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Summary

The 'H and *C NMR spectra of nineteen cyclopalladated acetylacetonate
complexes are reported. Definitive spectral assignments are made on the basis of
selective proton decoupling experiments, difference NOE spectra and both homo-
and hetero-nuclear two-dimensional correlation spectroscopy. The Pd(acac) sub-
stituent is shown to induce characteristic chemical shift changes in both proton and
carbon spectra. These effects, however, vary from those of differently substituted
palladium and other metal substituents.

Introduction

Since the initial discovery [1] of the facile cyclopalladation of azobenzene
numerous related organopalladium compounds incorporating an intramolecular
nitrogen donor have been reported [2-6]. Such compounds have proved to be
versatile intermediates in organic synthesis [7]. In line with the increasing use of *C
NMR for the study of organometallic compounds [8] there have been a number of
13C NMR spectra of cyclopalladated compounds reported [9-19]. However, full
assignments of such spectra have been made in only a few cases [15-19)]. Further-
more, a survey of reported spectral data suggests unusual variations in the effect of
cyclopalladation on *C NMR chemical shifts, and reveals a number of incon-
sistencies in some reported assignments.

Although 'H NMR has frequently been used to demonstrate the occurrence of
cyclopalladation, the spectra have seldom been fully assigned due to extensive
overlap of signals in spectra recorded at low magnetic field strengths. However, such
assignments become relatively straightforward at higher magnetic field strengths by

* For part I see ref. 19.
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means of homonuclear correlated two-dimensional (2D) NMR spectroscopy [20,21].
The potential of such techniques is dramatically exemplified in recent reports
[22-24] of full assignments for 'H NMR spectra of complex (>20 aromatic
protons) cyclometallated ruthenium complexes. Furthermore, given a fully assigned
TH NMR spectrum it is possible to definitively assign a *C NMR spectrum by
means of heteronuclear correlated 2D NMR [20,21].

Although *C NMR chemical shift data provide important structural informa-
tion, it has been noted in a recent review [4] that there is “a dearth of accurate
assignments for chelate rings” in cyclopalladated compounds and that “as yet, there
appears to be no cohesive theoretical or empirical rules to predict the effect(s) of
C-metal coordination or chelate ring formation on the 3C chemical shift”. The aim
of the present work is to rectify these deficiencies by providing definitive 13C NMR
assignments for a number of cyclopalladated complexes using one- and two-dimen-
sional NMR techniques.

Results and discussion

For effective comparisons of the NMR spectra of different cyclopalladated
compounds it seemed desirable to use common spectral recording conditions
(solvent, concentration and temperature) as well as common substitution at the
other two sites of coordination of the palladium. For this purpose the chelating
acetylacetonate anion was chosen since the resulting complexes are neutral, readily
soluble in common organic solvents and the acetylacetonate ligand absorbs at
characteristic frequencies well separated from other peaks in both proton and
carbon-13 spectra. Furthermore, the acetylacetonate anion is symmetrical and hence
geometrical isomers are not formed in the preparation of such complexes.

The cyclopalladated complexes of the ligand were prepared by one of two general
methods (Scheme 1). The chioro-bridged dimers (¢) were prepared either by direct
treatment of the ligand with lithium tetrachloropalladate or, where this produced
only the non-cyclopalladated trans-dichloro complex (d), by cyclopalladation from
palladium acetate, forming the acetate-bridged complex, and then subsequent
acetate—chloride exchange. The cyclopalladated acetylacetonate complexes b could

Lip [PdCl,) Hacac
tH ——~ [PdLci] PdL(acac)
MeOH 2 NaOMe
(a) (c) (b)
Pd(OAc),
Liz[PdCly] HOA Licl
PA(LH),Cl, [PdL(0AC)]
(d)

SCHEME 1
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then be prepared by anion exchange from the chloro-bridged dimer prepared above.

The majority of ligands studied (Scheme 2) had been previously cyclopalladated,
though not all of these had been converted to the acetylacetonate complex.

(Continued on p. 108)
ON Ly,

(a) x =H 3
(b) X = Pd(acac)
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CHCIy

HY H5' H6 HS5 H4 H3 H4’

8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 PPM 6.2

Fig. 1. Proton NMR spectra of 3b.

Tables 1 and 2 list the assigned 'H and >*C NMR spectra respectively for the
ligand LH (a) and [PdL(acac)] complex (b) along with chemical shift differences
A =58(b)-6(a).

The general procedure for assigning these spectra was as follows. Firstly, 'H
NMR spectra were tentatively assigned on the basis of chemical shift and spin—spin
coupling information. The assignments were then unambiguously confirmed by a
variety of techniques, where appropriate, using selective proton decoupling, dif-
ference NOE [25] or two-dimensional homonuclear correlation spectroscopy (COSY)
[26] experiments.

