Organometallics2007,26, 18011810 1801
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Direct cyclopalladation of)-2-tert-butyl-4-phenyl-2-oxazoline using palladium acetate in acetic acid
or acetonitrile provided a mixture of two isomeric compounds, the endoO dimeric complex with a
C(sp)—Pd bond and the corresponding exo derivative with a §£spd bond, with the former being the
major product. The:-AcO dimeric complexes were converted to the correspondi@ analogues3
and 4 by treatment with LiCl in acetone; the latter compounds were transformed to the corresponding
PPh adducts5 and 6. The NMR data suggested the puckered structure of the endo palladacycle in
complexes3 and 5, the twistedA(S) conformation of the oxazoline ring i, 4, and 6, and thed(9
conformation of the heterocycle in compl&x The X-ray crystal structure d confirmed thed(S)
conformation of the oxazoline ring in the solid state and the twisted conformation of the palladacycle
and revealed a P-propeller chiral configuration of theffighnd. A series of ab initio quantum chemical
calculations were performed on two model compounds generated by replacing thégarRtis with
NHs in complexess and 6. The structures and energies of the two model exo and endo isomers were
calculated at the RHF, BLYP, and MP2 levels of theory with a 6-31G* basis for the light atoms and
LANL2DZ ECP for the palladium and were found to be comparable. Single point coupled cluster
calculations, with single double excitations (CCSD), corroborated the results.

Introduction be predicted on the basis of the electronic properties of the arene
substituents and can be governed by changing the solvent
polarity, which apparently affects the mechanism and revers-
ibility of cyclopalladationt4 Surprisingly, prediction of cyclo-
palladation regioselectivity is not obvious when two possible
metalation carbons have different hybridizations? (pomatic
carbon) and sp(aliphatic or benzylic). It is well accepted that
activation of aromatic C(€p—H bonds is generally favored over
that of benzylic C(sf)—H and especially aliphatic C(3p-H
bonds!® However, in certain cases, palladation of the €)sp
atom can successfully compete with the C)sgenter to give
palladacycles with a C(8p-Pd bond either as the exclusive
product®-2! or as a mixture with the alternative metallacyéle.
The direction of cyclopalladation also depends on specific
structural features of the preligands. Imines, including oxazo-
*To whom correspondence should be addressed. E-mail: lines, show a strong preference for the formation of endo
ismoliakova@chem.und.edu. complexes with the €N bond included in the metallacycle
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# University of Minnesota, over the alternative exo derivatives (so-called endo effect; Chart
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Regioselectivity in cyclopalladatién® has been observed for
a number of substrates; however, factors that govern the
direction of metalation appear to depend on many parameters,
including hybridization of the carbon to be palladated, the
preligand’s type and structure, and the palladium source, which
ultimately determine kinetic and thermodynamic preferences for
palladation. For example, it appears that cyclopalladation of
2-substituted naphthalene derivatives with two competitive
C(sp) centers for metalation1-(1-naphthyl)ethylamine’,1-(2-
naphthyl)ethylamine’,12and 4,4-dimethyl-2-naphthyl-2-oxa-
zoline'®—is governed by the greater thermodynamic stability
of the formed palladacycles. Regioselectivity in the reactions
of dibenzylamine derivatives with different aryl grodpsan
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Chart 1. General Structures of Five-Membered Endo and [2-((dimethylamino)methyl)pheny@,N]dipalladium(ll) also did
Exo Palladacycles not result in the preparation of desired complexes.

A\ T\ ., In order to convert to the exocyclic comple, the following
(sp”orsp)C,, NH =N, d/C(Sp or sp°) reaction sequence was attempted: (i) ortho-directed lithiation

- 7N of 1 using lithium 2,2,6,6-tetramethylpiperidide (LTMP) or

endo palladacycle exo palladacycle or secBuLi in Et,O or THF at—78 °C, (ii) quenching of the

reaction mixture with ICHCH,l or MesSIiCl, and (iii) reaction

Scheme 1 of the resulting ortho-substituted derivative with,Rtbay. In
" o—> " o—> MEYEB. all cases, n(.) _characteristic signals of the oxazoline ri_n_g protons
Me,,\/Q\N © _Pdan MH/&N @ Pd(ll) Me’.\;Le ,: @ were found; instead, NMR data suggested the addition of the

" H,c = _Pd

H,C~pd__ organolithium reagents across the=R bond. Similar data were
/ reported by the Richards group for lithiation G§-symmetric

endo-palladacycle  (S)-2-tert-butyl-4-phenyl-2-oxazoline, 1 exo-palladacycle tridentate Pybox ligands with 4-Ph and 4-Bn substituéhts.

For subsequent spectral studies, the dimeric compl@zesl

HoC,

Scheme 2 4 were transformed into their respective mononuclear phosphine
)Pi/ derivatives,5 and 6 (Scheme 3). Compoun8 was further
But. _ClI HoN o converted into its benzonitrile derivative
O HeOICH,Cly, KoCOg, 1t 2. Spectral Characterization of ComplexesThe structures
99% of the obtained complexe®—8 were supported by NMR(,
OHO o 13C, 3P, COSY, DEPT, and HSQC) and IR spectroscopy. Strong
I, DAST I/Q\B_’ evidence of cyclopalladation at thert-butyl group of1 to
Bu""NTPh g, ssto0ec ot N7 PR produce3 was provided by the following: (i) the nine-proton
99% singlets of thetert-butyl group até 1.31 and 1.36 ppm in the
1 spectra of compoundsand8, respectively, were replaced with
Table 1. Cyclopalladation of two three-proton singlets of diastereotopic methyl group$ at
(S)-2-tert-Butyl-4-phenyl-2-oxazoline (1) 1.20 and 1.28 ppm, (ii) there was the appearance of two one-

proton doublets ad 1.86 and 2.02 ppm in the spectrum ®f

run reagent solvent T,°C time,h 3:4ratio Yyield, % : .
for the diastereotopic Pd-bonded methylene protons, and (iii)

% ES(OAQ MeCN 80 2 21 53 the DEPT135 spectrum & contained two additional signals:
(OAcy MeCN 80 7 31 45

3 Pd(OAc) MeCN 80 13 51 56 one for a methylene carbon and the other for a methyl carbon.

4  Pd(OAcy MeCN 20 120 5:2 29 The five-proton aromatic signals at 7.22-7.33 and 7.35

5 Pd(OAcy AcOH 60 12 10:1 59 7.44 ppm in the spectra of compountisind 8 were replaced

by four one-proton aromatic signals. A signal assigned to one
2-tert-butyl-4-phenyl-2-oxazolinelj. This preligand was chosen  of the aromatic CH carbons in the DEPT135 spectrum of the
for study because of the possible formation of both endo and preligandl was replaced with a signal of a quaternary aromatic
exo palladacycles (Scheme 1). The former is favored by the carbon in the spectrum @ A strong band in the IR spectrum
endo effect, while the latter is favored by the hybridization type of complex 4 at v 737 cnt! supported the presence of a
of the carbon atom to be metalated. We wish to report the disubstituted aromatic ring. The two observed bands 57/
regioselectivity of §)-2-tert-butyl-4-phenyl-2-oxazoline cyclo- 700, 738/702, and 735/699 cyin the IR spectra of compounds
palladation and to shed light on possible reasons of metalation1, 3, and 8, respectively, are typical for monosubstituted

preference using experimental and theoretical data. benzenes. The formation of-NPd bonds in complexe3—8
was supported by the shift of the=@ stretching bands to
Results and Discussion shorter wavenumber\¢ = 13, 32, 10, 19, 17, and 36 crh

respectively) in their IR spectra, relative to thavdt657 cnr?!
for the free oxazolind.

