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The H, ¥C, 1N and®P NMR studies of two types of palladium(ll) dihalide complexes of dibu
{a-[4-(phenyldiazenyl)anilino]lbenzyl}phosphonate (L) are reported: those with the monode
trans-bonded ligands through the azo nitrogé&ans-Pd(L),X, (X = Cl, Br), and a cyclopalladatec
binuclear complex in which chloride ions bridge two metal centers, [Pd(L-El)],. The **N-en-
riched organophosphorus compound and its palladium(ll) complexes were also prepared to
unambiguous determination of the nitrogen ligation sité®dyNMR. The NMR analysis was accom
plished by one- and two-dimensional homo- and heteronuclear experiments incdefiHgCOSY,
long-range’H-H COSY, NOESY,H-*C COSY, long-rangéH-*C COSY, HMQC and HMBC.
With the mononuclear complexes, the formation of isomeric species was observed, which are
preted as rotational isomers caused by restricted rotation around the metal-ligand bond.

Key words: Chelates; Phosphonates; Aminophosphonate ligands; Palladium complexéic, °N
and®P NMR spectroscopy; Two-dimensional NMR.

Aminophosphonic acids and their derivatives are very attractive complex-fort
agents because of their relevance to the natural systetaace, the investigation o
their interaction with various metal ions may contribute to a better understandil
their biological activity™. In an effort to obtain a new class of metal complexes v
potential antitumor and antiviral activity, we have recently reported studies on cc
nation behaviour of various (quinolylmethyl)phosphonates aran(linobenzyl)phos-
phonates towards palladium(ll) oM. The preliminary screening tests showed tt
most of these complexes exhibit a certain inhibitory effect against human and &
tumor cell lines. The greatest activity was found for complexes of dialkyl estel
{a-[4-(phenyldiazenyl)anilino]benzyl}phosphonic acid. These potential chelate lig:
form two types of the square-planar palladium(ll) halide complexes: dihalide ad
and the cyclopalladated binuclear complexes. The former canssisgbonded ligands
through the azo nitrogen while in the latter the deprotonated ligand undergoes palle
at the azo nitrogen and tlmtho-carbon producing a complex with the metal-me
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chloro bridge. The anilino and phosphoryl groups do not participate in metal coor
tion and are free to be involved in hydrogen bonding which is known to play a ke
in DNA binding interaction’s In this paper we investigated the structure of pal
dium(ll) dihalide complexes of dibutylof-[4-(phenyldiazenyl)anilino]benzyl}phospho
nate in chloroform solution byH, *3C, °N and 3P NMR. To facilitate the NMR
studies, thé®N-enriched phosphorus ligand and its complexes were also preparec
their properties discussed.

EXPERIMENTAL

Compounds

Dibutyl {a-[4-(phenyldiazenyl)anilino]benzyl}phosphonatg, (L) was prepared as previously de
scribed by addition of dibutyl phosphite to 4-keneazdN-benzylideneaniline Palladium(ll) di-
halide adduct® and 3, transPd(L),X, (X = CI, Br), were obtained by reaction of dichlorc
bis(acetonitrile)palladium(ll) complex and dibromo-bis(benzonitrile)palladium(ll) complex, respecti
with 1 under refluxing in dichloromethane, while the cyclopalladated complex [Pd(p-EI){, (4)
was prepared by reacting with §raCl, in methanol at room temperature according to the repol
proceduré. The ®N-triply-labelled ligand was obtained from the triply-labelled 4-aminoazobenz
with different degree of enrichment of nitrogemrs @5, 96 and 25% in Nv, N-B and NH, respec-
tively). The labelled 4-aminoazobenzene was prepaiadearrangement of diphenyltriazene fror
aniline (95.7%'°N) and sodium nitrite (96.0%°N). During the synthesis, thEN-nitrogen content
from sodium nitrite (NB) retained the same, while those derived from anilinex (Blhd NH) were
reduced toca 1/3, as the non-labelled aniline and aniline hydrochloride were addetlmiply-la-
belled diphenyltriazene formed in the first reaction ¥tepy reaction with benzaldehyde, 4-aminc
azobenzene afforded a Schiff base which was used for preparation of the organophosphorus
In this way, different relative degrees of enrichment were retained in the ligand molecule whic
then used as th®N-labelled precursor for preparation of complegeand4.