Figure 1 shows a typical example. Figure 1(a) shows the aromatic region of the
normal 'H NMR spectrum of the cyclopalladated acetylacetonate complex 3b of
1-benzylpyrazole. Inspection of the spin—spin coupling displayed by these protons
identifies the two doublets of the terminal pyrazole protons (H(3"), H(5")) at (7.85,
7.59 ppm) coupled to the triplet of the middle pyrazole proton H(4") at 6.33 ppm.
The remaining two doublets of doublets and two triplets of doublets correspond to
the two terminal phenyl protons (H(3), H(6)) and two central phenyl protons (H(4),
H(5)). However, distinction within each pair is not possible from just this spectrum
alone.

Figure 1(b) shows the difference NOE spectrum obtained by irradiation of the
benzylic methylene protons at 5.31 ppm. The significant enhancements of the
signals at 7.59 (12%) and 6.96 ppm (13%) identifies these signals as being from the
protons H(5’) and H(3) respectively, closest in space to the methylene being
irradiated. Hence by elimination the remaining doublet of doublets at 7.52 ppm
must be due to H(6). Figure 1(c) shows the spectrum resulting from homonuclear
irradiation of this latter signal. The triplet of doublets at 7.10 ppm collapses to a
doublet of doublets, whilst the long range (“J(H-H)) coupling is lost from the
triplet of doublets at 7.00 ppm thereby identifying these signals as being due to a
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proton ortho and meta to that being irradiated; that is H(5) and H(4) respectively,
and thus completing the 'H NMR assignment.

Figure 2(a) shows a contour plot of the COSY [26] spectrum of the cyclopalla-
dated acetylacetonate complex of 2-benzoylpyridine (2b) and includes the normal
(1D) spectrum plotted above for comparison. The four protons in each ring are
immediately distinguished by the off-diagonal connectivities as shown. The assign-
ment of the four pyridine ring protons is straightforward from this spectrum
because of the low-field position of the proton adjacent to the nitrogen. Assignment
of the four phenyl ring protons, however, requires additional (1D) experiments.

Having assigned the 'H NMR spectra, the assignment of the >C NMR spectra is
straightforward by means of heteronuclear 2D correlation spectroscopy [27]. This is
exemplified in Fig. 2(b) for the 2-benzoylpyridine complex (2b) in which the 3C
NMR spectrum on the vertical axis, is assigned from the cross-correlation peaks to

H& H3 W5, iHd

s! _ - ﬁ .
Ha'_ 3z .
H3'
(a)
U
) O _
C4 J 124
C3: 126
—_— Eg—— 128
C5 130
132
~2e3 134
138
b
c4’ (b) 138
5 140
4 \d 142
‘
3 N\ ° 144
e
0o=C Pd_ 145
B o 148
3
ce’ 4 s 180
s 152

9.‘74 9.‘2 9.’0 HTB a.’E 5.’4 B.’Z B.’O 7.‘8 7.'5 7.‘4 7.’2
5 (ppm )
Fig. 2. Homonuclear (a) and heteronuclear (b) two-dimensional correlation spectra of 2b.
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the previously assigned 'H NMR spectrum, on the horizontal axis.

The 'H and C NMR spectra listed in Tables 1 and 2 were assigned by
techniques similar to those described in the above examples for both the cyclopal-
ladated complexes b and the free ligands a. Assignment of the *C NMR spectra of
the free ligands revealed a number of incorrect assignments in the literature. The
reported tentative assignments of two carbons in the pyridine ring of 2-phenylpyri-
dine (1a) [28] the ortho and meta carbons of 2-phenylthiazole (9a) [11] and
2-phenylbenzothiazole (10a) [29] and the ortho and para carbons of azoxybenzene
(13a) [28] were shown to be incorrect. Several assignments for the spectrum of
benzo[ h]quinoline (18a) [28] are incorrect and our chemical shift values for 2-
phenyl-1,2,3-triazole (8a) differ from those previously reported [30]. Our assign-
ments agree with the literature values for 1-benzylpyrazole (3a) [30] 1-phenylpyra-
zole (4a) [30,31], 3,5-dimethyl-1-phenylpyrazole (Sa) [32], 2-phenylbenzoxazole (11a)
[33]), azobenzene (12a) [28], N-benzylideneaniline (14a) [34], N-benzylidene-
benzylamine (15a) [35], E-acetophenone oxime (17a), [36] and 8-methylquinoline
(19a) [37]. In the 1*C NMR spectra of the cyclopalladated complexes the quaternary
peaks were not assigned.