Values of coupling constants in tRel NMR spectra of the
oxazoline preligand and complexe8—8in CDCl; were used
to determine the oxazoline ring conformations in these com-
pounds. The values of the torsion anglez-g(0)—C(N)—H
and H*—C(O)—C(N)—H were estimated using the computer
program MestRe-J, which calculates the torsion angles by
applying the Haasnoetde Leeuw-Altona equatiorf? Using
values of the coupling constant&ocqsncn = 10.1 and
3JocHineH = 7.7 for the free oxazoling, values of 5-6 and

1. Synthesis. (a) Preligand Preparation(S)-2-tert-Butyl-
4-phenyl-2-oxazoline 1) was obtained in two steps from
commercially available§)-2-phenylglycinol using known pro-
cedure® (Scheme 2).

(b) Cyclopalladation of (S)-2-tert-Butyl-4-phenyl-2-oxazo-
line (1). Reaction of the preligandl with Pd(OAc) in glacial
AcOH at 60°C, followed by treatment with LiCl, provided a
mixture of the desired complexesand 4, which were then
separated by column chromatography (Table 1 and Scheme 3)
The cyclopalladation also took place in MeCN at-BD °C.
Attempts to improve the yield and regioselectivity by using
different palladation methods failed. In particular, conversion

(26) Ryabov, A. D.Inorg. Chem.1987, 26, 1252.

of the coordination compleg (Pd(HL):Cl,, HL = oxazoline (27) Smoliakova, 1. P.; Keuseman, K. J.; Haagenson, D. C.; Wellmann,
1) to cyclopalladated derivativesand4 using the procedures  D. M.; Colligan, P. B.; Kataeva, N. A.; Churakov, A. V.; Kuz’'mina, L. G.;
reported for other preligands was unsucces¥#i Cyclopal- ~ Dunina, V. V.J. Organomet. Chen200Q 603, 86.
ladated ligand exchange reactiéfi$® with bis(u-chloro)bis- ggg Eggggz: ﬁ: B:,’QISE'T'EE%’. /é'hﬁggégi g;eﬂggszl 23, 789.
(30) Dunina, V. V.; Razmyslova, E. D.; Gorunova, O. N.; Livantsov,

(23) Lafargue, P.; Guenot, P.; Lellouche, J.Heterocyclesl995 41, M. V.; Grishin, Y. K. Tetrahedron: Asymmetr003 14, 2331.
947. (31) Stark, M. A.; Jones, G.; Richards, CQkganometallic200Q 19,

(24) Yatsimirskii, A. K.Russ. J. Inorg. Chenl979 24, 1505. 1282.

(25) Avshu, A.; O'Sullivan, R. D.; Parkins, A. W.; Alcock, N. W.; (32) Navarro-Vaquez, A.; Cobas, J. C.; Sardina, F. J.; Casanueva, J.;

Countryman, R. MJ. Chem. Soc., Dalton Tran&983 1619. Diez, E.J. Chem. Inf. Comput. S2004 44, 1680.
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Scheme 3
1.Pd(OACk, ACOH  Me 03 03
/E’) "60°C, 12 h Me“\((\N “1Ph Bu'/A\N /@
NS o e ——
Bu'™ N7 PR 2. excess LiCl, ,Pé + \pd
1 Me,CO, it, 10.5 h cl_/> ol
59% (3 and 4)
3, major 4, minor
PPhs PPhy
CsHs, rt CGHGv rt
77% 72%
o] @
Me, 3,,, M o 0
Me“'\<\\"\l Ph BF4@ AgBF,4, PhCN M:ﬁa"lph But/Q\N_)D
Pd~NcPh CH,Cly/CHzNO, P&[ \Pd
1t, 5 h, 80% s Cl cI”
PhsP Ph,P bPh,
7 5
Chart 2. Two Possible Chiral Twisted @(S) and A(S)) Chart 3. Two Possible Conformations,d8(S) and A(S), for
Conformations of the Oxazoline Ring in Preligand 1 and the Endo Palladacycle in 5
Complexes 3-7 axial
51.56 ppm, d
He M ohe o Oj
\ s
N7 HR /QO//&A equatorial L M Ph
/G " RN "l 81.01 ppm, dd  HR S
R equatorial axial
AS) &S) 3112PPM 1R 51,24 ppm
133—-134 were obtained for the #-C(O)—C(N)—H and H— 5S)
C(O)—C(N)—H torsion angles, respectively. This suggested the S aal
slightly twisted 6(S) conformation for the preligand (Chart g?ufzbfia' Me 51.24 ppm
2). The same twisted(S solution conformation is predicted e
for dimer3 (torsion angles F-C(O)—C(N)—H and H*—C(O)— . ator,: Me's N Ph
C(N)—H ca. 21 and 129. Complexes4, 6, and7 also have 5101 porm, dd j/
the 6(S) conformation, although the values of the torsion angle HR o
HS—C(0)—C(N)—H are very small: 46°. The oxazoline ring o1 ngia' “
conformation in coordination comple® can be considered =0 PR,
achiral, with no twist to either direction. The PPhdduct5 MS)
has the alternative slightly twistédgS) conformation in solution, - . _
with estimated values of the torsion angle+&(O)—C(N)—H positioned in or close to the PACNPCI plane. The other signal

and H—C(0)—C(N)—H of ca. 3 and 118 respectively. The  of the PACH fragment at 1.56 ppm appeared as a doublet,
heterocycle’si(S) conformation and the torsion angle values suggesting an orthogonal position with respect to the PACNPCI
are in good agreement with the data obtained from the X-ray plane. These considerations allowed the assignment of the axial
diffraction study of the same compound (vide infra). and equatorial hydrogens, but not the P&aRd PdCH groups.

The presence of only one signal in tH#® NMR spectra of ~ In the NOESY spectrum, the ortho protons of the P&toup
complexes5—7 (6 32.9, 40.9, and 32.3 ppm, respectively) have a cross-peak with only one of the two Me group4 @4
indicates that these compounds exist as only one isomer. InPPm) in the palladacycle; this group must be in the axial
complexess—7, the coordination sphere of the Pd is expected Position. The second Gifjroup ¢ 1.12 ppm), which is expected
to have a trans(P,N) geometry, due to the greater trans influencelo be in the equatorial position, exhibits weak NOE interactions
of carbor? The chemical shift of 32.9 ppm for compoun8 only with the axial hydrogen of the PdGIfragment. No other
is very similar to the value of 32.4 ppm reported for a C,N- NOESY cross-peaks were helpful. It is noteworthy that the
mononuclear cyclopalladated complex with a G(sfPd bond ~ signals of both PdCftand CH# groups have higher chemical
and proven trans(P,N) geomefd.The NOESY spectrum  shifts compared to those in the equatorial position, as expected
obtained for comple® showed a cross-peak between the signals on the basis of the fact that these groups, which are positioned
of the ortho hydrogens of the PPigand and the C(6) hydrogen ~ above and below the PACNPCI plane, are under the influence
of the aryl ring fused to the palladacycle; such interactions can Of the Pd atom’s magnetic anisotrofyUnfortunately, although
be observed only in the case of the trans(P,N) geometry of thethese data confirm that the palladacycle’s conformation is
compound. twisted, it was impossible to distinguish between the two

The endo palladacycle’s conformation in compléxin possible forms (Chart 3).
solution (Chart 3) was evaluated using NMR spectroscopy. The  Comparison of théH NMR spectra of compoun8l at —55
IH NMR signal of the PACH group with a chemical shiftdf ~ °C, room temperature, andt55 °C in CDCk revealed that
1.01 ppm, which appeared as a doublet of doublets due to thealthough the chemical shifts of Pd@+and PdCH%are slightly
interactions with the P atom, must belong to the proton shifted (A—0.08 andt-0.06 ppm {-55 °C) and+-0.02 and—0.02

(33) Dunina, V. V.; Gorunova, O. N.; Averina, E. B.; Grishin, Y. K,; (34) Valk, J.-M.; Maassarani, F.; van der Sluis, P.; Spek, A. L.; Boersma,
Kuz’mina, L. G.; Howard, J. A. KJ. Organomet. Chen200Q 603 138. J.; van Koten, GOrganometallics1994 13, 2320.
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molecules A and C. In addition, there is a nonclassical
C—H---O hydrogen bond between the water’s oxygen atom and
one of the two ortho H atoms of the 4-phenyl substituent on
the oxazoline ligand in molecule B. It appears that the hydrogen
bonds affect the configurations of the palladacycle and oxazoline
rings. Thus, molecules A and C have a chitg®) palladacycle
configuration, whereas the two remaining molecules display the
alternatived(S) configuration (see Chart 3). The degree of the
palladacycle’s puckering is not as high as in other palladacycles
with a C(sp)—Pd bond. For example, the averages of the
absolute values of intrachelate torsion angles in the molecules
A—D are 18.6, 20.3, 18.9, and 21,4espectively. These values

Figure 1. Molecular structure of one of the four unique molecules
of compounds drawn with ellipsoids at the 50% probability level.

ppm 55 °C)), their multiplicity remained the same. This
suggests that the endo palladacycle adopts only one conforma-
tion in the range of-55 to+55 °C in CDCk.