NMR Spectra

The 'H and 13C one- and two-dimensional NMR spectra were recorded with Varian broadl
Gemini 300 and Bruker AMX 360 spectrometers, operating at 75.46 and 90.56 MHz 8€ tres-

onance, respectively. The compounds were dissolved in QRG50 mg/0.5 cfiCDCly) at 276 K

in 5 mm NMR tubes. ThéH and3C chemical shifts were referred to tetramethylsilane as an inte
standard. Digital resolution itH NMR spectra was 0.25 Hz, while #8C NMR it was 0.60 Hz per
point. The following techniques were performed: proton-noise decoupling, gated decoupling,
1H-'H CcOSY, NOESY andH-13C COSY with a Varian Gemini 300 spectrometer and long-rai
1H-'H COSY, TOCSY, long-rangéH-3C COSY, HMQC and HMBC with a Bruker AMX spec
trometer. ThetH-'H COSY spectra were obtained in the magnitude mode, while NOESY spect
the phase-sensitive mode. For botH-*H COSY and NOESY, 1 024 points F2 dimension and
256 increments ifrl dimension were used. The latter were subsequently zero-filled to 1 024 pq
Each increment was obtained with 16 scans, using 2 750 Hz spectral width and a relaxation ¢
1 s. The resolution was 5.4 Hz/point and 10.7 Hz/poinEinand F2 dimension, respectively. The
NOESY spectra were measured with several mixing times (0.45-0.80 sfHTH€ COSY spectra
were measured with one-bond C-H coupling value set to 140 Hz, using 2 048 pdi@tdimension

and 256 increments iR1 dimension. The latter were zero-filled to 512 points. Increments were
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tained using 128 scans and relaxation delay of 1 s. Spectral widths were 20 00B2Hmh4 500 Hz

in F1 dimension. The resulting resolution was 19.53 Hz/poifdrand 17.6 Hz/point ifF1 dimension.

The delay time in long-rangid-'H COSY was 100 ms, while in TOCSY 30 ms and 100 ms. ®hg-|

range*H-*C COSY, HMQC and HMBC were measured with C-H coupling values set to 145 Hz/¢
145 Hz and 8 Hz, respectively. All two-dimensional experiments were performed by standard
sequences, using Gemini Data System software Version 6.3 Revision A (for VXR-4000) and |
microprograms of UXNMR software Version 940501.3 {®f. For proton decoupling Waltz-16
modulation was used.

The 1N (36.50 MHz) and'P (145.78 MHz) NMR spectra were recorded in CP#E1300 K on a
Bruker AMX 360 spectrometer equipped with a 5 mm broadband probe or a 5 mm broadband i
probe. The proton-noise decoupling was applied during the measurementSNTtlemical shifts
were referred to external nitrometharfe=( 0.0), while3!P shifts to 85% PO, (& = 0.0), placed in
coaxial capillaries. Positive values of chemical shifts denote downfield shifts with respect to star
In N NMR measurements the tris(acetylacetonato)chromium(lll) was used as a relaxatidl ag

RESULTS AND DISCUSSION

We have shown that dibutylaf[4-(phenyldiazenyl)anilino]benzyl}phosphonat#) (
binds the palladium(ll) ion either in a monodentate manner through the azo niti
forming dihalogenopalladium(ll) adduc®sand3, or acts as a bidentate ligand formir
a five-membered chelaté¢ by metallation at the azo nitrogen and th¢ho-carbon
aton?. In the present study, thiéd, 1°C, 15N and 3P NMR have been used for ful
characterization of both types of these complexes. These data along with those

free ligand are summarized in Tables I-lll. The numbering scheme is shown in F
o= P(OBu)2

O=P(OBu), O=P(OBU),
\ \
Ph—CH—NH @ Ph—CH—NH
A 7 A ’
A) . 12 f A . 12
. " X\Pd / SN o 11 e
10 < 10 Opd” TN
BN\\N/ X @ BN\\N/ \/
a a
13 (A) 13
14 14
18 NH-CH—Ph 18
15 17 \ 15 17
b O=P(OBu); e

2, X=Cl
3, X =Br

4

Fe. 1
Structure and numbering scheme for dibutglk[#-(phenyldiazenyl)anilino]benzyl}phosphonat#) (
and its complexeg—4
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The signal assignments were performed on the basis of substituent effects, spi
coupling constants, splitting patterns and signal intensities, as well as by using &
bination of the 1D and 2D homo- and heteronuclear NMR techniques.