The observed downfield shift of H(6) in the 2-phenylpyridine complex 1b,
relative to the free ligand 1a, contrasts with an upfield shift in the corresponding
acetato complex due to through-space interactions of overlying aromatic rings [38].
Furthermore both the 'H and *C NMR chemical shifts of the complex 1b differ
significantly from previously reported cyclometallated complexes of Rh'™, Ir!!! [39]
and Ru'! [23,24] with the same ligand. These differences can be explained by
through-space interligand effects operating in these octahedral complexes but absent
in the square-planar palladium complex 1b. The 'H NMR spectrum of the 2-benzo-
ylpyridine complex 2b has been previously reported without assignments [13]. Our
chemical shift values are in generally good agreement except for the shift of the C(3)
pyridine proton at 8.24 ppm, differing from the previously reported value of 8.82
ppm.

The previously reported [40] assignments of the H(3), H(6), H(3’), H(5’) protons
of the 1-phenylpyrazole complex 4b were shown to be in error by means of
difference NOE and heteronuclear correlated 2D spectra, as well as a consideration
of the magnitude of the coupling constants.

The 'H NMR spectrum of the 1,5-diphenyl-3-methylpyrazole derivative 6b
showed larged upfield shifts of the protons in the palladated phenyl ring. An X-ray
crystal structure [41] of this compound shows that the C(5)-phenyl ring is in a
conformation approximately orthogonal to the cyclopalladated phenyl ring. Thus
the upfield shifts are attributed to these protons lying in the shielding region above
the C(5)-phenyl ring. Since 1,3,5-triphenylpyrazole possesses two phenyl rings
suitably located for metallation, two products 7b and 7e could result from the

: w g; 3

(7b) (7e)
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cyclopalladation reaction. The upfield shifts of the palladated phenyl ring protons
and the close similarity of the NMR spectra to those of 6b clearly indicate that the
N(1)-phenyl group has been metallated, i.e. product 7b is produced. Furthermore,
the relative high field position (1.42 ppm) of one of the acetylacetone methyi groups
indicates that the C(3)-phenyl group also lies approximately orthogonal to the
pyrazole ring such that the cis methyl group lies above the shielding plane of this
phenyl ring.

The 'H and *C NMR spectra of the cyclopalladated phenyl heterocycles 8b—11b
are relatively straightforwardly assigned by methods similar to those described
above. The "H NMR (100 MHz) spectrum of 9b has been previously reported [11]
and the phenyl ring protons described as “complicated multiplets”. However at 300
MHz these were clearly resolved and readily assigned. The proton NMR chemical
shifts of the aromatic protons in the 2-phenylbenzothiazole and -benzoxazole
complexes, 10b and 11b respectively, differ markedly from those previously reported
for the related 2-p-tolyl-cyclopalladated acetate-bridged dimers. The highfield shifts
observed in the dimers are attributed to mutual shielding between the planar ligands
which have been shown by X-ray crystallography to lie parallel to one another [42].
It has been previously observed that the proton chemical shifts of cyclopalladated
arylazonaphthalenes are strongly dependent on the nature of additional ligands
coordinated to the palladium [14].

The proton NMR spectra of the complexes 12b and 13b, of azobenzene and
azoxybenzene are similar to those of related compounds [43]. The *C NMR
spectrum of 12b has been previously reported without asssignments. The *C
chemical shfts of 12b differ markedly from those for previously reported
cyclomercurated and cyclotellurated complexes of azobenzene [44] which empha-
sises the influence of the metal on the carbon chemical shifts.

The proton NMR spectrum of 14b has been previously reported without assign-
ment of the aromatic protons [45]. The 'H NMR spectrum of 14b again differs
markedly from that of the acetate-bridged dimer of cyclopalladated N-benzylidene-
p-toluidine [16] due to mutual interligand shielding in the latter case. This is in
contrast to the *C NMR spectra which are similar. The carbon spectra of the
complexes 18b and 19b have been previously reported but without assignment of the
aromatic carbons [9].

Conclusion

For those metallocycles where a five-membered ring has been formed on cyclo-
palladation of a phenyl group, inspection of the changes in chemical shift induced
by the Pd(acac) group shows some consistent patterns. For protons H(6), H(5) and
H(4) the following shifts are observed (standard deviation in parentheses): A +0.14
(0.06), —0.24 (0.06) and —0.36 (0.09) respectively. Similarly, carbons C(6), C(5) and
C(4) show the following shifts on cyclopalladation: +2.2 (0.3), —1.2 (1.2) and —4.2
(0.4) respectively. The relatively large upfield shift of C(4), para to the Pd atom and
unaffected by steric interactions, clearly indicates the existence of some metal-to-
ligand back-bonding [38], a conclusion supported by X-ray data [41]. In contrast to
the above consistent shifts both H(3) and C(3) show large variations in the change
in chemical shift resulting from cyclopalladation. The often large effects experienced
by H(3) and C(3) can be attributed to changes in conformation which occur within
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the ligand on cyclometallation. For example, large upfield shifts are experienced by
C(3) in cases where strong steric interactions exist in the complex, in which the rings
are obligatorily coplanar, but which do not exist in the free ligand. Chemical shift
changes elsewhere in the ligands appear also to be irregular.