3. X-ray Structural Analysis of Complex 5. The endo
structure of the palladacycle in compoubdas well as its trans

are lower than those reported for the exo palladaci4i84.2)
and other C,N-palladacycles with the aliphatic chain (28.3
37.8).%

The oxazoline ring of all four molecules exhibit S
configuratiorf®36:39(see Chart 2) with a small twist: the values
of the torsion angles #-C(O)—-C(N)—H, HR—C(O)—C(N)—
CirsqPh), H—C(O)—C(N)—Cirs9(Ph) and K—C(O)—C(N)—H
are 5.18-19.36, 8.83-23.26, 129.39144.41, and 101.79
115.38, respectively. Therefore, the heterocycle adopts the same

A(S configuration in both the solution and solid state.

The coordination environment of the palladium atom in each
of the four molecules AD is square planar. However, one of

conf|gurat|on were unamb|guous|y confirmed by the S|ng|e_ the molecules (D) dISplayS a tetrahedral distortion with the angle

crystal X-ray diffraction study. There are four moleculesHA
D) in the asymmetric unit along with one molecule of water.
The water donates both hydrogen atoms to two chlorine atom

between the NPdC and CIPdP planes equal to°1@Ahile the

three other molecules have a pyramidal distortion.

4. Theoretical Calculations.In an effort to understand better

acceptors on different unique molecules. There is also onethe preference for the formation of the endo isomer over the

nonclassical €H---O (water) hydrogen bond found as well.
The molecular structure of one of the four molecules in the unit
cell is presented in Figure 1.

The average PdC bond length in compoun8 is 2.05 A.
This value is very similar to that reported for the exo pallada-
cycle14 (2.04 A; Chart 4), with the C(Sp—Pd bond obtained
from (§)-4-tert-butyl-2-methyl-2-oxazoliné€® The Pd-N bond
length in5 (2.072 A) is slightly longer than in two known PPh
adducts of oxazoline-derived cyclopalladated complexes with
the endo palladacycle9d and 10; Chart 4) containing a
C(sp)—Pd bond (2.060 and 2.062 AJ:3¢ however, this bond
is shorter compared to that found in the aliphatic exo pallada-
cycle 14 (2.098 A)35 The value of the PdP bond length irb

exo isomer of the direct cyclopalladation of oxazoline, a series
of ab initio quantum chemical calculations were performed on
model compounds. Models of compound8sand 6 were
generated by replacing the PRjtoups with NH. Full geometry
optimizations were performed on the model compounds at the
restricted HartreeFock (RHF) level, at the generalized gradient
approximation (GGA) to density functional theory (DFT) with
Becke exchandé and Lee-Yang—Parr correlation functions
(BLYP),*344and using the second-order MghePlesset (MP2)
perturbation theory description of dynamic electronic correlation
corrections to mean field. The 6-31G* basis*3&tas used for

all atoms, except for palladium. In order to account for
relativistic effects in palladium with modest computational costs,

(2.256 A) is in agreement with those reported for the £Ph the Los Alamos effective core potential with doubly split outer

adducts of cyclopalladated oxazolife%and benzylamingg37-38
(2.235-2.256 A).

Quite surprisingly, the unit cell has one molecule of water,
which forms hydrogen bonds with two chlorine atoms of

orbitals was used (i.e., the so-called LANL2DZ basigd%eAll
calculations were performed using the C.02 revision of Gauss-
ian03' running on an IRIX SGI Origin 300 computer. To obtain
accurate theoretical values for thermochemical predictions,

Chart 4. Structures of Representative Endo Palladacycles (5 and-912), Exo Palladacycles (1315) and Coordination
Complexes 16

Me
\
v, O O e
~Pd A @\/P;N—cm% "
2 3)‘1-Bu o als, Pd—
9a:R'=R?= o Ny
5 9b: R" = Ph, R2 H 10 1 12 Ph
9c: R' = H, R = Bu!
R
cl
HsCJ\\_} Me cl Cl  OCH RN
N CH fMe o 7, 3 N-PA=N_]
Pd 3P e
R
13a:R'=R?= 16a: R = Ph
13b: R' = Me, R2 =Cl 14 15 16b: R = Et
13c:R'=Me, R2= R3 E 16¢: R = 2-naphthyl
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Table 2. Energies (hartree) of Model Endo (5) and Exo
Isomers (6) Calculated at Various Levels of Theory and the

Organometallics, Vol. 26, No. 7, 2806

has a predicted length of 2.062 A, and is close to the observed
2.075 A. Angles are also well described theoreticallyPd—

6-31G* Basis
isomer RHF BLYP MP2 CCSD//IRHF

endo —1272.515502—1278.125 783 —1 274.961 166 —1 275.070 262
exo —1272.513813—-1278.127 377—1274.968 791—1 275.077 018

N—C is predicted at 114°6and measured at 114;4IN—Pd-C
is predicted at 812 and the X-ray measurement gives 79.2
Examination of the theoretical calculations provides insight
into the structure of the exo isomer, for which an X-ray structure
) ) ) ) has not yet been determined. RHF/6-31G* calculations predict
single-point energy calculations were performed using the 3 pg-C bond length of 2.031 A, which is only slightly shorter
coupled cluster approximation, including single and double (9 031 A) than the corresponding bond in the endo isomer.
excitations (CCSD¥? Conversely, the PeN bond is elongated (2.131 A vs 2.081
As can be seen in Table 2, RHF calculations predict that the A), ON—Pd—C in the exo isomer (79% is slightly smaller
endo isomer is slightly lower in energy than the exo isomer, than in the endo isomer (8F)2
although the energy is small (4.4 kJ/mol). Similarly, theoretical 5 piscussion.In the literature, several reasons for the
methods that include electron correlation predict small energy syccessful competition of aliphatic over aromatic palladation
separations (4.2 kJ/mol, BLYP; 20.0 kJ/mol, MP2; 17.7 kJ/mol, have been suggested. For example, specific coordination of

CCSD//RHF), but with the exo isomer lower than the endo. pidentate preligands to the Pd atom may direct palladation

Since theoretical calculations of the thermochemistry for toward the aliphatic carbot$:17:195%In some cases, e.g., t@e
compounds that do not benefit from a strong cancellation of jsomer oftert-butyl phenyl ketoximé® the molecule’s geometry

errors are not generally accurate to more thantt20 kJ/mol

makes cyclopalladation of the aromatic carbon impossible. A

(unless a relatively computational expensive multicomponent case of preference of C@p-H bond activation over the

method such as (@3is used), the theoretical calculations are

C(sp)—H bond was reported fdi-phenyIN-methyl hydrazone

inconclusive, beyond the observation that the two isomers areof 3 3-dimethyl-2-butanone. The observed G)sfd bond

quite close in energy.

formation and regiospecific palladation of ttext-butyl group

In contrast with the rather ambiguous thermochemical results are quite unique, because metalation of tg\-dimethyl
from the theoretical calculations, the results of the geometry hydrazone of the same ketone exclusively furnished a pallada-
optimizations are in good agreement with the X-ray structure cycle containing an C(S$p—Pd bond?152The preference of the
for the known endo isomer. For instance, the bond length of benzylic C(sp)—H bond activation to form a six-membered

the N=C bond is predicted to be 1.265 A (RHF/6-31G*), which

palladacycle over C(2p—H activation leading to exo isomers

compares well to the 1.267 A distance observed by X-ray was shown by Albert et al. in studying reactions of 2,4,6-

studies. Likewise, the PeN bond length is predicted to be 2.081
A and compares well to the observed 2.063 A; the-Bchond
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G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;
Piskorz, P.; Komaromi, I.; 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, Hdussian
03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(48) Purvis, G. D.; Bartlett, R. J. Chem. Phys1982 76, 1910.

