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ABSTRACT: Eight-membered palladacycles arising from the i

insertion of one molecule of alkyne into the Pd—C bond of the R!

palladacycles derived from homoveratrylamine and phenter- X Nz

mine react with neutral N- and P-donor ligands to give | — F’d: PN
mononuclear or unusual dinuclear complexes, containing a R2 pn © ~ R1 Z>Ph
vinylarylethylamino bridge, depending on the size of the ligand Xj@(:iNHz —hd= 2\/\5
and the substituents of the palladacycle. Diffusion-ordered "

nuclear magnetic resonance spectroscopy experiments are used
to measure the diffusion coeflicients and propose the
nuclearity of these complexes in solution. Density functional

theory calculations show that steric and electronic (transphobia) effects are responsible for the unprecedented observed reactivity
differences. A mechanism for the formation of the unusual dinuclear complexes is proposed.

R2 Ph 2

B INTRODUCTION membered palladacycles A—E with isocyanides, CO, and

¢ : 3
Dinuclear halogen-bridged palladacycles normally react with BuOK) has been published separately.

monodentate ligands to afford mononuclear complexes

resulting from the cleavage of the bridge. This behavior is so B RESULTS AND DISCUSSION

common that this type of reaction could be considered as Reactivity of Eight-Membered Palladacycles toward
routine. Nevertheless, we conduct such a reaction sometimes, Neutral Ligands. Trying to obtain a soluble derivative of
especially when the dinuclear palladacycle is scarcely soluble or complex A (Scheme 1), we reacted it with 2 equiv of PPh,.
is obtained in a contaminated form and its purification is not However, instead of the expected monomeric complex resulting
possible."”” Thus, the reaction with a neutral ligand, as PPh,, from the cleavage of the halogen bridge,m_6 we obtained the

allows us to obtain a soluble and characterizable derivative. This dimeric species [Pd{u-C,N-C(Ph)=C(Ph)-
is the case of complex A (Scheme 1), resulting from the C¢H,CH,CH,NH,-2-(MeO),-4,5}Br(PPh;)], [la (Scheme

insertion of one molecule of diphenylacetylene into the Pd—C 1)], in which the CN-ligand was bridging two palladium
bond of the palladacycle derived from homoveratrylamine, atoms. Only a few complexes containing potentially C,N-
which is insoluble in most common organic solvents. However, chelates acting as bridging ligands have been reported, but they
the reaction between this palladacycle and PPh; does not afford involve pyridine derivatives that, otherwise, would lead to four-
the expected mononuclear complex, but a new dinuclear one in membered palladacycles.” Alternatively, some C,N-palladacycles
which the halogen bridge is replaced by a vinylarylethylamino react with phosphines to undergo metallacycle ring opening
bridge, apparently resulting from the cleavage of the Pd—N processes, rendering complexes in which the amine acts as a C-
bond and formation of a new bond with another Pd atom. This monodentate anionic ligand-s’s

is surprising taking into account that, in our wide experience in The crystal structure of complex 1a was determined by an X-
the chemistry of cyclopalladated derivatives of primary amines, ray diffraction study (Figure 1) showing a centrosymmetric
we have never observed the cleavage of the strong N—Pd bond. molecule with the palladium atoms in a distorted square-planar
This Article reports the study of the reactions of various eight- environment [mean deviation of the Pd(1)—N(1)—Br(1)-
membered palladacycles similar to A with neutral ligands and

includes a proposed mechanism for this unusual behavior. A Received: November 11, 2013

closely related work (reporting the reactions of eight- Published: December 6, 2013
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Scheme 1. Reactions of Eight-Membered Palladacycles A—E
with N- and P-Donor Neutral Ligands
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Figure 1. Thermal ellipsoid plot (50% probability) of the 1a-2CH,Cl,
complex along with the labeling scheme. The solvent molecules and
the hydrogen atoms bonded to carbon have been omitted for the sake
of clarity. Selected bond lengths (angstroms) and angles (degrees):
Pd(1)—Br(1), 2.5475(5); Pd(1)-N(1), 2.137(3); Pd(1)—C(1),
2.022(4); Pd(1)—P(1), 2.2607(10); C(1)—C(2), 1.346(5); Br(1)—
Pd(1)-N(1), 90.30(8); N(1)-Pd(1)—C(1), 88.28(13); C(1)—
Pd(1)—P(1), 91.38(11); P(1)—Pd(1)—Br(1), 91.74(3).

P(1)—C(1) plane of 0.154 A]. The phosphino and vinyl ligands
adopted a mutually cis disposition, which was the expected
geometry according to the great transphobia’ between the C-
and P-donor ligands.”'® The geometry around the double bond
of the vinyl ligand is different from that in the starting
palladacycle A (Scheme 1)."' This isomerization has no
precedent in this type of palladacycle, although it has been
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observed for the first alkenyl fragment after a second insertion
of an alkyne into the Pd—C,,, bond.>*?

To elucidate the influence of the phosphine on the nature of
the formed phosphino complex, we conducted the reaction of
A with PCy; or PMe;, yielding complex 2a or 3a, respectively.
The crystal structure of complex 3a, containing PMe;, a
phosphine with a Tolman cone angle (118°) smaller than that
of PPh; (145°)," was determined by X-ray diffraction (XRD)
studies (Figure 2) showing its monomeric nature. This

>C27

Figure 2. Thermal ellipsoid plot (50% probability) of complex 3a
along with the labeling scheme. The hydrogen atoms bonded to
carbon have been omitted for the sake of clarity. Selected bond lengths
(angstroms) and angles (degrees): Pd(1)—Br(1), 2.5237(3); Pd(1)—
N(1), 2.1252(17); Pd(1)—C(8), 2.0091(18); Pd(1)—P(1), 2.2424(5);
C(7)—C(8), 1.348(3); Br(1)—Pd(1)—N(1), 89.37(5); N(1)—Pd(1)—
C(8), 87.01(7); C(8)—Pd(1)—P(1), 91.94(5); P(1)—Pd(1)—Br(1),
91.807(15).

suggested that formation of dimeric complex la could be
related to the steric hindrance of PPh; being greater than that
of PMe;. Unfortunately, we could not grow appropriate single
crystals of 2a to establish its structure in the solid state, which
in the case of being dimeric would support our hypothesis.

