71.1 mg, 2.50 mmol) and ™M*N4
(102.3mg, 2.50mmol) were placed into 100 mL round bottom flask equipped with a magnetic
stirring bar and a septum. The flask was evacuated and refilled with nitrogen three times. Then 60
mL anhydrous CH2Cl> was added with a syringe and the reaction mixture was stirred vigorously
under nitrogen for 2 days in the dark. Using an ice-bath the CH2Cl2 was rotary evaporated, leaving
an orange precipitate. The precipitate was redissolved in the minimal amount of dichloromethane
and precipitated with the addition of excess diethyl ether. The precipitated was filtered off, washed
with ether, pentane, and dried under vacuum. The resulting precipitation was a pale orange-brown

solid (0.1250g, 2.13mmol, 86%). 'H-NMR (600 MHz, DMSO), & (ppm) for Major Isomer 1’
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(NpyNamPdCL2): 8.00 (d, 2H, Ts-H), 7.96 (t, 2H, Py-H), 7.56 (m, 6H, Ts-H & Py-H), 6.25 (dd, 4H,
_CH2-), 5.50 (d, 2H, -CH2-), 4.53 (d, 2H, -CH2-), 2.47 (s, 3H, -CH3), 2.22 (s, 3H, -CH3). 'H-
NMR (600 MHz, DMSO), 8 (ppm) for Minor Isomer 1" (NpyNpPd"Cl2): 7.90 (d, 2H, Ts-H), 7.66
(t, 2H, Py-H), 7.55 (d, 2H, Ts-H), 7.26 (d, 2H, Py-H), 7.14 (d, 2H, Py-H), 5.22 (d, 2H, -CH2-),
5.15 (d, 2H, -CH2-) 4.66 (d, 2H, -CH2-), 3.96 (d, 2H, -CH2-), 3.03 (s, 3H, -CH3), 2.47 (s, 3H, -
CH3). ESI-MS: m/z 549.0; Calculated for [("*M*N4)PdCI]": m/z 549.0. Anal. Found: C, 42.77; H,

3.52; N, 8.59. Calcd for C22H24C1aN4O2Pd2S+1/2 CH2CL2: C, 43.01; H, 4.01; N, 8.92.

Synthesis of TM*N4PdMeCl (2). Solid samples of (COD)PdMeCl (63.7mg, 2.40 mmol) and
TsMeN4 (98.2mg, 2.40 mmol) were placed into 100 mL round bottom flask equipped with a
magnetic stirring bar and a septum. The flask was evacuated and refilled with nitrogen three times.
Then 40 mL anhydrous ether was added with a syringe and the reaction mixture was stirred
vigorously under nitrogen for 2 days in the dark. Pale grey precipitate was filtered off, washed
with ether, pentane, and dried under vacuum. The solid was dissolved in a minimal amount of
dichloromethane and precipitated with the addition of excess pentane. The precipitate was a pale
grey solid (114.2mg, 2.02mmol, 84%). '"H-NMR (300 MHz, CDCI3), § (ppm): 7.84 (d, 2H, Ts-
H), 7.52 (m, 4H, Py-H), 7.44 (d, 2H, Ts-H), 7.06 (dd, 2H, Py-H), 6.15 (m, 4H, -CH2-), 5.18 (dd,
2H, -CHz2-), 4.24 (dd, 2H, -CHz-), 2.53 (s, 3H, -CH3), 2.34 (s, 3H, -CH3), 1.62 (s, 3H, Pd-CH3).
BC-NMR (600 MHz, CDCI3), & (ppm): 158.30, 157.00, 144.41, 138.19, 136.39, 130.33, 126.79,
125.34, 125.01, 66.02, 63.43, 59.66, 57.41, 39.52, 21.59, -6.92. ESI-MS: m/z 529.1; Calculated
for [("M°N4)PdMe]": m/z 529.1. Anal. Found: C, 44.31; H, 4.19; N, 8.47. Calcd for