(49) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.; Pople,
J. A.J. Chem. Phys1989 109, 7764.

(CH3)3C6H2CH=N(CH2)nC6H5 (n = 0—2) with Pd(OAC) in
AcOH 53

According to the well-referenced review by Jones and Feher,
“it is quite general that activation of the stronger-B8 bonds
is thermodynamically preferred®The strength of ©H bonds
in arenes is estimated at 110 kcal/mol, while primary aliphatic
C—H bonds are ca. 10 kcal/mol weakéiTherefore, one could
have predicted that the exo palladacycle, with a §spd bond
in 3and5, is more stable thermodynamically than the alternative
endo palladacycle, with a C®p-Pd bond in4 and 6. Since
our experimental data indicate the opposite and the theoretical
data suggest that the isolated compounds are essentially
thermodynamically equally stable, there must be other factors
affecting the stability.

It has also been noted that activation of aromatieHCbonds
may be kinetically favored, due to the possible prieroor-
dination of the arene moiety to the transition métdtiowever,
in the case of cyclopalladation, the reaction is expected to begin
with the coordination of the N atom to the Pd, and the aromatic
C—H bonds can turn out to be in an unfavorable position with
respect to the metal atom. After the complexation of the Pd
atom with the ligand, the €H bond susceptible to palladation
must be in close proximity to the Pd atom and adopt an
orientation suitable for the €H bond activation. For 2-aryl-
2-oxazolines (HL), the signal of the ortho H in the coordination
complexes Pd(HLLCI is significantly shifted downfield A0
= 0.85-1.08%"-34compared to that in the free ligands, due to
the magnetic anisotropy of the Pd atom. This observation

(50) Chen, H.-P.; Liu, Y.-H.; Peng, S.-M.; Liu, S.-Qrganometallics
2003 22, 4893.

(51) Galli, B.; Gasparrini, F.; Maresca, L.; Natile, G.; Palmeri, I5.
Chem. Soc., Dalton Tran§983 1483.

(52) Galli, B.; Gasparrini, F.; Mann, B. E.; Maresca, L.; Natile, G.;
Manotti-Lanfredi, A. M.; Tiripicchio, AJ. Chem. Soc., Dalton Tran985
1155.

(53) Albert, J.; Granell, J.; Sales, Organometallics1986 5, 2567.
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indicates that the ortho H in the coordinated oxazoline ligand
in solution is in close proximity to the metal and is above the
PdN.Cl, plane>* The X-ray diffraction study of the coordination
complex PdCGJ(HL), (HL = 2-phenyl-2-oxazoline) determined
the same position of the ortho H atoms in the solid state.

Mawo et al.

different, because they contain two N atoms instead of one as
in imine and oxazoline derivatives.

The preference for endo metallacycle formation is not limited
to direct palladation using Pd(Il) derivatives. For example,
oxidative addition of Pd(dba)to three aryl-substitutedl-(o-

Chemical shift values for the signals assigned to the ortho H promobenzyky-bromobenzylideneamines furnished exclusively

atoms of the 4-phenyl substituent in thd NMR spectra of
the free oxazoliné and the corresponding coordination complex

8 are almost identical, suggesting that the position of the ortho

CH moiety in 4-phenyl-2-oxazolines is not as favorable as in

the case of 2-aryl-2-oxazolines. Therefore, the geometry of the
intermediate formed upon complexation of the Pd atom to the

oxazoline ligand appears to favor activation of orthekCbonds
in oxazoline 2-aryl substituents over that in 4-aryl substituents;
this, in turn, will favor endo metalation over exo cyclization.
Regiospecific endo palladation of R42,4-diphenyl-2-oxazo-
line3? supports this hypothesis.

The regioselectivity of cyclopalladation can also depend on

endo metallacycles, although both exo and endo isomers could
have been formeep.

The reasons for the endo palladation preference in imines
and oxazolines have not been understood. The only hypothesis
for the preference of endo palladacycle formation that has been
mentioned in the literature is the possibility of its aromatic
character?-74 Obviously, the aromaticity hypothesis is not
applicable for the endo palladacycle obtained from preligand
1, since the metal-containing five-membered ring has only one
double bond out of five and is nonplanar. This explanation is
more plausible for endo palladacycles with a C[s{*d bond,
although its aromatic character cannot be considered to be the

the metal source, reaction temperature, solvent, and specificomy reason for the endo metalation preference. According to
structural features of preligands. For imines and oxazolines, thee X-ray data, the endo palladacycties-c, 10, and11 obtained

position of the G=N bond with respect to the palladacycle

from 2-phenyl-2-oxazoliné$3°4%andN-benzylbenzylideneam-

appears to be vital. These types of substrates show a strongnge 55 respectively, are nearly planar: the average value of the

preference for the formation of endo complexes, with the
C=N bond in the metallacycle, over the alternative exo
derivatives, with the &N bond outside the palladacycle (Chart
1). For example, direct palladation of 2,4-diphenyl-2-oxazoithe,
benzylidenebenzylaminé3?>-6° and naphthyR! and ferroce-
nylimine$2 provided exclusively endo isomers, while both endo

intrachelate torsion angle for each of these complexes is less
than 3.4. However, the distortion from planarity in the endo
palladacycles derived from 2-ferrocenyl-2-oxazolines is more
pronounced and reaches 12173 In addition to planarity, the
palladacycle’s bond lengths could be a decisive factor in the
discussion of aromaticity. The value of the C{Z}(3) bond

and exo palladacycles could have been envisaged. As a rU|eiength between the aryl fragment and the N-heterocycle in

exo palladation occurs when the formation of an endo palla- Pd(HLYX (H

dacycle is impossibfé=¢7 or is strongly disfavore&-687° To

L = oxazoline ligand16; Chart 4) coordination
complexes ranges from 1.466 to 1.483 A, while it is shorter in

the best of our knowledge, cyclopalladated complexes with an g,,a_membered endo palladacycles with a GsPd bond: i.e.

exocyclic G=N bond were obtained regiospecifically in com-
petition with the alternative endo isomers only from ferrocenyl
hydrazones of the general formul@{CsHs)Fe{ (17°-CsH4)CH=
NNHAr} ;71 however, in this case, the palladacycles are quite
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1.440-1.460 A (Table 3). For comparison, in the palladacycle
of complex5, the length of the single C(2)C(3) bond, 1.474