In an unsymmetrically substituted azobenzene derivative, the coordination to
atom can occur in either azo nitrogens, giving rise to the possibility of isomeric
ture. >N NMR spectroscopy provides a very sensitive method for determination o
coordination positioh4 For this purpose, the triply-labelled ligand with different degr
of nitrogen enrichment was prepared from the appropriate triply enriched 4-ar
azobenzenech 25, 96 and 25% in N+, N-3 and NH, respectively). Thé’N NMR
spectrum of the labelled 4-aminoazobenzene, presented in Fig. 2, shows a sin
high intensity at 119.0 ppm for R-with appropriate satellites due %@(*°N*°N) coup-
ling and a doublet of lower intensity at 103.1 ppm for the partially enriched I
Doublet arises from the coupling to almost completely enrich@d With the coupling
constant amounting to 15.3 Hz. This splitting pattern was retained in the spectra
free ligand and its complexes enabling undoubted determination of the ligation nit
from changes in th&N chemical shifts and the signal multiplicity. TR data ob-
tained for the free ligand, its addiand cyclopalladated compldxare given in Table I.
The small differences between the values obtained for the unlabelled and the g
ligand could be explained by the influence of a relaxation &geds expected, the
azo-type nitrogen signals ih are found near 100 ppm (@) and 118 ppm (N3),
respectively, while the amine-type nitrogen signal appears at —311.4 ppt?).(/&f.
large upfield shift of the M+ resonance/d = 102-146 ppm) in the spectra of con
plexes may be ascribed to lowering in energy of the nitrogen lone pair due to bo
to palladium. In both types of complexes, the coordination takes place only throug
nitrogen (Fig. 1). Similar chemical shift changes were obtained on protonation (a
field shift of about 100 ppm) of various heterocytide.g. pyridine, purine, indolizine).
Relatively small changes observed forBNup to 17 ppm) and NH (up to 13 ppn

TaBLE |
Nitrogen-15 NMR datad, ppm) for compoundg, 3 and 4*

Compound Net N-B NH
1° 99.9 (101.15) 118.0 (118.5) —311.4 (-311.4)
3 -3.6 (-2.3) 132.7 (132.6) -303.1 (-307.5)
4 —46.2 100.2 —298.6

2 Spectra of the triply®N-labelled compounds Values for the non-labelled ligand measured wi
addition of Cr(acag)are given in parentheséData for two most abundant rotamers. Values for 1
minor rotamer are given in parenthes&&1(**N-a,°N-p) ca 12 Hz.
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signals confirm the non-participation of these nitrogens in the metal coordinatiot
can be ascribed to the substitution effect.

The'H and!3C data in CDCJsolution are summarized in Tables Il and tH. NMR
results presented herein as well as recently repétf@dMR spectral data on the fre
benzeneazoanilino phosphorus lighhgrovided a basis for interpreting spectra of
palladium complexes. We have shown that two ester groups in phosphonate mc
are non-equivalent, since two sets of separate proton and carbon resonances ha
observed for the diastereotopic butyl groups of the P(O)(©fajety that is adjacent
to a chiral benzyl carbon atom. Although the non-equivalency of methylene pr
within each butoxy group further complicates the proton spectra, the connectivit
'H-'H COSY and TOCSY spectra enable the differentiation of proton signals of
butoxy groups (see Table II). Similar spectral features were observed for some ¢
phosphonate derivatives having chiral center attached to phosphord$. atom