Assuming that the nature of vinylarylethylamino ligand could
also affect the nature of the adducts, we reacted complex B, C,
or D with 2 equiv of PPh; yielding 1b, ¢, or 1d, respectively
(Scheme 1). Similarly, complex E reacts with 4-picoline (4-pic)
to afford 4e. The crystal structures of 1d-2CH,Cl, (Figure 3)
and 4e-'/,CHCI, (see the Supporting Information) complexes
were determined by XRD studies. Both complexes are
monomeric, and the palladium atom forms part of an eight-
membered ring, which adopts an almost twist-boat conforma-
tion, although the usual designations of cyclooctane con-
formations are not strictly applicable here."*

The remaining complexes, the nuclear magnetic resonance
(NMR) spectra and elemental analysis of which were in
agreement with the incorporation of one phosphine ligand per
palladium, could not be characterized by XRD. The *'P NMR
did not allow us to distinguish between monomeric and dimeric
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Figure 3. Thermal ellipsoid plot (50% probability) of the 1d-2CH,Cl,
complex along with the labeling scheme. The solvent molecules and
the hydrogen carbon atoms have been omitted for the sake of clarity.
Selected bond lengths (angstroms) and angles (degrees): Pd(1)—
CI(1), 2.4216(4); Pd(1)-N(1), 2.1167(13); Pd(1)—C(8),
2.0040(15); Pd(1)—P(1), 2.2640(4); C(7)—C(8), 1.346(2); CI(1)—
Pd(1)—N(1), 90.39(4); N(1)—Pd(1)—C(8), 84.85(5); C(8)—Pd(1)—
P(1), 94.63(4); P(1)—Pd(1)—CI(1), 90.073(15).

structures, as the chemical shifts of coordinated PPh; for dimer
1a (6 26.7), monomer 1d (5 27.7), and complexes 1b and 1c (&
27.4 and 27.8, respectively) were quite similar, in spite of the
different structures of la and 1d, and comparable to those
found for mononuclear phosphino complexes derived from
eight-membered C,N-?alladacycles containing an alkenyl frag-
ment (8 25.9-29.8)."

The formula weight of a complex is correlated to its volume
and hence to its diffusion in solution.'® Diffusion-ordered NMR
spectroscopy (DOSY) experiments were used to measure the
diffusion coefficients (D) of complexes 1b, 1lc, and 2a, to
compare them with the values obtained for the fully
characterized complexes 1a and 1d. The experimental results
are listed in Table 1.

Complex 1a was dissolved in CDCl; at room temperature,
and a "H DOSY experiment was conducted. The value of D
(6.28 m*/s) was measured for the protons corresponding to the
OMe groups. An analogous experiment using a double
concentration rendered approximately the same D value (6.26

Table 1. Diffusion Coefficients (D) for Complexes 1a, 1b, lc,
1d, and 2a

sample weight C D
compd (mg) (mmol/L) (x1071° m?/s) structure

la 8.10 10.04 628 dimer®

la 16.00 19.82 6.26 dimer®

1d 7.30 19.98 6.70 monomer®

1b 7.90 20.02¢ 6.36 dimer”
10.01°

1c 7.45 20.00¢ 6.64 monomer®
10.00°

2a 8.25 19.99% 6.36 dimer?
10.00°

. . . b .
“Concentration assuming a monomeric structure. Concentration

. . . . . d
assuming a dimeric structure. “Structure in the solid state. “Proposed
structure in solution.
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m?*/s) for complex la, showing that D does not change
significantly in the range of 10—20 mmol/L. For complex 1d,
the 'H DOSY experiment was followed through the CH,
protons. The value of D for 1d (6.70 m*/s) was significantly
different from that of complex la and consistent with that
expected for a less bulky compound. Those for complexes 1b,
1c, and 2a (Table 1) were determined as described for 1a,
suggesting a dimeric structure for complexes 1b and 2a and a
monomeric structure for complex 1c, as depicted in Scheme 1.
This suggests that homoveratrylamine derivatives are more
likely to form dinuclear than mononuclear complexes when the
phosphine is voluminous (PPh;, la and 1b; PCy;, 2a).
However, the mononuclear nature of lc suggests that this
condition is necessary but not sufficient and that the electronic
and/or the steric hindrance of R? (Me instead of Ph or
CO,Me) also plays an important role.

The singular behavior of the homoveratrylamine derivatives
could be attributed to the strong steric demand of the aryl ring
bearing the two methoxy groups. In fact, in the solid state,
structurally characterized eight-membered palladacycles derived
from arylalkylamines showed an approximately boat or boat-
chair conformation, in which the Pd coordination plane and the
aryl ring formed an angle of 52—67°."""" The predicted
monomeric product of the reaction between A and PPh; could
be a hypothetical complex cis-1a’, the structure of which was
optimized through density functional theory (DFT) calcu-
lations showing one H atom of one phenyl ring attached to P
(Hppp) quite near one C atom bonded to a MeO group [Cope
(Figure 4)]. The shortest H-+-C distance is 3.05 A. To prevent
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Figure 4. Optimized structures of hypothetical molecules of cis-1a’
(left) and trans-1a’ (right). Most hydrogen atoms have been omitted
for the sake of clarity.

this steric hindrance,'® the phosphine could coordinate trans to
the Pd—C aryl bond to give trans-1a’; its hypothetical structure
was also optimized through DFT calculations (Figure 4).
However, complex trans-1a’ was 5.4 kcal/mol less stable than
cis-1a, although, in its energy minimum, the Hppp—Cppe
distance is 3.84 A. That is, although there was less steric
hindrance in the trans structure, the cis isomer is more stable.
This electronic effect is a new and quantified example of what
we call the “transphobia effect” that, in this case, is greater than
5.4 kcal/mol. In conclusion, to avoid steric hindrance, the most
stable mononuclear complex cis-1a’ transforms into the dimeric
complex la (Scheme 1 and Figure 1, Hp,p—Cppe distance of
4.181 A) because the trans-1a’ isomer, in which the Hpp—
Come repulsion would be weaker, is electronically destabilized
by the transphobia effect.

Trying to explain the mechanism of the chelating to bridging
transformation of the vinylarylethylamino ligand, we propose
that the coordination of the bulky phosphine (PPh; or PCy;) to
the ortho-metalated homoveratrylamine fragment leads to the
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unstable intermediate cis-1a” (Scheme 2) that evolves through
the decoordination of the amine, relieving the steric congestion.

Scheme 2. Proposed Mechanism for the Formation of the
Dimeric Complexes
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The enhanced electrophilicity of the Pd center promotes the
homolytic splitting of the double bond, giving a diradical I
(Scheme 2), which is stabilized by the delocalization with the
CO,Me or Ph groups (but not for R* = Me). The cleaved
double bond can rotate to weaken the steric hindrance of the
[PdBr(PPh,)] fragment and the substituted aryl group, giving
intermediate II (Scheme 2), in which R* and the phenyl group
of the alkenyl moiety are trans. Radical isomerizations of
stilbene derivatives are well-known.'® Re-formation of the
double bond and coordination of the amino group to the
Pd(II) center of an adjacent molecule would afford dimer 1la
(R* = Ph) or 1b (R* = CO,Me).