A, is within the range reported for the coordination complexes
16. However, the length of the C(2)C(3) bond in the
six-membered endo palladacyd@ (Chart 4, Table 3), which
cannot be aromatic, is only 1.436 A, which is even shorter than
in the supposedly aromatic palladacyc8sll. The length of

the endocyclic &N bond in five-membered palladacycles11
varies from 1.265 to 1.307 A, with the highest value being for
the paracyclophane derivativid. For comparison, the length

of the C=N bond in coordination complexekba—c is also
within this range, albeit near its lower limit. The length of the
exocyclic G=N bond in palladacycle$3—15 varies significantly
and, in general, is not so different from those reported for related
endocyclic iminic bonds. It should be noted that the presumably
aromatic oxazoline-derived palladacycles are part of tricyclic
systems. Also, the imine bond is expected to be in conjugation
with the 2-aryl fragment, thus forcing the arene ring and the
N-heterocycle to be in one plane and shortening the-G(Z3)
bond. These structural features can cause or contribute to the
near-planar conformation of endo palladacycles with a
C(s®)—Pd bond. One can conclude that delocalization in the
five-membered endo palladacycles with the GfsPd bond
might be a contributing, but not decisive, factor in the preference
for endo palladation.
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Table 3. Comparison of Structural Parameters for Representative Endo Palladacycles (3-942), Exo Palladacycles (1315),
and Coordination Complexes (16)

bond length (A3 bond angle (deg) torsion angle (deg)
compd no. C—C=N-Cor
(ref) C(1-C(2) C(2r-C@B) CN Pd+C PN C=N-Pd C-N-Pd C=N-C C-Pd+N C-C=N-Pd O-C=N-C

50 1.546 1.490 1.280 2.051 2.072 136.96 114.21 108.67 79.73 6.19 5.32
9a(33) 1414 1.440 1.265 2.031 2.063 113.40 136.86 109.72 80.67 1.97 0.55
9b (39) 1.423 1.457 1.289 1993 2.012 114.99 134.90 110.12 80.87 1.99 2.06
9c (40) 1.386 1.460 1.294 1992 2.031 112.55 137.79 109.35 80.73 11.84 6.06
10(36) 1.407 1.453 1.307 2.052 2.060 111.44 132.33 108.85 78.57 23.76 3.37
11(54) 1.409 1.456 1.276 1.944 2.009 114.89 123.49 121.61 81.68 3.69 16.42
12(52) 1.385 1.436 1272 2.059 2.137 118.28 123.14 118.58 82.22 1.90

13a(54yf 1.515 1.469 1.275 1946 2.056 131.65 112.90 115.40 81.54 10.24 9.01

1.517 1.474 1276 1964 2.011 131.65 112.90 115.40 81.54 26.55 0.55

13b (66) 1.516 1.321 2.024 2.104 126.96 107.43 125.59 79.97 13.00 3.49
13c(66) 1.493 1.253 2.004 2.112 132.31 103.93 123.76 80.65 1.56 1.39
14(35) 1.474 1.273 2.038 2.098 136.94 110.78 108.75 81.71 23.39 1.63
15(65) 1.479 1.280 2.002 2.124 121.02 118.95 119.95 84.86 3.08

16a(33) 1.389 1.468 1.271 2.007 130.02 119.90 109.29 10.15 0.29
16b(34) 1.483 1.276 2.010 129.60 121.73 108.65 0.06 1.14
16c(41) 1.466 1.266 2.035 128.94 121.31 109.50 7.95 1.06

aSee Chart 4 for atom numbetsThe values are averages for four unique molecules in thecétllues are given for two molecules of the same
compound with different conformations.

Chart 5. Average Values of Angles Around the N Atom in Five-Membered Endo and Exo Palladacycles with a C(3p-Pd
Bond and in the Coordination Complexes Pd(HL)ClI,
~c~ N\

c” |f|3 C
Il Il
113.4£°N\109.510 130.13’°/N{22.04° 129.52° N 109.36°
Pd” ¢ Pd” pa” o
133.07° 10780 120.98°
endo-palladacycles 9-11 exo-palladacycles 13a—c coordination complexes 16a—¢

Our experimental data (Table 1) suggest the thermodynamicgreater ring strain than the corresponding endo isomer. For
preference of the endo compleéxover the exo complex. comparison, the strain in cyclopentene is about the same as that
Palladation of the preligantiin MeCN using Pd(OAg)resulted in cyclopentane. The latter minimizes its torsional strain by
in a greater relative amount of the exo dindewith respect to adopting nonplanar envelope and half-chair conformations,
the endo isomer when a lower temperature or a shorter reactionthough nonplanarity slightly increases the angle strain. Intu-
time was used. Two additional experiments were performed to itively, it can be predicted that the same trend is valid for
confirm the thermodynamic preference for ison3erFirst, a palladacycles. In the case of five-membered endo palladacycles,
sample of the pure exo derivatiueAcO-4 was heated in AcOH with an C(sp)—Pd bond and two alternating double bonds (cf
at 80°C for 18 h. After treatment of the reaction mixture with  palladacycle40—12in Chart 4), both torsional and angle strain
LiCl followed by purification using column chromatography, are minimized because of a smaller number of ring substituents
two pure isomers3 and 4, were obtained in 40% total yield and a planar or almost planar geometry. In the aliphatic endo
and in a ratio of 8.5:1. In another experiment, a sample of pure palladacycles, such as those in compleX@sand 5, ring

endo derivative:-AcO-3 was heated in AcOH at 8TC for 3 h puckering is expected to reduce torsional strain but increase
(the heating was stopped because of the appearance of blaclangle strain. The puckered conformation of the endo pallada-
Pd(0)). After addition of LiCl and purification, two isomef3, cycle derived from oxazoling was confirmed in the solid state

and 4, were isolated in 90% total yield and in a 10.5:1 ratio. by the X-ray crystalographic study &fand in solution by the
These experiments confirmed that (i) there is an equilibrium NMR data for5.
between the exo and endo isomers (i.e., intermolecular ligand Comparison of the angles (Table 3) around the N atom in
exchange reactidf) and (i) the endo derivative is thermody- different endo%, 9—12) and exo palladacycle43—15), as well
namically preferable. It appears that, in general, endo pallada-as in coordination complexes PA(L), (16), reveals signifi-
cycles derived from imines, including oxazolines, are more cant differences in the values of the angless\c-Pd and
thermodynamically stable than the corresponding exo isomers.C—N—Pd among these three types of compounds. The values
Thermodynamic stability of palladacycles with the endocyclic of C=N—Pd, C-N—Pd, and &N—C angles in coordination
C=N bond is likely to be a major driving force of endo complexesl6a—c (129.52, 120.98, and 109.36respectively)
palladation. The following factors are expected to contribute to indicate a strong distortion of the=eN moiety (Table 3 and
this stability: (i) lesser ring strain for five-membered endocyclic Chart 5). In the five-membered endo palladacycles with an
systems and (ii) the energy of the new bonds formedpP@ C(sP)—Pd bond 9—11), the average value of the=eN—Pd
and N-Pd. angle is decreased to 113%45lowever, in the case of the five-
According to reported experimentéland theoreticdl "8 membered endo palladacy@gthe value of the angle is 136.96
studies, methylenecyclopentane, with an exe@bond, has  which is closer to that reported for the coordination complexes
: 16a—c. In the five-membered exo palladacycles with a &(sp
Arrgg)h%(r)npeé?dggaAfgb[’;0155’;3D.; Ciganek, E.; Howell, C. F.; Jacural.Z.  pq pond {3a—c), the G=N—Pd angle is outside the metalla-
- ’ ' ) cycle but its average value is only slightly higher (130)%Ban