In 3C NMR gated decoupled spectra hfthe alkyl carbons show two distinctiv
complex quartets for the methyl and two closely spaced complex triplets fo
methylene carbons. Beside one-boh{GH) = 126-151 Hz) and two-bondJ(CH) =
3.9-4.5 Hz) carbon-proton couplings, the complexity of these resonances arise:
the additional two- and three-bond carbon-phosphorus couplfd(RQC) =7 Hz;
3J(POCC)=5.5 Hz). The proton of the PCH group appears as a broaden doublet «
simultaneous coupling with phosphorus and NH proton. The carbon of this group
couplings of 151.1 Hz to phosphorus and of 136.4 Hz to the directly bonded p
shows a doublet of doublets, which with the three-bond coupling of 3.9 Hz to pr
H-2,6, gives a pattern of four triplets of equal intensities. In the spectrum of free |i
all ortho andmetaprotons and carbons of the aromatic rings are magnetically equ
ent as a consequence of the fast ring rotation on the NMR time scale. The assic
of the aromatic protons, especially partially overlapped H-3,5, H-4 and H-16,
unambiguously confirmed by one-botd-3C COSY experiment, as it is shown in Fig.

&

NB(15N14N)

1 1 1 | | | |
117.5 1155 112.5 110.0 107.5 105.5 102.5
3, ppm

Fic. 2
Part of the!>N NMR spectrum of triply*®N-labelled 4-aminoazobenzene
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In the spectra of the complexes, the most pronounced chemical shift change:
observed for atoms involved in metal binding and those in vicinity of the ligation
which is due to the electronic and steric effects. In all the complexes, significant
and carbon chemical shift differences were revealed in the B-phenyl and C-p
rings, supporting the coordination at the azo group. In accordance with it, reson
corresponding to the PCH, PO(OBw@nd A-phenyl groups which are far from th
metal ligation place, show small changes upon complexation.

Pd(ll) Dihalide Adducts

The NMR spectra of complexeés and 3 showed the presence of several isome
species arising from hindered rotation around the metal-ligand bond. On the be
relative intensity of signals, it could be seen that in both complexes two rotamer:
dominate, in the chloro complex in the 1 : 1.5 ratio, while in the bromo complex
ratio is close to 1 : 2. The existence of rotamers and their relative abundance ir
plex 3 are clearly visible in it$'P NMR spectrum. There are six signals in the reg
of 21.63-22.15 ppm, giving doublet-like patterns at 21.66, 21.76 and 21.88 ppnm
two of them are more intense as was shown in Fig. 4. The ratio of two most in
signals, ascribed to two main isomeric forms, is approximately 1 : 2. The total ¢
dance of the third component and of the remaining non-splitted signals at the
field is less than 10% of the intensity of the most populated component. The diffe
between signals in doublet-like patterns is very small, amounting to 0.012-0.014

C-15,17
\c-3,5 c-9,11 C-14,18 c-8,12

\ C-4

C-2,6

T T T T T
Sy, ppm
8.0 @ @ —
-2,6
7.6 5‘1 . s H-15.17
F1 (e T4 H35
7.2 L B
6.8 | @ | H-8,12
6.4 1 1 1 1 1
130 126 122 118 114 110
F2 3¢, ppm
Fc. 3