C23H27CIN4O2Pd2S (CH2Cl2): C, 44.32; H, 4.49; N, 8.61.
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Synthesis of TMN4PdMe; (3). Solid samples of (COD)PdMe: (0.3740grams, 1.52 mmol) and
TsMeN4 (0.6227grams, 1.52 mmol) was cooled down to 0°C in ice bath, then the flask was
evacuated/refilled with nitrogen three times. Then under nitrogen 30 mL of anhydrous ether was
added. The reaction mixture was stirred vigorously at 0°C for 3 hours, and then the solvents were
removed by evaporation on a high vacuum line at 0°C. The resulting pale yellow-white solid was
transported under nitrogen into the glove box. The solid was washed with pentane, and then
dissolved in a minimal amount of tetrahydrofuran. The resulting orange colored solution was
precipitated with pentane. The cloudy solution was then decanted and the solid dried under
vacuum, resulting in a pale yellow-orange solid (0.4889 grams, 0.90 mmol, 59%). 'H-NMR (300
MHz, Benzene), 8 (ppm) for Major Isomer 1° (NpyNpyPd'Me3): 7.65 (d, 2H, Ts-H), 7.34 (d, 2H,
Ts-H), 6.81 (d, 2H, Py-H), 6.66 (t, 2H, Py-H), 6.37 (m, 4H, -CH2-), 6.22 (d, 2H, Py-H), 4.83 (d,
2H, -CH2-), 3.68 (d, 2H, -CH2-), 1.97 (s, 3H, -CH3), 1.95 (s, 3H, -CH3), 0.84 (s, 6H, Pd-CH3).
'H-NMR (300 MHz, Benzene), & (ppm) for Minor Isomer 17 (NpyNamPd"Me3): 7.57 (d, 2H, Ts-
H), 7.39 (d, 2H, Ts-H), 7.25 (m, 2H, Py-H), 6.55 (t, 2H, Py-H), 6.04 (m, 2H, Py), 5.28 (d, 1H, -
CHz-), 4.74 (dd, 2H, -CH2-), 3.86 (d, 1H, -CH2-), 1.97 (s, 3H, -CH3), 1.95 (s, 3H, -CH3), 0.70 (d,
6H, Pd-CH3). 1*C-NMR (600 MHz, Benzene), & (ppm): 157.86, 157.45, 143.27, 138.10, 136.61,
130.11, 128.30, 127.05, 124.47, 63.66, 57.46, 39.57, 21.21, and -9.45. ESI-MS: m/z 529.1;
Calculated for [("M*N4)PdMe]": m/z 529.1. The elemental analysis of this complex could not be

obtained due to its high air sensitivity.

General procedure for the oxidation of 3 with Q. A 3-4 mM solution of 3 with an equimolar
amount of 1,3,5-trimethoxybenzene (used as internal standard) was dissolved in Oz-saturated
CD30D solution, and an NMR tube was filled to the top (to avoid the escape of volatiles into the

headspace) and sealed with a septum. The reaction mixture was kept in the dark and periodically
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analyzed by '"H NMR. The yields of Pd intermediates and organic/Pd products were determined
by integration versus the internal standard, calculated as [moles of product]/[moles of 3]*100%
and given as an average of two runs.

UV-Vis studies of oxidation of 3 with O2. A ~2 mM solution of 3 in MeOH was placed into a
quartz cuvette (pathlength 1.0 cm) equipped with a septum-sealed cap and a magnetic stir bar.
Oxygen was bubbled through the solution for 2-3 minutes, and the reaction mixture was stirred
under Oz at 20°C in the dark. The reaction progress was then monitored by UV-Vis.

ESI-MS studies of oxidation of 3 with O,. A ~0.2 mM solution of 3 in 1 mL Oz-saturated MeOH
was prepared, and then ~50 pL of solution was injected into the MS instrument at various time
points to detect any transient intermediates present in the reaction mixture.

X-ray structure determination of 1, 2, and 3. Suitable crystals were mounted on Mitgen
cryoloops in random orientations in a Bruker Kappa Apex-II CCD X-ray diffractometer equipped
with an Oxford Cryostream LT device and a fine focus Mo Ka radiation X-ray source (A =0.71073
A). Preliminary unit cell constants were determined with a set of 36 narrow frame scans. Typical
data sets consist of combinations of ¢ and ¢ scan frames with a typical scan width of 0.5° and a
counting time of 15—30 s/frame at a crystal-to-detector distance of ~4.0 cm. The collected frames
were integrated using an orientation matrix determined from the narrow frame scans. Apex II and
SAINT software package*' were used for data collection and data integration. Analysis of the
integrated data did not show any decay. Final cell constants were determined by global refinement
of xyz centroids of reflections from the complete data sets. Collected data were corrected for
systematic errors using SADABS* based on the Laue symmetry using equivalent reflections.
Structure solutions and refinement were carried out using the SHELXTL-PLUS software

package.*” The structures were refined with full matrix least-squares refinement by minimizing
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Iw(Fo* — Fe?)?. All non-hydrogen atoms were refined anisotropically to convergence, and the
hydrogen atoms were added at the calculated positions in the final refinement cycles. Crystal data
and intensity data collection parameters are listed in Tables S§—S13.

Computational studies. The density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) calculations were performed with the program package Gaussian
09.4 The UB3LYP hybrid functional*** along with the Stevens (CEP-31G)**’ valence basis
sets and effective core potentials were employed. This combination of hybrid functional and basis
sets have been previously shown to work well for reproducing experimental parameters of Pd
complexes.*** The ground state wave function was investigated by analyzing the frontier MOs,
and the atomic contributions to MOs were calculated using the program Chemissian.’® TD-DFT
calculations were employed to obtain the predicted absorption bands and their major contributing
transitions. The calculated UV-Vis spectra were generated using GaussSum®!, with a full width at
half maximium (FWHM) values of 3500 cm™ and 3000 cm™ for complexes [("M*N4)Pd"'Cl.]*

(17) and [(TMeN4)Pd""™MeCI]* (2") respectively.

Supporting Information. Detailed experimental details, spectroscopic characterization, aerobic
oxidation studies, computational details, and X-ray crystallographic data. This material is available

free of charge via the Internet at http://pubs.acs.org.
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