(77) Khoury, P. R.; Goddard, J. D.; Tam, Wetrahedror2004 60, 8103. Y
(78) Wiberg, K. B.Angew. Chem., Int. Ed. Endl986 25, 312. that reported for the coordination complexééa—c. The
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Chart 6. Newman Projections along the G=N Bond torsion strain is decreased because of the presence of a single
Showing Twisting or Partial Twisting Distortions of the substituent at each carbon in the metallacycle. In oxazoline-
#-System in Exo and Endo Palladacycles based endo palladacycles, distortion of theNCbonds-system
c c is minimal, unless there is a bulky substituent near the
Pd'—\@}\—-c Pd—\@}foc metallacycle. In the case of the endo palladacyslevith a
© C(sp)—Pd bond, its stability is achieved by puckering the ring.
C Surprisingly, the endo palladacyck and its aliphatic exo
C —0 Cﬂ}40 counterpartl4 have similar values for the angles around the N
P P atom; however, the exo structure has a much greater distortion
of the C=N bondn-system.
twisting partial twisting

average value of the C(®p-N—Pd angle in the exo pallada- Conclusions

cycles13a—c is reduced to 107.80 The aliphatic exo palla- The presented data stress the dominant role of the endo effect
dacyclel4 has the greatest-<€N—Pd angle distortion, but its  in the cyclopalladation regioselectivity of imines and oxazolines.
value is identical with that found in the endo palladacysle  Although metalation at gzarbon atoms in general is preferable
Therefore, angles around the N atom in all three types of gyer that at sp carbon centers, direct cyclopalladation of
complexes are far from the ideal 12@pparently due to bond  oxazoline 1 resulted in predominant formation of the endo
dipoles and the large size of the metal atom. Also, because thejsomer with an C(sh—Pd bond. The endo complekwith a
angle values in five-membered exo palladacycles with§¢sp ¢ (s?)—Pd bond is thermodynamically favored over the corre-
Pd or even C(shp—Pd bonds are surprisingly close to those gsponding exo derivative with a C(sp)—Pd bond. Relative
reported for coordination complex&6a—c, the angle distortion  energies of model exo and endo isomers calculated at the RHF,
around the N atom is unlikely to be a reason for the lesser gLyp, MP2, and CCSD levels of theory are within 20 kJ/mol
stability of exo palladacycles. and do not contradict the hypothesis that G(spd bond
Values of the G-C=N—Pd and G-C=N—-C (or C-C=N— activation may be favored over that of CfspH in the case of
C) torsion angles in Pd(Il) complexes indicate that many of them the endocyclic position of the €N bond in the formed
have ar-system distortion in the €N bond. This distortion  pajladacycle. The ease of oxazoline cyclopalladation with the
can be described as twistiffgor partially twisting. While  formation of five-membered palladacycles decreases in the
coordination complet6b, with the least bulky substituent, has following order: endo metallacycle with the C&pPd bond
essentially no &N bond z-system distortion, two other Pd- > endo with the C(sh—Pd bond> exo with the C(sh—Pd
(HL)2Cl; compounds have the PdN bond displaced from the  pond> exo with the C(sP—Pd bond.
C—C=N plane (values of the torsion angle-C=N—Pd are
7.95 in 16c and 10.18 in 16g see Chart 6, partial twisting
distortion). A very smallz-system distortion (less than 190
is also found for both six-membered endo and exo palladacycles.  General Methods and Materials. All reactions were carried
The five-membered endo palladacy8lexhibits a measurable oyt under a positive pressure of nitrogen. The reaction mixtures
twisting distortion, with the average values of the torsion angles \ere stirred using a magnetic stirrer. Purifications by column
C—C=N-Pd and G-C=N-—C for four molecules being 6.19  chromatography and preparative thin-layer chromatography (TLC)
and 5.32. The exo metallacycl&4 displays a significant partial ~ were carried out using Natland silica gel 60 (230 mesh).

Experimental Section

m-system twisting distortion, with a value of 233%r the Analytical TLC was performed on Whatman silica gel 6Qs@F
C—C=N-—Pd torsion angle. The distortion in bofa and 9b 250 um precoated plates. Compounds were visualized on TLC
is very small (2.06 or less), while it is more pronounced @t plates using UV light (254 nm) and/or phosphomolybdic acid (free

(11.84 and 6.0%6for the C-C=N—Pd and G-C=N-C torsion oxazolines) or iodine stain (complexes). Routhie (500 MHz),
angles, respectively). Apparently, the observegtNCbhond  *°C (126 MHz), and’P (202 MHz) NMR spectra, as well as DEPT,
twisting distortion in9c is to minimize steric interactions due  COSY, HSQC, and NOESY spectra, were recorded on a Bruker
to the presence of the bulkgrt-butyl group. The highest degree  AVANCE 500 spectrometer. Spectra were obtained in GDGless

of distortion from planarity is found in one of the two molecules Stated otherwise. Chemical shifts are reported in ppm with $iMe
with the exo palladacycld3a (26.55 for the C-C=N—Pd as an intemal standardH and *C) or P(OEf} as an external
torsion angle). However, in the closestmethyl-substituted ~ StandardP). Spin-spin coupling constants, are given in Hz.
derivativesl3band13g the degree of the twist is not significant IR spectra were recprded on an ATl Mattson Genesis Series FTIR
o5 ham 1.3 e of e syt il s g o SIS eling ports were messred o Laborsioy
pallada_cycles have aC@pN—P'd angle (107.43 and 103.93 were measured at room temperature on a Rudolph Autopol IlI
gs;r?ggvseg%mgggtsrmgllglrjglz?ir']réczmgg (é(/ilr) Cgmﬂ?gfssiélable automatic polarimeter. Elemental analyses were carried out by

h - Atlantic Microlabs Inc., Norcross, GA. Benzene was dried by
angle in the exo palladacyclek3bc is 37.53 and 38.1% refluxing over K/benzophenone ketyl, distilled under, Bind kept

respectively). . , over 3 A nolecular sieves. Methanol was distilled over Mg turnings
On the basis of an analysis of the data provided, one can gctivated with iodine. Glacial acetic acid was distilled over KMnO
conclude that not just one but a combination of structural Acetone was purified by refluxing with KMng) followed by
features make imine- and oxazoline-derived endo palladacyclesgistillation over anhydrous CaSOOther solvents were dried by
more stable than their exo counterparts. For the five-membereddistillation over CaH. Prior to use, Pd(OAg)was dissolved in hot
endo palladacycles with an C&pPd bond, one such feature  benzene, followed by filtration and solvent removal in vacuo. All
is conjugation of the &N bond with the aryl group, with other chemicals were used as purchased without further purification.
possible aromatic character of the whole palladacycle. The bond  (S)-2-tert-Butyl-4-phenyl-2-oxazoline (1). Compoundl was
conjugation forces the palladacycles to be planar or near-planar.obtained as a colorless liquid in quantitative yield from compound
The planarity, in turn, minimizes the angle strain, while the 2(2.40 g, 10.8 mol) and diethylaminosulfur trifluoride (DAST, 1.50



Cyclopalladation of (S)-2-tert-Butyl-4-phenyl-2-oxazoline

mL, 11.6 mmol) using the procedure reported for its enanticther.
R = 0.46 (19:1 CHCI,—EtOAc). IR (neat,v, cnrl): 1657
(C=N) [a]63319 = _60.9, [(I]D:L9 = —72_8’, [a]54619 = _90.83,
[0]435° = —173 (c 2.81, MeOH) (lit23 data for theR enantiomer:
[a]p?® = +89.2 (c 4.54, MeOH))."H NMR (9, ppm): 1.31 (s,
9H, t-BU), 4.07 ('[, ].H,Z\]HRJ-|S = 8.4, SJOCH?,NCH =77, OCHz),
4.58 (dd, 1H3Jocrsncn = 10.1, OCH), 5.14 (dd, 1H, NCH), 7.22
(m, 2H, o-H arom), 7.27 (m, 1Hp-H arom) 7.33, (m, 2HM-H
arom).13C NMR (0, ppm): 28.0 (CCH3)3), 33.4 C(CHz)s), 69.4
(NCH), 75.0 (OCH), 126.5 ¢-CH arom), 127.5¢-CH arom), 128.7
(m-CH arom), 142.9ipso-C arom), 175.2 (OCN).
(S)-N-(2-Hydroxy-1-phenylethyl)-2,2-dimethylpropanamide
(2). Compoun@ was obtained as a white solid in quantitative yield
(2.46 g) from pivaloyl chloride (2.47 g, 20.5 mmol) ang)-@-
phenylglycinol (1.52 g, 10.8 mmol) using a procedure reported for
this compound® Mp: 133-136 °C. Rr = 0.65 (1:9i-PrOH-
Cchlz) [(1]63326 = +706), [(l]D26 = +836’, [(1]54626 = +102,
[0]43526 = +186° (¢ 1.07, MeOH). IR (thin film of CHCI, solution,
v, cm1): 3336 (NH and OH), 1654 (€0). IH NMR (6, ppm):
2.98 (t, 1H,J= 6.0, OH), 3.86 (t, 2HJ = 5.6, OCH), 5.03 (br q,
1H, NCH), 6.37 (br d, 1H3Jychnm ~ 4.9, NH), 7.27 (m, 2Hp-H
arom), 7.31 (m, 1Hp-H arom) 7.36, (m, 2Hm-H arom).13C NMR
(6, ppm): 27.6 (CCH3)3), 38.8 (C(CHs)s), 55.8 (NCH), 66.8
(OCHy), 126.5 o-CH arom), 127.8 ¢-CH arom), 128.9 r+CH
arom), 139.3ipso-C arom), 179.2 (OCN).
(S,9-Bis(u-chloro)bis[2-methyl-2-(4-phenyloxazolin-2-yl)pro-
pyl-C,N]dipalladium(ll) (3) and ( S,9-Bis(u-chloro)bis[2-(2-tert-
butyloxazolin-4-yl)phenyl-C,N]dipalladium(ll) (4). Compounds
3 and4 were synthesized by reactiig159 mg, 0.782 mmol) with