Although consistent substituent effects are observed in the present series of
compounds it should be noted that these apply only to the Pd(acac) substituent.
Thus comparison with previously reported spectra of cyclopalladated compounds in
which the acetylacetonate ligand is replaced by other ligands (halide, acetate,
pyridines, phosphines, etc.) shows significant deviations from both our *C and 'H
NMR values. For example, aromatic ligands (eg. pyridine, triphenylphosphine)
induce large upfield shifts in proton spectra due to through space effects. Further-
more comparison of the spectra of cyclopalladated compounds with those of other
cyclometallated compounds shows marked differences due to both electronic and
steric effects, especially when compared to cyclometallated compounds with oc-
tahedral coordination geometry.

Experimental

All NMR spectra were recorded using a Varian XL-300 spectrometer equipped
with a 5 mm switchable probe operating at 299.930 and 75.426 MHz for 'H and *C
respectively. Spectra were recorded at 23°C on ca. 2% (w/V) solutions in CDCl,
with SiMe, as internal standard. Difference NOE spectra were obtained in an
arrayed experiment with the decoupler offset 10,000 Hz and then cycled over the
multiplet peaks of the desired proton for irradiation, using a procedure based on
that of Kinns and Sanders [46]. The resultant FIDs were then subtracted and
transformed. COSY spectra were recorded in the normal fashion using the well
established pulse sequence and phase cycling of Bax, Freeman and Morris [26).
Typically 128 ¢, increments were employed and after Fourier transformation the
final 512 X 512 spectrum was symmetrized prior to contour plotting. Heteronuclear
proton—carbon correlated spectra were recorded in the usual manner [27], typically
as a 128 X 1K matrix.

Commercial samples of 1a, 2a, 12a, 13a, 18a and 19a were used. The following
ligands were prepared by the literature procedure: 3a-7a [41)], 8a [47], 9a [48], 10a
[49], 11a [50], ida [51], 15a [52], 17a [53].

Preparation of complexes

(a) Chloro-bridged dimers. These were prepared either directly by reaction of the
ligand with lithium tetrachloropalladate or by reaction with palladium acetate and
subsequent acetate halide exchange, according to the following literature proce-
dures: 1¢ [54], 2¢ [13], 3c—Tc [41], 8¢ [55), 9¢ [11], 12¢ [1], 13¢ [56], 14c [45], 17¢ [53],
18¢, 19¢ [57].

(b) Acetylacetonate complexes. The chloro-bridged dimers were converted into
the acetylacetonate monomers as described in ref. 41. The following complexes have
been previously reported: 2b [13], 3b-7b [41], 9b [11], 12b [58], 14b [45], 18b [9,59],
19b [9]. The following have not been previously reported:

Acetylacetonatof2-(2-pyridyl)phenyl-C',N'' Jpalladium(II) (1b), m.p. 236°C (dec).
Found: C, 53.3; H, 42; N, 39. C;,(H,;NO,Pd calc: C, 53.4; H, 4.2; N, 3.9%.

Acetylacetonato[2-(1,2, 3-triazol-2-yl)phenyl-C*, N*')palladium(II) (8b), m.p. 165° C.
Found: C, 44.9; H, 3.8; N, 12.0. C,3H;;N,0,Pd cale: C, 44.7; H, 3.8; N, 12.1%.
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Acetylacetonato[2-(benzothiazol-2-yl)phenyl-C',N*' |palladium(II) (10b), m.p.
247°C (dec). Found: C, 51.2; H, 3.6; N, 3.2. C,3H,;NO,SPd calc: C, 52.0; H, 3.6;
N, 3.4%.

Acetylacetonatof2-(benzoxazol-2-yl)phenyl-C',N*’ | palladium(II) (11b), m.p.
220° C (dec). Found: C, 52.5; H, 3.6; N, 3.6. C,sH,;NO,Pd calc: C, 54.1; H, 3.8;
N, 3.5%.

Acetylacetonato[2-(phenyl-NNO-azoxy)phenyl-C',N'’ |palladium(II) (13b), m.p.
201°C. Found: C, 50.7; H, 4.1; N, 7.0. C{7H;(N,0,Pd calc: C, 50.7; H, 4.0; N,
7.0%. .

Acetylacetonato[2-(acetohydroximoyl)phenyl-C',N' Jpalladium(IT) (17b), m.p.
183-185°C (dec). Found: C, 45.8; H, 4.4; N, 4.1. C;3H,;sNO,Pd calc: C, 46.0; H,
45; N, 41%.
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