The structure of intermediate II (R*> = Ph) was optimized
through DFT calculations (see the Supporting Information).
The C(Ph)—C(Ph) and C(Pd)—Ph distances (1.435 and 1.427
A, respectively) indicate the delocalization of the electronic

density.

B CONCLUSION

The reactions of eight-membered palladacycles, derived from
the monoinsertion of internal alkynes into the Pd—C bond of
ortho-metalated homoveratrylamine and phentermine, with
PR; render surprising results. Steric and electronic factors,
associated with both the palladacycles and the entering ligand,
play a key role in the formation of unusual dimers, in which the
C,N-fragment acts as a bridging ligand. Diffusion-ordered NMR
spectroscopy (DOSY) experiments were used to measure the
diffusion coefficients to elucidate the mononuclear or dinuclear
structure of some of these complexes in solution, and DFT
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studies were conducted to propose the factors influencing the
formation the dinuclear complexes.

B EXPERIMENTAL SECTION

General Procedures. Infrared spectra, C, H, and N analyses,
conductance measurements, and meltlng point determinations were
conducted as described previously.”® Unless otherwise stated, NMR
spectra were recorded in CDCl; via a 300, 400, or 600 MHz
spectrometer. Chemical shifts are referenced to TMS (*H, *C{'H})
or H;PO, (*'P{'H}). Signals in the 'H and *C NMR spectra of all
complexes were assigned with the help of APT, HMQC, and HMBC
techniques. Reactions were conducted at room temperature without
special precautions against moisture unless otherwise specified. Chart
1 gives the numbering scheme for the eight-membered palladacycles.

Chart 1. Numbering Scheme for the Eight-Membered
Palladacycles

The palladacycles [Pd{C,N-C(Ph)=C(R)C,H,CH,CH,NH,-2-
(OMe),-4,5}(u-Br)], (R = Ph, A; R = CO,Me, B; R = Me, C) and
[Pd{C,N-C(Ph)=C(R)-C¢H,CH,CMe,NH,-2}(-Cl)], (R = Ph, D;
R = Me, E) were prepared as previously reported.'' A PMe; solution
(1.0 M, toluene), 4-methylpyridine (4-picoline), PPh,, and PCy; were
used as received.

Synthesis of [Pd{C,N-C(Ph)=C(Ph)C4H,CH,CH,NH,-2-
(OMe),-4,5}Br(PPh;)],'H,0 (1a-H,0). PPh; (48 mg, 0.183 mmol)
was added to a suspension of palladacycle A (100 mg, 0.092 mmol) in
CH,Cl, (20 mL), and the resulting solution was stirred for 30 min.
The mixture was filtered through a plug of Celite; the filtrate was
concentrated to ~1 mL, and Et,0 (30 mL) was added. The
suspension was filtered, and the solid was washed with Et,0 (2 X S
mL) and air-dried to afford complex 1a-H,O as a yellow solid. Yield:
231 mg, 0.141 mmol, 77%. Mp: 254 °C. Anal. Calcd for
CqyHosBr,N,0,P,Pd,- H,O (1632.165): C, 61.14; H, 5.01; N, 1.70.
Found: C, 61.13; H, 4.66; N, 1.70. IR (cm™): v(NH) 3417 br w, 3323
br w, 3256 br w. '"H NMR (300.1 MHz): § 1.55 (s, 2 H, H,0), 1.64
(m, 1 H, NH,), 2.82 (m, 1 H, CH,Ar), 2.99 (m, 1 H, CH,Ar), 3.16 (s,
3 H, MeO), 3.44—3.53 (m, 3 H, CH,N + 1 H of NH,), 4.05 (s, 3 H,
MeO), 5.47 (s, 1 H, H3), 6.68—6.73 (m, 2 H, 0-H, Ph), 6.97 (s, 1 H,
H6), 6.98—7.05 (m, 6 H, 4 H of m-H + 2 H of p-H, Ph), 7.50—7.27
(m, 15 H, m-H + p-H + o-H, PPh;). *C{'H} NMR (75.45 MHz): §
34.2 (s, CH,Ar), 47.1 (s, CH,N), 55.5 (s, MeO), 55.9 (s, MeO), 111.5
(s, CH, C3), 112.2 (s, CH, C6), 125.5 (s, CH, Ph), 125.6 (s, CH, Ph),
127.3 (s, CH, Ph), 128.1 (br d, m-CH, PPh;, *Jcp = 10.5 Hz), 128.5 (s,
CH, Ph), 129.5 (s, CH, Ph), 129.7 (s, CH, Ph), 130.2 (br s, CH,
PPh,), 133.5 (s, C, Ph), 137.6 (d, C, Jop = 3.6 Hz), 139.3 (s, C), 140.6
(s, C), 1454 (s, C), 147.4 (s, C-OMe), 148.5 (s, C-OMe), 158.1 (s,
C). The '*C NMR resonance corresponding to the i-C group of PPh,
was not observed. *'P{'H} NMR (121.5 MHz): § 26.7 (s). Single
crystals of 1a-2CH,Cl,, suitable for an X-ray diffraction study, were
obtained by slow diffusion of n-pentane into a solution of 1a-H,O in
CH,CL,

Synthesis of [Pd{C,N-C(Ph)=C(CO,Me)C¢H,CH,CH,NH,-2-
(OMe),-4,5}Br(PPh;)], (1b). PPh; (42 mg, 0.162 mmol) was added
to a suspension of palladacycle B (see next paragraph; 85 mg, 0.080
mmol) in CH,Cl, (20 mL), and the resulting solution was stirred for
30 min. The mixture was filtered through a plug of Celite; the filtrate
was concentrated to ~1 mL, and n-pentane (30 mL) was added. The
suspension was filtered, and the solid was washed with n-pentane (2 X
S mL) and air-dried to afford 1b as a yellow solid. Yield: S5 mg, 0.072
mmol, 86%. Anal. Calcd for C3H;,BrNO,PPd (761.9681): C, 56.75;
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H, 4.50; N, 1.84. Found: C, 56.55; H, 4.88; N, 1.88. IR (cm™): »(NH)
3305 br w, 3248 br w, 3256 w; (CO) 1697 s. '"H NMR (300.1 MHz):
5 1.85 (br s, 1 H, NH,), 2.76 (m, 1 H, CH,Ar), 2.90 (br d, 1 H,
CH,Ar, Yy = 14.5 Hz), 331 (s, 3 H, MeO), 3.40—3.48 (m, partially
obscured by the MeO signal, 2 H, CH,N), 3.42 (s, partially obscured
by the CH,N signal, 3 H, MeO), 3.50 (br s, 1 H, NH,), 5.65 (s, 1 H,
H3), 691 (s, 1 H, H6), 7.06—7.20 (m, 5 H, Ph), 7.35—7.48 (m, 15 H,
PPh;). BC{'H} NMR (75.45 MHz): § 34.1 (s, CH,Ar), 47.1 (s,
CH,N), 51.2 (s, MeO), 55.6 (s, MeO), 60.0 (s, MeO), 111.3 (s, CH,
C3), 112.6 (s, CH, C6), 127.8 (s, CH, Ph), 128.1 (d, m-CH, PPhs, *Jcp
=12.8 Hz), 130.8 (br s, p-CH, PPh,), 131.2 (d, i-C, PPhy, 'Jcp = 49.9
Hz), 133.5 (s, C, Ar), 134.5 (s, C, Ar), 134.8 (d, 0-CH, PPhs, }Jcp =
12.7 Hz), 144.8 (d, C, Ph, Jcp = 2.6 Hz), 147.4 (s, C-OMe), 149.1 (s,
C-OMe), 1664 (s, CO), 177.1 (s, C). ¥P{'H} NMR (162.3 MHz): §
27.4 (s).