Part of the one-bontH-13C COSY spectrum of ligand
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It might be related to the existence of two ligand molecules negligibly differing ma
tically in each of these species or to the presence of two diastereoisomeriRpai&y
and RS-SRwith very small chemical shifts difference, as the distance between c
centers in the two ligand molecules is very far aWafree phosphonate ligarid
shows only one signal i'P NMR spectrum at 22.55 ppm. THN NMR spectrum of
the 5N-triply-labelled complex3 displays 1 : 2 ratio of two main rotamers as we
There is no doubt that palladium is bound taxNm both rotamers with almost eque
upfield coordination chemical shift of 103.5 and 102.2 ppm (Table 1). The same int¢
ratio of signals is observed in the correspondidgand*3C NMR spectra. Differences
in some chemical shifts between rotamers are caused by different spatial arrant
of ligand molecules in each rotamer. The separated signals are visible forfhRGHH
and NH resonances as well as for those of the B-phenyl and C-phenyl rindsl ahe
13C NMR data for two most abundant rotamers are summarized in Tables Il and
In the'H NMR spectra, the most pronounced changes caused by complexation
observed for the aromatic protons H-9,11 and H-14,18 which acethio positions
with respect to the azo group. In the major rotamer, their downfield shiftsadre3
and 0.3 ppm, respectively, while in the minor one, they are only 0.2 and 0.1
respectively. These differences are related to various proximity of these protons
Pd(Il) center as this area is recognized to be very anisotropic, bringing about de:
ing effect$®. The separated rotamers signals are also visible for the H-8,12 and H-
protons, while the other aromatic protons give a complex multiplet pattern in the ri
of 7.30-7.60 ppm. However, the connectivities from 2D homo- and heteronuclee
periments enabled the assignment of aromatic protons in two sets of rotamers. Th
H-4 and H-16 could be identifieda their homonuclear correlations with the H-3,5 a
H-5,17, respectively. The H-2,6 were assigvathe long-range heterocorrelation t
carbon of the PCH group, the H-3,5 to the C-1, the H-8,12 to the C-10, the H-9,
the C-7, the H-15,17 to the C-13 and the H-16 to carbons C-14,18, as shown in |
which presents a part of the HMBC spectrum of comgleRroton/carbon resonance

a

Fic. 4 »J C |/

31 1 1 L 1
teI)D(t)NMR spectrum of compleg (for a, b, ¢ see 21.9 218 2.7 216

8p, ppm
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of small intensity corresponding to the third rotamer which are visible for the a
H,C-8,12 at 6.93/112.80 ppm and for H,C-9,11 at 8.34/127.90 ppm are worth to
In the non-aromatic region, the methyl resonances display two closely spaced t
for each rotamer, the methylene resonances exhibit only slight broadening of s
with respect to those in free ligand, while PCH and NH protons give two sets of ¢
ate signals. The former gives two doublet of doublets with couplings to phosphot
23-24 Hz and to NH proton of 6—7 Hz, while the NH resonance appears as two t
showing proton-proton and proton-phosphorus couplings of 7-8.5 Hz. Different s
orientation of ligand molecules in two rotamers is confirmed by the NOESY ex
ments. The aromatic part of the NOESY spectrum of complisxdisplayed in Fig. 6.
In both the chloro and bromo complex, the main cross-peaks of the major rotam
those of protons H-8,12 to H-9,11 and PCH, as well as those of protons H-14
H-9,11 and H-15,17. A relatively strong interligand (but intramolecular) NOESY cr
peak between H-9,11 and H-14,18 suggestsatiteorientation of two ligand mole-
cules bonded to palladium(ll) in the major rotamer of both complexes. In the n
rotamer, the main cross-peaks are those between H-8,12 and H-9,11 as well as &
H-14,18 and H-15,17, while that of H-9,11 and H-14,18 was not observed.
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H-3,58,b
H-16a,b
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too 1 418 N H-8,12
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Carbon chemical shifts of complex2sand 3 were assigned by the correlation e
periments and by comparison with the data for the free ligafitie chemical shift and
the splitting patterns of carbons of the PCH and butoxy groups are almost the s:
in the free ligand. In the aromatic region, a downfield shift of 0.4-3.2 ppm was
served for the quaternary carbons C-7 and C-13 as well as for carbons C-9,]
C-14,18 (only for the main rotamer). Most of the other aromatic carbons show a
field shift since coordination to palladium reduces the resonance influence of the
tronegative azo group. Comparing the coupling patterns of the aromatic resonar
complexes with those in the free ligand, it could be noticed that some resorianc
C-2,3, C-3,5 and C-8,12, do not show long-range proton and phosphorus couj
The most pronounced differences in the chemical shifts between two rotame
found for C-14,18 and the quaternary carbons C-10 and C-13. However, there
change of the C-9,11 shift in contrast to the corresponding H-9,11 shift. This m
related to the greater sensitivity 81 compared to*C nucleus to the interliganc
shielding and to the paramagnetic anisotropy effect of the palladium atom.