Organometallics, Vol. 26, No. 7, 20800

and the crude product was washed several times with hexanes to
afford 77 mg (77%) of the pure product as a white solid. Mp: 178
180°C. Ry = 0.57 (9:1 CHCI,—EtOAC). [o]p = +118°, [a]s46 =
+150, [a]ess = +99.9 (c 0.0950, CHCI,). IR (thin film of
CH,CI; solution, v, cm™1): 1647 (G=N). IH NMR (CDCl, ¢,
ppm): 1.01 (dd, 1H2Jy = 9.7,%J4p = 8.6, PACH9), 1.12 (s, 3H,
CHz®9), 1.24 (s, 3H, CH™), 1.56 (d, 1H, PdCH), 4.53 (dd, 1H,
2JocH oc = 8.8,3JocHinch = 4.8, OCHR), 4.76 (dd, 1H3JockencH
~ 9.9, OCH), 5.62 (dd, 1H, NCH), 7.297.42 (m, 14H, overlap-
ping signals of 4-Ph and+ and p-CH of PPh), 7.64-7.68 (m,
6H, 0-CH of PPh). *H NMR (C¢Ds, 0, ppm): 1.04 (s, 3H, Ckt9),
1.07 (dd, 1H2Jun = 9.9,3J4p = 8.0, PACH9), 1.20 (s, 3H, CH),
1.63 (d, 1H, Pch‘), 3.84 (br t, 1H12JOCHR,OCHS = 8-9,3\JOCHS,NCH
= 9.8, OCH), 3.92 (dd, 1H3JocncH ~ 4.7, OCH), 5.64 (dd,
1H, NCH), 6.96-7.02 (m, 9H,m and p-CH of PPh), 7.07 (m,
1H, p-CH of 4-Ph), 7.19 (m, 2HmM-CH of 4-Ph), 7.52 (m, 2H,
0-CH of 4-Ph), 7.847.88 (m, 6H,0-CH PPh). 13C NMR (9,
ppm): 27.5 (CHS), 28.7 (CHF), 36.5 (PdCH), 41.6 (C(CHs)2),
64.5 (br d,3Jcp = 2.3, NCH), 77.8 (d2Jcp = 2.9, OCH), 126.9
(0-CH arom of 4-Ph), 127.8p¢CH arom of 4-Ph), 128.1 (FJcp
= 10.6,mCH of PPh), 128.8 m-CH of 4-Ph), 130.2 (d%Jcp =
2.1,p-CH of PPh,), 131.3 (dXJcp = 48.9,ipso-C of PPh), 134.6
(d, 2Jcp = 11.6, 0-CH of PPh), 141.4 {pso-C of 4-Ph), 184.2
(OCN). 3P NMR (0, ppm): 32.9. Anal. Calcd for &Ha;-
CINOPPd: C, 61.40; H, 5.15; N, 2.31. Found: C, 61.18; H, 5.14;
N, 2.33.
(S)-Chloro[2-(2-tert-butyloxazolin-4-yl)phenyl-C,N](triphe-
nylphosphane)palladium(ll) (6). Compound6 was synthesized
by following the procedure described for compounexcept that

palladium acetate (195 mg, 0.869 mmol) in glacial acetic acid (4.5 the reaction mixture (triphenylphosphine (13.5 mg, 0.00510 mmol)

mL) at 60°C for 12 h. The solvent was evaporated under vacuum,

and4 (15.5 mg, 0.00230 mmol) in benzene (2.0 mL)) was stirred

and the brownish residue was dissolved in acetone (4.5 mL). LiCl at room temperature for 17 h. Purification of the crude product by
(99.0 mg, 2.34 mmol) was added, and the mixture was stirred at preparative TLC using multiple elutions with GEl, gave 19.6

room temperature for 10.5 h. The solvent was removed in vacuo,

and the crude product was purified by dry flash column chroma-
tography (Si@, h = 4.5 cm;d = 4 cm) using gradient elution (7:
3,3:2,1:1, 2:3, 3:7, 1:4, 1:9 hexaneSH,Cl, and CHClI,) to obtain
a mixture of3 and4 in a ratio of 13:1 (160 mg, 59% total yield).
Anal. Calcd for GgH3.ClbNo.O-Pdy: C, 45.37; H, 4.69; N, 4.07.
Found: C, 45.56; H, 4.81; N, 4.04. Data for compouhdre as
follows. Mp: 180°C dec.Rs = 0.46 (3:7 hexanesCH,Cl,). [a]p
=+4227, [a]sa6 = 1278, [0]e33 = +189F (c 0.0750, CHCI,). IR
(thin film of CH,CI; solution,v, cm™1): 1644 (G=N). 'H NMR
(6, ppm): 1.20 and 1.28 (two s, 3H each, C(§S) 1.86 and 2.02
(tWO d, 1H,2JH'H - 82, PdCH), 4.31 (dd, 1H13JOCHR,NCH - 58,
2.]0(:}-{?0(_‘,|-{Q =8.7, OCl’F), 4.69 (br t, 1H13‘JOCHS,NCH ~ 9.2, OCI“F),
5.30 (br s, 1H, NCH), 7.20 (m, 2Hy-H arom), 7.3 (m, 1Hp-H
arom), 7.4 (m, 2Hm-H arom).*3C NMR (0, ppm): 26.9 (CH),
27.0 (CH), 28.2 (PdCH), 41.2 (C(CHg),), 66.0 (NCH), 76.9
(OCH,), 126.9 0-CH arom), 128.4 ¢-CH arom), 129.0 +-CH
arom), 140.1ipso-C arom), 183.9 (OCN). Data for compoudd
are as follows. Mp: 140°C dec. Ry = 0.49 (3:7 hexanes
CHzClz). [Ct]D = —82.2, [(1]54(5: —102, [(1]435= —224 (C 0.208,
CH,Cly). IR (thin film of CDCI3 solution,v, cm1): 1625 (G=N).
IH NMR (6, ppm): 1.51 (s, 9Ht-Bu), 4.38 (brt, 1H3JocH neH ~
8.3, ZJQCHSYO(}F ~ 8.7, OCI“B, 4.69 (dd, 1H13‘JOCHS,NCH ~ 10.2,
OCHd), 5.75 (br t, 1H, NCH), 6.65 (br d, 1H]) ~ 7.2, H(6) arom),
6.89 (brt, 1HJ ~ 7.2, H(4) arom), 7.01 (br t, 1H] ~ 6.8, H(5)
arom), 7.17 (br d, 1HJ ~ 7.8, H(3) arom)X*C NMR (5, ppm):
28.8 (CCHs)3), 34.0 C(CHg)3), 72.0 (OCH), 74.9 (NCH), 119.4
(HC(6)), 125.1 (C(5)), 125.8 (C(4)), 134.1 (C(3)), 139.2 (C(2)),
146.9 (PdC(1)), 179.0 (OCN).
(S)-Chloro[2-methyl-2-(4-phenyloxazolin-2-yl)propyl-C,N]-
(triphenylphosphane)palladium(ll) (5). Triphenylphosphine (44.0
mg, 0.168 mmol) was added to a stirred solutior3d56.8 mg,
0.0825 mmol) in benzene (7.5 mL). The pale yellow mixture was