The starting material is actually a 2.5:1 mixture of palladacycle B and
its regioisomer B’, which differs in the position of the substituents in
the alkenyl moiety.” Therefore, compound 1b is isolated along with a
small amount of its corresponding regioisomer 1b’ (1b:1b’ ratio of
10:1, by 'H NMR), which arises from the reaction of B’ with PPh,.
Selected data for 1b’. "H NMR (300.1 MHz): § 3.26 (s, 3 H, MeO),
349 (s, 3 H, MeO), 3.86 (s, 3 H, MeO), 5.49 (s, 1 H, H3), 6.61 (s, 1
H, H6). BC{'H} NMR (75.45 MHz): § 514 (s, MeO), 55.7 (s,
MeO), 55.8 (s, MeO), 111.1 (s, CH, C3), 112.4 (s, CH, C6). *'P{'H}
NMR (162.3 MHz): § 28.5 (s).

Synthesis of [Pd{C,N-C(Ph)=C(Me)C¢H,CH,CH,NH,-2,-

(OMe),-4,5}Br(PPh;)]-H,0 (1c-H,0). PPh; (43 mg, 0.166 mmol)
was added to a suspension of palladacycle C (see next paragraph; 80
mg, 0.083 mmol) in CH,Cl, (20 mL), and the resulting solution was
stirred for 30 min. The mixture was filtered through a plug of Celite;
the filtrate was concentrated to ~1 mL, and Et,O (30 mL) was added.
The suspension was filtered, and the solid was washed with Et,O (2 X
S mL) and air-dried to afford a first crop of 1c¢-H,0 (20 mg) as a
yellow solid. The filtrate was concentrated to ~2 mL, and n-pentane
(20 mL) was added. The suspension was filtered, and the solid was
washed with n-pentane (2 X § mL) and air-dried to afford a second
crop of 1c-H,0 (50 mg) as a yellow solid. Yield: 70 mg, 0.092 mmol,
55%. Anal. Caled for C,,Hy,BrNO,PPd-H,0 (763.001): C, 58.24; H,
5.15; N, 1.83. Found: C, 58.29; H, 4.86; N, 1.69. IR (cm™): v(NH)
3325 w, 3263 w. 'H NMR (400.91 MHz): 6 1.67 (s, 2 H, H,0), 1.98
(d, 3 H, Me, %Jpy = 1.2 Hz), 2.60—2.67 (m, 1 H, CH,Ar), 2.82—2.87
(m, 1 H, CH,Ar), 3.32 (s, 3 H, MeO), 3.42—3.51 (m, 4 H, CH,N +
NH,), 4.00 (s, 3 H, MeO), 5.56 (s, 1 H, H3), 6.88 (s, 1 H, H6), 7.11—
7.15 (m, 4 H, 2 H of 0-H + 2 H of m-H, Ph), 7.21-7.32 (m, 14 H, 1 H
of Ph + 13 H of PPh;), 7.33—7.42 (m, 4 H, PPh;). *C{'H} NMR
(100.81 MHz): § 22.9 (s, Me), 34.0 (s, CH,Ar), 47.0 (s, CH,N), 55.7
(s, MeO), 56.0 (s, MeO), 110.2 (s, CH, C3), 112.7 (s, CH, C6), 125.4
(s, CH, Ph), 127.8 (s, CH, Ph), 127.9 (d, m-CH, PPh, ], = 10.4 Hz),
128.0 (s, CH, Ph), 129.7 (s, CH, Ph), 130.1 (s, CH, Ph), 131.6 (s,
Cl1), 131.9 (d, i-C, PPh;, YJcp = 43.7 Hz), 132.9 (d, C, Jcp = 3.5 Hz),
134.8 (d, o-CH, PPh;, ¥Jcp = 11.6 Hz), 1402 (s, C), 144.2 (s, C),
147.4 (s, C-OMe), 148.1 (s, C-OMe), 150.5 (s, C). 3'P{"H} NMR
(121.5 MHz): 6 27.8 (s).
The starting material is actually a 5:1 mixture of palladacycle C and its
regioisomer C’, which differs in the position of the substituents in the
alkenyl moiety.” Therefore, compound 1¢-H,O is isolated along with a
small amount of its corresponding regioisomer 1c’-H,0O (1c:1c’ ratio
of 5:1, for both crops, by "H NMR), which arises from the reaction of
C’ with PPh;. Selected data for 1c’. "H NMR (400.91 MHz): & 1.98
(d, 3 H, Me, *Jpy; = 1.2 Hz), 3.10 (s, 3 H, MeO), 4.01 (s, 3 H, MeO),
5.89 (s, 1 H, H3), 6.92 (s, 1 H, H6). *'P{*H} NMR (121.5 MHz): §
27.7 (s).