Cyclopalladated Complex

The cyclopalladated complekis a binuclear compound with the metal-metal chlc

bridging configuration. Its NMR spectra indicate metal bonding with the amoaNe
::i’séell%bb
H-3,5a,b
H-16a,b
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the ortho-carbon of the B-phenyl ring. It is in agreement with previous results on s
palladium complexes with the substituted azobenzene derivatives in which pallac
occurs in the aromatic ring with the highest electron detisityln the'>N NMR spec-
trum of the!®N-labelled complex, the signals are relatively broad with no visi
LJ(*>N**N) coupling. Nitrogen resonances were differentiated on the basis o
relative integral intensities. Changes in chemical shift of signals belonging to Bzc
and anilino NH amounting to 16.8 and 12.8 ppm, respectively, are rather small re
to those of the free ligand. A much greater upfield shift of 146.1 ppm was found fc
azo Na supporting its coordination to palladiéginIn accordance with that, the nor
equivalence of aromatic protons H-8 and H-12 in the proton NMR spectrum and
upfield shift of 0.43 and 0.20 ppm, respectively, suggests the metallation at the B-f
ring. The flow of electron density from the d orbitals of palladium atom into this
matic ring causes shielding of its protéhsThe other aromatic protons could not |
clearly resolved due to an extensive overlapping of resonances between 7.20-7.8
The 3C NMR spectra confirm formation of one isomeric form displaying only ¢
resonance for each carbon atom. The most important differences appear in resc
related to carbons C-7-C-12 of the B-phenyl ring, as an indication of changes
electron density of this aromatic ring dueaditho-metallation. A comparison with the
spectrum of the free ligand shows that none of these carbons in the complex ar
valent. The palladium-bound C-11 is greatly shifted downfield by 34.99 ppm, the
and C-12 are shifted downfield by 7.16 and 4.79 ppm, respectively, while the
shows an upfield shift of 3.07 ppm, in agreement with data reported for various c
palladated compounéfs?® The quaternary carbons C-10 and C-13 from the both s
of the azo group show downfield shifts of 6.13 and 2.86 ppm, respectively. The si
of the other carbons of the C-phenyl ring exhibit small changes. Thusyttieecar-
bons C-14,18 are shifted downfield by 1.46 ppm, while the other carbons shc
upfield shift of only 0.1-0.2 ppm. As expected, the overall pattern of the carbon cl
cal shifts at the remote A-phenyl ring is quite similar to that of the free ligand.

CONCLUSION

A combination of'H, 3C, °N and®!P NMR was used to characterize dibutyl-f4-

(phenyldiazenyl)anilino]benzyl}phosphonate and its dihalide mononuclear and |
clear Pd(ll) complexes, which might be of interest as anticancer agents.
5N-enriched ligand and its palladium complexes enabled unambiguous determi
of the bonding mode of the organophosphorus ligand which may be coordinate
metal center through several donor sites: the anilino and azo nitrogens as well
phosphoryl oxygen. In both types of palladium complexes, the coordination throug
azo Na nitrogen was established. A coordination induéad chemical shifts vary
from ca 102 ppm in the adductand3 to 146 ppm in the cyclopalladated complex
The NMR analyses have revealed several isomeric specigsdnd 3, arising from
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hindered rotation around the metal-ligand bond. Two rotamers predominate
relative abundance @fa 1 : 1.5 for the chloro and 1 : 2 for the bromo adduct. Vari
2D homo- and heteronuclear correlated experiments enabled a complete signal
ment in each rotamer. TR¢HH) andJ(CH) values were determined for the majority |
the resonances. A relatively strong interligand NOESY cross-peak between protons
and H-14,18 suggests thati-orientation of the two ligand molecules bonded to pal
dium(ll) ion in the major rotamer of both complexes. The NMR spectéastfow the
presence of one isomer formed by palladation at the aaonNrogen and thertho-
carbon of the B-phenyl ring. This was supported by non-equivalence of the aro
protons H-8 and H-12 in thtH NMR spectrum as well as by a significant downfie
shift for the Pd-coordinated C-11 in th#¢ NMR spectrum.
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