mg (72%) of the pure product as a cream white solid. Mp: 124
126°C. R = 0.54 (9:1 CHCI,—EtOACc). [a]p = —36.5, [0]s46 =
—42.C, [a]azs = —75.5 (c 0.200, CHCIy). IR (thin film of CHy-
Cl; solution,v, cm1): 1638 (G=N). IH NMR (9, ppm): 1.52 (s,
9H, t-BU), 453 (dd, 1H?‘JOCI-F,NCH ~ 7.1,2Joc|-|5‘oc}-ﬁ ~ 8.6, OCI’F),
4.69 (dd, 1H3Jocrsnch ~ 10.0, OCH), 5.95 (dd, 1H, NCH), 6.27
(t, 1H, 3Jyn ~ “Jpp ~ 6.7, CH(6) arom), 6.35 (t, 1H} ~ 7.4, CH-
(5) arom), 6.75 (d, 1HJ ~ 7.5, CH(3) arom), 6.85 (t, 1H, CH(4)
arom); 7.32 (m, 6HmM-CH of PPh), 7.40 (m, 3H,p-CH of PPh),
7.71 (6H,0-CH of PPh). 13C NMR (9, ppm): 28.7 (CCHs)a),
34.1 (C(CHy)3), 71.9 (OCH), 73.7 (d,3Jcp = 1.8, NCH), 120.0
(C(3) arom), 124.0 (C(4) arom), 125.3 (dcp = 5.5, C(5) arom),
127.9 (d,2Jcp = 10.9,m-CH of PPh), 130.5 (d,"Jcp = 2.5, p-CH
of PPhy), 131.1 (d,\Jcp = 51.6,ipso-C of PPR,), 135.5 (d2Jcp =
11.6,0-CH of PPh), 137.6 (d,2Jcp = 10.8, C(6) arom), 147.5 (d,
2Jcp= 2.6, PAC(1) arom), 149.0 (C(2) arom), 178.1#p = 8.5,
OCN). 3P NMR (0, ppm): 40.9. Anal. Calcd for £Ha;-
CINOPPd: C, 61.40; H, 5.15; N, 2.31. Found: C, 61.96; H, 5.38;
N, 2.30.
(S)-(Benzonitrile)[2-methyl-2-(4-phenyloxazolin-2-yl)propyl-
C,N](triphenylphosphane)palladium(ll) Tetrafluoroborate (7).
Compound?7 was obtained as an unstable white solid using a
reported procedur®.[o]p = +65.8, [a]sss = +81.7, [0]e33 =
+55.8, [a]azs = +167 (€ 0.220, CHCI,). IR (thin film of CDCl;
solution,v, cm™1): 1640 (G=N), 2260 (G=N). IH NMR (9): 1.25
and 1.31 (two s, 3H, C(8s)2), 1.54 (m, 2H, PdCh), 4.34 (dd,
1H, 2.]0(:;HR,o(:;H's = 90, 3JOCHR,NCH = 71, OCI’F), 5.16 (dd, lH,
8JockeneH = 10.2, OCH), 5.68 (dd, 1H, NCH), 7.21 (m, 1Hy-CH
arom), 7.27 (m, 2Hm-CH arom), 7.36 (m, 2Hp-CH arom), 7.44
7.51 (12H,m- and p-CH of PPh, and m- and p-CH of PhCN),
7.56-7.60 (8H,0-CH of PPh ando-CH of PhCN).13C NMR (9,
ppm): 27.7 and 28.3 (QH3),), 35.2 (PACH), 42.2 C(CHs)2),
66.0 (NCH), 78.7 (d¥Jcp= 3.0, OCH), 126.5 0-CH arom), 129.0

stirred at room temperature for 2 h. The solvent was evaporated, (p-CH arom), 128.6 (dJ = 12.1,p-CH of PhCN), 128.9 (d3Jcp
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=11.0,m-CH of PPh), 129.1 (-CH arom), 129.3 (dJcp= 50.2,
ipso-C of PPh), 129.4 (d,J = 10.8,m-CH of PhCN), 131.4 (d,
“Jep = 2.0, p-CH of PPh), 132.1 (d,J = 9.9, ipso-C of PhCN),
132.5 (br s, CN of PhCN), 133.9 (d,= 16.2,0-CH of PhCN),
134.1 (d,2Jcp = 12.2,0-CH of PPh), 140.8 {pso-C arom), 186.4
(d, 3Jcp = 2.3, OCN).31P NMR (9, ppm): 32.3.

(S)-Dichlorobis(2-tert-butyl-4-phenyl-2-oxazoline)palladium-
(1) (8). N&PdCl (39.4 mg, 0.134 mmol) was added to a stirred
solution of2 (54.5 mg, 0.268 mmol) and anhydrous methanol (5.0
mL). The reaction mixture was stirred for 58 h at room temperature,
followed by solvent removal in vacuo. The orange residue was
dissolved in CHCI,, and the solution was filtered though a short
pad of Celite. Upon evaporation of the solvent, 56 mg (72%) of
the pure compoun® was obtained as orange crystals. Mp: 108
°C dec.Rr = 0.31 (CHCIL,). IR (thin film of CHCI; solution, v,
cm1): 1621 (G=N). IH NMR (9, ppm): 1.36 (s, 9Ht-Bu), 3.99
(dd, :I.H,ZJQCHR'()CHS = 89, 3Jo(:}-qR,Nc|-| = 102, OCIJF), 4.59 (dd,
1H, 3Jocrencr = 10.5, OCH), 5.31 (t, 1H, NCH), 7.357.44, (m,
5H, CH arom)13C NMR (0, ppm): 28.6 (CCH3)z), 34.3 C(CHy)s),
71.6 (NCH), 74.8 (OCH), 128.6 -CH arom), 128.7¢-CH arom),
129.4 (-CH arom), 138.1ipso-C arom), 178.5 (OCN). Anal.
Calcd for Q6H34C|2N202Pd: C, 53.48; H, 5.87; N, 4.80. Found:
C, 52.86; H, 5.82; N, 4.51.

X-ray Crystallographic Analysis of 5. Microcrystals of complex
5 suitable for X-ray diffraction analysis were grown by slow
crystallization from ethyl acetatebenzene-pentane at 5C. A
white crystal (approximate dimensions 0.8230.02 x 0.02 mn?)
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The structure was solved using Bruker SHELX7and refined
using Bruker SHELXTL82 The space grouj2;2;2; was deter-
mined on the basis of systematic absences and intensity statistics.
A direct-methods solution was calculated which provided most non-
hydrogen atoms from thé&e map. Full-matrix least-squares/
difference Fourier cycles were performed, which located the
remaining non-hydrogen atoms. All non-hydrogen atoms were
refined with anisotropic displacement parameters. All hydrogen
atoms were placed in ideal positions and refined as riding atoms
with relative isotropic displacement parameters. The final full-matrix
least-squares refinement converged toRD.0397 and wR2=
0.0877 F2, all data).

Crystallographic data fol5 have been deposited with the
Cambridge Crystallographic Data Centre as Supplementary Publica-
tion No. CCDC-621769. Copies of the data can be obtained free
of charge on application to the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK. (fax, int. code+44(1223)-336-033; e-mail,
deposit@ccdc.cam.ac.uk).
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