Synthesis of [Pd{C,N-C(Ph)=C(Ph)-C¢H,CH,CMe,NH,-2}CI-
(PPh;)] (1d). PPh, (86 mg, 0.327 mmol) was added to a solution
of palladacycle D (150 mg, 0.160 mmol) in CH,Cl, (15 mL), and the
resulting solution was stirred for 3 h. The mixture was concentrated to
~1 mL, and Et,0 (20 mL) was added. The suspension was filtered,
and the solid was washed with Et,0 (2 X S mL) and air-dried to give
complex 1d as a pale yellow solid. Yield: 147 mg, 0.201 mmol, 63%.
Dec pt: 255 °C. Anal. Calcd for C,,H;,CINPPd (730.625): C, 69.04;
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H, 5.38; N, 1.91. Found: C, 68.83; H, 5.36; N, 2.21. IR (cm™): v(NH)
3287 w, 3234 w. '"H NMR (400.91 MHz): § 1.40 (s, 3 H, Me, CMe,),
1.58 (s, 3 H, Me, CMe,), 1.80 (br dd, 1 H, NH,, ¥y = 9.6 Hz, Jpy =
3.6 Hz), 2.76 (d, 1 H, CH,Ar, *Jy; = 14.0 Hz), 3.12 (d, 1 H, CHAr,
e = 14.0 Hz), 329 (br d, 1 H, NH,, *J;;; = 8.0 Hz), 5.18 (d, 1 H,
H3, 3Jyy = 6.8 Hz), 6.66—6.68 (m, 2 H, o-H, Ph), 6.79 (td, 1 H, H4,
3y = 6.8 Hz, iy = 0.8 Hz), 6.93—6.99 (m, 3 H, 2 m-H + p-H, Ph),
7.04—7.05 (m, 3 H, 2 m-H + p-H, Ph), 7.15-7.19 (m, 2 H, o-H, Ph),
722-743 (m, 17 H, HS + H6 + PPh;). BC{'H} NMR (100.81
MHz): § 28.8 (s, Me, CMe,), 36.3 (d, Me, CMe,, *Jcp = 4.2 Hz), 45.0
(s, CH,Ar), 56.5 (s, CMe,), 125.3 (s, p-CH, Ph), 125.5 (s, p-CH, Ph),
125.7 (s, CH, CS5), 126.8 (s, CH, C4), 127.2 (s, m-CH, Ph), 128.0 (br
d, 0-CH, PPh,, Y = 10.4 Hz), 128.7 (s, m-CH, Ph), 128.8 (s, CH,
C3), 129.4 (s, 0-CH, Ph), 129.8 (s, 0o-CH, Ph), 130.2 (br s, p-CH,
PPh,), 131.2 (d, i-C, PPhs, Y, = 48.3 Hz), 131.9 (s, CH, C6), 135.0
(br m, m-CH, PPh;), 137.9 (s, C), 138.2 (d, C, Jep = 5.1 Hz), 140.5 (s,
C, Ph), 145.5 (d, C, Ph, Jcp = 2.1 Hz), 148.0 (d, C, Jcp = 1.9 Hz),
158.3 (d, C, Jep = 2.9 Hz). *'P{"H} NMR (121.5 MHz): 6 27.7 (s,
PPh;). Single crystals of 1d-2CH,Cl,, suitable for an X-ray diffraction
study, were obtained by slow diffusion of n-pentane into a solution of
1d in CH,CL,.

Synthesis of [Pd{C,N-C(Ph)=C(Ph)C4H,CH,CH,NH,-2-
(OMe),-4,5}Br(PCys3)], (2a). PCy; (51 mg, 0.183 mmol) was added
to a suspension of palladacycle A (100 mg, 0.092 mmol) in dry
CH,Cl, (20 mL) under a N, atmosphere, and the resulting solution
was stirred for 1 h. The mixture was filtered through a plug of Celite;
the filtrate was concentrated to ~1 mL, and n-pentane (30 mL) was
added. The suspension was filtered, and the solid was washed with n-
pentane (2 X S mL) and air-dried to afford complex 2a as a yellow
solid. Yield: 121 mg, 0.147 mmol, 80%. Mp: 185 °C. Anal. Calcd for
C,,H,,BrNO,PPd (825.218): C, 61.13; H, 6.96; N, 1.70. Found: C,
60.72; H, 7.37; N, 1.73. IR (ecm™): v(NH) 3302 m, 3249 m. '"H NMR
(300.1 MHz): 6 1.10—1.31 (m, 9 H, CH and CH,, Cy), 1.35—1.51 (m,
6 H, CH,, Cy), 1.58—1.80 (m, 13 H, 1 H of NH, + CH, of Cy), 1.95—
2.15 (m, 6 H, CH,, Cy), 2.56—2.77 (m, 2 H, CH,Ar), 3.35-3.45 (m, 3
H, CH,N + 1 H of NH,), 3.87 (s, 3 H, MeO), 3.90 (s, 3 H, MeO),
6.77 (s, 1 H, H6), 6.81 (s, 1 H, H3), 6.94—7.98 (m, 8 H, 2 H of p-H +
4 H of m-H + 2 H of o-H Ph), 7.40 (d, 2 H, o-H, Ph, *J,;; = 6.9 Hz).
BC{'H} NMR (75.45 MHz): § 262 (s, CH,, Cy), 27.5 (d, CH,, Cy,
*Jcp = 10.8 Hz), 30.5 (d, CH,, Cy, ¥Jcp = 22.1 Hz), 344 (s, CH,Ar),
36.3 (br d, CH, Cy, ep = 21.2 Hz), 45.9 (s, CH,N), 55.6 (s, MeO),
55.8 (s, MeO), 112.9 (s, CH, C6 + C3), 125.4 (s, CH, Ph), 127.5 (s,
CH, Ph), 127.6 (s, CH, Ph), 129.8 (s, CH, Ph), 131.2 (s, CH, Ph),
1329 (s, C), 138.4 (s, C), 139.8 (s, C), 142.0 (s, C), 146.0 (s, C),
147.0 (s, C-OMe), 148.1 (s, C-OMe), 154.1 (s, C). 3'P{'"H} NMR
(121.5 MHz): 6 39.2 (s).

Synthesis of [Pd{C,N-C(Ph)=C(Ph)C4H,CH,CH;NH,-2-
(OMe),-4,5}Br(PMe;)]‘H,0 (3a:H,0). PMe; (0.0128 mL of a
solution 1.0 M in toluene, 0.128 mmol) was added to a suspension
of palladacycle A (70 mg, 0.064 mmol) in dry CH,Cl, (20 mL) under
a N, atmosphere, and the resulting solution was stirred for 1 h. The
mixture was filtered through a plug of Celite; the solvent was removed
from the filtrate, and Et,0O (30 mL) was added. The suspension was
filtered, and the solid was washed with Et,0 (2 X 5 mL) and air-dried
to afford complex 3a-H,O as a pale yellow solid. Yield: 50 mg, 0.078
mmol, 61%. Mp: 241 °C. Anal. Calcd for C,;H;;BrNO,PPd-H,0
(638.859): C, 50.76; H, 5.52; N, 2.19. Found: C, 50.41; H, 5.39; N,
2.09. IR (ecm™): ¥(NH) 3333 br m, 3272 br w. 'H NMR (300.1 MHz,
CD,CL,): & 1.45 (d, 9 H, Me, JJpy; = 10.5 Hz), 1.54 (s, 2 H, H,0), 1.62
(m, partially obscured by the H,O signal, 1 H, NH,), 2.77—2.94 (m, 2
H, CH,Ar), 3.00 (brs, 1 H, NH,), 3.21 (m, 1 H, CH,N), 3.39 (brs, 1
H, CH,N), 3.69 (s, 3 H, MeO), 3.89 (s, 3 H, MeO), 6.44 (s, 1 H, H3),
6.79—6.89 (m, 2 H, o-H, Ph), 6.91 (s, 1 H, H6), 6.99—7.07 (m, 4 H, 1
H of p-H + 3 H of m-H, Ph), 7.40—7.65 (m, 4 H, 2 H of o-H + 1 H of
p-H + 1 H of m-H, Ph). *C{'H} NMR (75.45 MHz): § 16.4 (d, Me,
Yep = 32.5 Hz), 34.1 (s, CH,Ar), 47.1 (s, CH,N), 55.9 (s, MeO), 56.0
(s, MeO), 110.7 (s, CH, C3), 112.8 (s, CH, C6), 125.5 (s, CH, Ph),
125.6 (s, CH, Ph), 127.7 (s, CH, Ph), 128.2 (s, CH, Ph), 129.1 (s, CH,
Ph), 129.2 (s, CH, Ph), 129.7 (s, CH, Ph), 129.7 (s, CH, Ph), 133.8
(d, C, Jep = 1.4 Hz), 137.7 (d, C, Jcp = 5.6 Hz), 139.8 (d, C, Jop = 2.3
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Hz), 141.1 (s, C), 145.2 (d, C, Ph, ¥jcp = 2.7 Hz), 147.0 (s, C-OMe),
148.2 (s, C-OMe), 159.4 (d, C, *Jcp = 2.7 Hz). *'P{*H} NMR (121.5
MHz): 6 —7.1 (s). Single crystals of 3a, suitable for an X-ray diffraction
study, were obtained by slow diffusion of Et,O into a solution of 3a-
H,0 in CH,CL,.

Synthesis of [Pd{C,N-C(Ph)=C(Me)-C¢H,CH,CMe,NH,-2}CI-
(NCsH,Me-4)] (4e). 4-Picoline (0.025 mL, 0.257 mmol) was added
to a solution of palladacycle E (90 mg, 0.111 mmol) in CH,Cl, (10
mL), and the mixture was stirred for 30 min. The solution was
concentrated to ~1 mL, and Et,O (20 mL) was added. The resulting
suspension was filtered, and the solid was washed with Et,0 (2 X §
mL) and air-dried to afford complex 4e as a pale yellow solid. Yield: 77
mg, 0.154 mmol, 69%. Mp: 161 °C. Anal. Calcd for C,sH,,CIN,Pd
(499.391): C, 60.12; H, 5.85; N, 5.61. Found: C, 59.86; H, 5.87; N,
5.52. IR (cm™): v(NH) 3280 w, 3227 w; v(C=N) 1619 m. 'H NMR
(400.91 MHz): & 1.46 (s, 3 H, Me, CMe,), 1.51 (s, 3 H, Me, CMe,),
191 (s, 3 H, MeC=), 2.07 (br d, 1 H, NH,, J,;; = 7.2 Hz), 3.31 (s, 3
H, Me, pic), 2.68 (dd, 1 H, CH,Ar, ¥y = 14.0 Hz, “Jyy = 1.2 Hz),
2.90 (d, 1 H, CH,Ar, Yy = 14.0 Hz), 3.20 (br d, 1 H, NH,, *Jyy =
10.0 Hz), 6.82 (m, 2 H, o-H, Ph), 7.02 (d, 2 H, m-H, pic, iy = 6.4
Hz), 7.15-7.24 (m, 4 H, H3 + m-H and p-H of Ph), 7.26—7.32 (m,
H4 + HS + H6), 8.38 (m, 2 H, o-H, pic). *C{'H} NMR (100.81
MHz): § 21.0 (s, Me, pic), 22.0 (s, MeC=), 27.5 (s, Me, CMe,), 35.6
(s, Me, CMe,), 44.9 (s, CH,Ar), 55.6 (s, CMe,), 125.0 (s, p-CH, Ph),
1252 (s, CH, m-CH, pic), 125.8 (s, CH, CS), 1263 (s, CH, C4),
126.8 (s, 0-CH, Ph), 127.9 (s, CH, C3), 128.5 (s, m-CH, Ph), 132.9 (s,
CH, C6), 133.2 (s, MeC=), 135.4 (s, C1), 144.8 (s, i-C, Ph), 145.4 (s,
C-Pd), 147.0 (s, C2), 148.9 (s, p-C, pic), 152.0 (s, 0-CH, pic). Single
crystals of 4e-'/,CHCL,, suitable for an X-ray diffraction study, were
obtained by slow diffusion of n-pentane into a solution of 4e in CHCl,.

Single-Crystal X-ray Structure Determinations. Relevant
crystallographic data and details of the refinements for complexes
1a-2CH,Cl,, 1d-2CH,Cl,, 3a, and 4e-'/,CHCI; are given in the
Supporting Information.

Data Collection. For complex 1a-2CH,Cl,, a crystal suitable for X-
ray diffraction was mounted in a loop fiber and transferred to a Bruker
D8 QUEST diffractometer. Data were recorded at 100(2) K, using
multilayer-monochromated Mo Ka radiation (4 = 0.71073 A) and w-
and ¢)-scan modes. Multiscan absorption correction was applied. For
complexes 1d-2CH,Cl,, 3a, and 4e-'/,CHCl,, crystals suitable for X-
ray diffraction were mounted in inert oil on a glass fiber and
transferred to a Bruker SMART diffractometer. Data were recorded at
100(2) K, using graphite-monochromated Mo Ka radiation (4 =
0.71073 A) and w-scan mode. Multiscan absorption corrections were
applied for all complexes.

Structure Solution and Refinement. Crystal structures were
determined by the direct method, and all non-hydrogen atoms were
refined anisotropically on F* using SHELXL-97.>' Hydrogen atoms
were refined as follows: NH,, free with SADI; methyl, rigid group; all
others, riding.

Special Features. For 1a-2CH,Cl,, both molecules of dichloro-
methane are disordered over two positions with approximately 86:14
and 56:44 occupancy distributions. For 1d-2CH,Cl,, one molecule of
dichloromethane is disordered over two positions with an approx-
imately 52:48 occupancy distribution.

Computational Details. Density funtional calculations were
conducted using the Gaussian 03 package.>> Hybrid density functional
BP86>* was applied, employing the SDD basis set,** to describe the Br,
P, and Pd atoms and 6-31G* for N, C, O, and H atoms.>® After
geometry optimizations, analytical frequency calculations were
conducted to determine the nature of the stationary points found
and confirm they were minima.

B ASSOCIATED CONTENT

© Supporting Information

Cartesian coordinates (angstroms), absolute energies (arbitrary
units) of computed structures, crystal data, structure refinement
details, hydrogen bond data, and CIF files for compounds
characterized by XRD and an X-ray thermal ellipsoid plot of
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complex 4e-'/,CHCIl,. This material is available free of charge
via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Authors

*E-mail: ims@um.es.

*E-mail: jvsl@um.es.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Ministerio de Educacién y Ciencia (Spain), FEDER
(CTQ2011-24016), and Fundacién Séneca (04539/GERM/
06) for financial support. J.-A.G.-L. and M.-J.O.-M. are grateful
to the Fundacién Séneca (CARM, Spain) and Ministerio de
Educacién y Ciencia (Spain), respectively, for their research
grants. We thank Dr. Gabriel Aullon (Departament de Quimica
Inorganica of the Universitat de Barcelona) for his valuable
advice about the DFT calculations.

B REFERENCES

(1) Vicente, J.; Saura-Llamas, I. Comments Inorg. Chem. 2007, 28, 39.

(2) Vicente, J.; Saura-Llamas, 1; Garcia-Lopez, J. A.; Bautista, D.
Organometallics 2009, 28, 448.

(3) Oliva-Madrid, M.-J.; Garcia-Lépez, J.-A; Saura-Llamas, I;
Bautista, D.; Vicente, J. Organometallics, 10.1021/0m4010059.

(4) Bahsoun, A.; Dehand, J.; Pfeffer, M.; Zinsius, M.; Bouaoud, S.-E.;
Le Borgne, G. J. Chem. Soc, Dalton Trans. 1979, 547. Maassarani, F.;
Pfeffer, M.; Le Borgne, G. Organometallics 1987, 6, 2029. Ryabov, A.
D.; Kuz'mina, L. G.; Polyakov, V. A,; Kazankov, G. M.; Ryabova, E. S ;
Pfeffer, M.; van Eldik, R. J. Chem. Soc, Dalton Trans. 1995, 999.
Vicente, J.; Saura-Llamas, I; Garcia-Lopez, J.-A.; Bautista, D.
Organometallics 2010, 29, 4320.

(S) Atlen, C.; Pfeffer, M.; Bars, O.; Le Borgne, G. J. Chem. Soc,
Dalton Trans. 1986, 359.

(6) Vicente, J.; Saura-Llamas, 1; Turpin, J.; Bautista, D.; Ramirez de
Arellano, C.; Jones, P. G. Organometallics 2009, 28, 4175.

(7) Nakatsu, K.; Kafuku, K.; Yamaoka, H.; Isobe, K.; Nakamura, Y.;
Kawaguchi, S. Inorg. Chim. Acta 1981, 54, L69. Canty, A. J.; Minchin,
N. J.; Engelhardt, L. M.; White, A. H. Inorg. Chim. Acta 198S, 102,
L29. Higashimura, K.; Nakamura, Y. J. Chem. Soc., Dalton Trans. 1993,
3075. Bond, A. M,; Canty, A. J.; Cooper, J. B,; Tedesco, V.; Traill, P.
R.; Way, D. M. Inorg. Chim. Acta 1996, 251, 18S. Jiang, H.; Song, D.
Organometallics 2008, 27, 3587.

(8) Albert, J; Gomez, M.; Granell, J.; Sales, J.; Solans, X.
Organometallics 1990, 9, 140S. Albert, J; Granell, J.; Moragas, R;;
Sales, J.; Font-Bardia, M.; Solans, X. J. Organomet. Chem. 1995, 464,
93. Chang, X,; Kim, M.-Y.,; Kim, Y.-J.; Huh, H. S.; Lee, S. W. Dalton
Trans. 2007, 792. Bosque, R.; Lopez, C. Polyhedron 1999, 18, 135.
Vicente, J.; Saura-Llamas, L; Griinwald, C.; Alcaraz, C.; Jones, P. G;
Bautista, D. Organometallics 2002, 21, 3587.

(9) Vicente, J.; Arcas, A.; Bautista, D.; Tiripicchio, A.; Tiripicchio-
Camellini, M. New J. Chem. 1996, 20, 345. Vicente, J.; Abad, J. A,;
Frankland, A. D.; Ramirez de Arellano, M. C. Chem. Commun. 1997,
959. Vicente, J; Arcas, A; Bautista, D.; Jones, P. G. Organometallics
1997, 16, 2127. Vicente, J; Arcas, A.; Blasco, M. A; Lozano, J;
Ramirez de Arellano, M. C. Organometallics 1998, 17, 5374. Vicente, J.;
Abad, J. A; Frankland, A. D.; Ramirez de Arellano, M. C. Chem.—Eur.
J. 1999, S, 3066. Vicente, J.; Abad, J.-A.; Martinez-Viviente, E.; Jones,
P. G. Organometallics 2002, 21, 4454. Vicente, J; Abad, J. A;
Hernandez-Mata, F. S.; Jones, P. G. J. Am. Chem. Soc. 2002, 124, 3848.
Vicente, J.; Arcas, A,; Bautista, D.; Ramirez de Arellano, M. C. J.
Organomet. Chem. 2002, 663, 164. Vicente, J.; Abad, J. A,; Frankland,
A. D.; Lopez-Serrano, J.; Ramirez de Arellano, M. C; Jones, P. G.
Organometallics 2002, 21, 272. Vicente, J.; Abad, J. A.; Lopez-Nicolas,
R. M,; Jones, P. G. Organometallics 2004, 23, 4325. Vicente, J.; Abad, J.

dx.doi.org/10.1021/0om401090b | Organometallics 2014, 33, 33—39


http://pubs.acs.org
mailto:ims@um.es
mailto:jvs1@um.es

Organometallics

A.; Hernandez-Mata, F. S.; Rink, B.; Jones, P. G.; Ramirez de Arellano,
M. C. Organometallics 2004, 23, 1292. Vicente, J.; Arcas, A.; Galvez-
Lopez, M. D,; Jones, P. G. Organometallics 2006, 25, 4247. Vicente, J.;
Arcas, A,; Galvez-Lopez, M.-D.; Julid-Hernandez, F.; Bautista, D.;
Jones, P. G. Organometallics 2008, 27, 1582. Vicente, J.; Arcas, A,;
Galvez-Lopez, M.-D.; Jones, P. G.; Bautista, D. Organometallics 2009,
28, 3501.

(10) Larraz, C.; Navarro, R.; Urriolabeitia, E. P. New J. Chem. 2000,
24, 623. Carbayo, A.; Cuevas, J. Y.; Garcia Herbosa, G.; Garcia Granda,
S.; Miguel, D. Eur. J. Inorg. Chem. 2001, 2361. Vicente, J.; Arcas, A,
Fernandez-Hernandez, J. M.; Bautista, D. Organometallics 2001, 20,
2767. Crespo, M,; Granell, J.; Solans, X.; Fontbardia, M. J. Organomet.
Chem. 2003, 681, 143. Lopez, C.; Caubet, A; Pérez, S.; Solans, X;
Fontbardia, M. ]. Organomet. Chem. 2003, 681, 82. Amatore, C.;
Bahsoun, A. A; Jutand, A.; Meyer, G.; Ntepe, A. N,; Ricard, L. J. Am.
Chem. Soc. 2003, 125, 4212. Marshall, W. J; Grushin, V. V.
Organometallics 2003, 22, 555. Rodriguez, N.; Cuenca, A.; Ramirez
de Arellano, C.; Medio-Simon, M.; Peine, D.; Asensio, G. J. Org. Chem.
2004, 69, 8070. Casas, J. M.; Fornies, J.; Fuertes, S.; Martin, A.; Sicilia,
V. Organometallics 2007, 26, 1674. Ng, J. K. P.; Chen, S.; Li, Y.; Tan,
G. K; Koh, L. L;; Leung, P. H. Inorg. Chem. 2007, 46, 5100.

(11) Garcia-Lépez, J.-A.; Oliva-Madrid, M.-J.; Saura-Llamas, L;
Bautista, D.; Vicente, J. Organometallics 2013, 32, 1094.

(12) Dupont, J.; Pfeffer, M.; Daran, J.-C.; Gouteron, J. J. Chem. Soc,
Dalton Trans. 1988, 2421. Pfeffer, M. Recl. Trav. Chim. Pays-Bas 1990,
109, 567. Ryabov, A. D.; van Eldik, R; Le Borgne, G.; Pfeffer, M.
Organometallics 1993, 12, 1386. Vicente, J.; Abad, J.-A.; Fernandez-de-
Bobadilla, R.; Jones, P. G.; Ramirez de Arellano, M. C. Organometallics
1996, 15, 24.

(13) Tolman, C. A. Chem. Rev. 1977, 77, 313.

(14) Hendrickson, J. B. J. Am. Chem. Soc. 1964, 86, 4854. Kolossvary,
L; Guida, W. C. J. Am. Chem. Soc. 1993, 115, 2107.

(15) Benito, M.; Lépez, C.; Morvan, X; Solans, X.; Font-Bardia, M. J.
Chem. Soc., Dalton Trans. 2000, 4470. Albert, J.; Granell, J.; Luque, A.;
Font-Bardia, M.; Solans, X. Polyhedron 2006, 25, 793.

(16) Simpson, A. J. Magn. Reson. Chem. 2002, 40, S72. Kagan, G.; Lj,
W.; Hopson, R; Williard, P. G. Org. Lett. 2009, 11, 4818. Li, D,;
Keresztes, I; Hopson, R.; Williard, P. G. Acc. Chem. Res. 2009, 42, 270.
Li, D; Kagan, G.; Hopson, R.; Williard, P. G. J. Am. Chem. Soc. 2009,
131, 5627. Floquet, S.; Brun, S.; Lemonnier, J.-F.; Henry, M.; Delsuc,
M.-A;; Prigent, Y,; Cadot, E; Taulelle, F. J. Am. Chem. Soc. 2009, 131,
17254. Li, W.; Chung, H,; Daeffler, C; Johnson, J. A.; Grubbs, R. H.
Macromolecules 2012, 45, 9595. Gil-Rubio, J.; Camara, V.; Bautista, D.;
Vicente, J. Inorg. Chem. 2013, 52, 4071.

(17) Garcia-Lépez, J.-A.; Oliva-Madrid, M.-J.; Saura-Llamas, L;
Bautista, D.; Vicente, J. Organometallics 2012, 31, 6351. Garcia-
Lépez, J.-A,; Oliva-Madrid, M.-J.; Saura-Llamas, I; Bautista, D.;
Vicente, J. Chem. Commun. 2012, 48, 6744.

(18) Calmuschi-Cula, B.; Kalf, I; Wang, R; Englert, U. Organo-
metallics 20085, 24, 5491.

(19) Herbert Meier, H. Angew. Chem., Int. Ed. 1992, 31, 1399.
Kovalenko, S. A.; Dobryakov, A. L; Ioffe, I; Ernsting, N. P. Chem.
Phys. Lett. 2010, 493, 255. Lin, C.-J.; Liu, Y.-H.; Peng, S.-M.; Yang, J.-S.
J. Phys. Chem. B 2012, 116, 8222. Majima, T.; Tojo, S.; Ishida, A,;
Takamuku, S. J. Phys. Chem. 1996, 100, 13615. Majima, T.; Tojo, S.;
Ishida, A.; Takamuku, S. J. Org. Chem. 1996, 61, 7793. Roberts, J. C,;
Pincock, J. A. J. Org. Chem. 2006, 71, 1480. Saltiel, J. J. Am. Chem. Soc.
1968, 90, 6394.

(20) Oliva-Madrid, M.-J; Garcfa-Lépez, J.-A.; Saura-Llamas, I;
Bautista, D.; Vicente, J. Organometallics 2012, 31, 3647.

(21) Sheldrick, G. M. SHELX-97; University of Gottingen:
Gottingen, Germany, 1997.

(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A; Cheeseman, J. R,; Montgomery, J. A, Jr.; Vreven, T ;
Kudin, K. N.; Burant, J. C; Millam, J. M.; Iyengar, S. S.; Tomasi, J.;
Barone, V,; Mennucci, B.; Cossi, M.,; Scalmani, G.; Rega, N,;
Petersson, G. A,; Nakatsuji, H.; Hada, M.; Ehara, M,; Toyota, K;
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao,
O.; Nakai, H.; Klene, M.; Li, X;; Knox, J. E.; Hratchian, H. P.; Cross, J.

39

B.; Bakken, V.; Adamo, C,; Jaramillo, J.; Gomperts, R.; Stratmann, R.
E.; Yazyev, O.; Austin, A. J.; Cammi, R;; Pomelli, C.; Ochterski, J. W.;
Ayala, P. Y,; Morokuma, K; Voth, G. A,; Salvador, P.; Dannenberg, J.
J; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C;
Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman,
J. B.; Ortiz, J. V.; Cui, Q;; Baboul, A. G.; Clifford, S.; Cioslowski, J;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, L;
Martin, R. L;; Fox, D. J; Keith, T.; Al-Laham, M. A,; Peng, C. Y,;
Nanayakkara, A.; Challacombe, M,; Gill, P. M. W,; Johnson, B.; Chen,
W.; Wong, M. W,; Gonzalez, C.; Pople, J. A. Gaussian 03, revision
C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(23) Perdew, J. P. Phys. Rev. B 1986, 33, 8822.

(24) Andrae, D.; Haussermann, U.; Dolg, M,; Stoll, H.; Preuss, H.
Theor. Chim. Acta 1990, 77, 123.

(25) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 28, 213.

dx.doi.org/10.1021/0om401090b | Organometallics 2014, 33, 33—39



