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Abstract — Complex formation of 9-phenyl-9-phosphafluorene with bis(acetylacetonato)palladium in benzene
and acetonitrile was studied by means of NMR, IR, and UV spectroscopy. The structure of the resulting
complexes, as well as specific features of catalytic oxidation of the arylphosphine and the reduction of Pd(Il)
to Pd(0) to form the complex Pd(R&H,3), were explored. 9-Phenyl-9-phosphafluorene gives two types of
complexes with Pd(acag) The first ones are similar to triphenylphosphine complexes, and the others (
complexes) are formed by coordination of the planar aromatgystem of the phosphine to the plane of
Pd(acac).

Systematic studies on reaction of phosphines witlexhibits in complex formation and catalytic oxidation
Pd@cag, in organic media by means of IR, UV, and reactions, as compared with PPHn the previous
NMR spectroscopy showed that the resulting comworks [1, 6] we showed that triphenylphosphine reacts
plexes can contain different forms of acetylacetonatevith Pd(acac) to form complexes containing from
ligands, depending on the nature and excess of thene to four molecules of triphenylphosphine in the
phosphine [14]. coordination sphere of palladium. Depending on the

number of phosphine molecules, complexes with one
9-Phenyl-9-phosphafluorene (Rfl;3) is a rep- or two monodentate tbound ligands and complexes
resentative of triarylphosphines which are widely usedvith one or two acetylacetonate anions in the outer
as ligands in transition metal complexes. The struceoordination sphere (compountsV are formed. The
tural peculiarities of this phosphine are associatedeaction of Pd§cag, with PPy in a 1:1 P:Pd ratio
with the presence of an additional>@? bond in various solvents gives an extremefsple complex

between the two aromatic fragments. As a result, @d(acac)(acacPPh, (1) with one chelate and one
five-membered ring including a phosphorus atom an@3.pound acetylacetonate ligand. The reaction of
benzene carbon atoms residing in the same plane fsj(acac) with PPh, in the presence of oxygen forms
formed. The involvement of the lone electron paira system for the catalytic oxidation of PPto the

of phosphorus imp-n conjugation with the aromatic corresponding phosphine oxide, followed by regenera-
system [5] determines some specific featureggPig;  tion of complex | or the starting Pd(acag)
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STRUCTURE OF COMPLEXES AND CATALYTIC OXIDATION 889

Table 1. Values of ¢ for the UV absorption bands of Table 2. Values of ¢ for the UV absorption bands of

mixtures of Pdgcac} and PGgH;; in benzene mixtures of Pd(acag) and PGgH;5 in acetonitrile
. Time, Absorption band,x, nm . Time, Absorption band,x, nm
P:Pdl P:Pdl
284 295 330 390 272 | 284 | 295 | 327 | 357
1:1 0.1 | 10100 | 8000 | 8700 | 640 1:1 0.1 | 17800| 13300| 10600| 8700| 2880
1 9900 | 7900 | 8700 1 15500| 12600 9900 8000| 2640
242-5 18;88 2%88 12288 3 | 15200| 12600| 9600 8000| 2560
79 10400 | 8450 | 11800 24 15200| 12300 9800 8200| 2400
220 10500 | 8600 | 12000 | 510 168 14200( 11800 9300 9000( 1760
3:1 0.1 27000 | 20900 | 10600 | 1400 890 10800( 9000 7300 11400 800
1 26700 | 20800 | 10300 _
p 26400 | 20800 | 10300 3:1 0.1 | 34600| 30600| 22400 9650| 6270
24 26400 | 20600 | 11700 1 31800| 28200( 19500| 8130| 4740
190 25300 | 20300 | 12400 | 790 2 31400 28200| 19500 7930| 4400
5:1 10-1 451%88 22288 ﬂ;gg 1%;88 24 | 31000| 27400| 19500| 9150 4150
3 14100 | 1500 144 28200| 25800| 17800| 10840| 2710
24 24500 | 34100 | 16700 | 1400 860 22600| 19300| 15800| 14060| 1020
72 16700 | 1300 5:1 0.1 | 48700| 45800| 33500| 12260| 5500
240 40700 | 31300 | 17100 | 850 1 46600| 43600| 32000| 10370| 4240
9:1 10-1 13%88 ggggg igggg 13;‘88 3 | 50200| 43600| 32000| 10530 3770
3 85500 | 64100 | 19300 | 7100 24 | 48000| 46500| 35600| 12100| 4720
24 78000 | 61900 | 19600 | 2150 144 | 40700| 45800| 34900| 13200| 3300
48 74000 | 58200 | 20000 | 2000 550 42200| 41500| 32700| 16170| 1410

We earlier showed [1, 6] that in the course of thetime; similtaneously, the band at 330 nm, belonging
reaction of Pd(acag)with PPhy in a 1:1 ratio the to the chelate acetylacetonate rings, sharply increases.
intensity of the absorption band at 300 nm in the UVIn the reaction of Pd(acacith excess PPhin the
spectrum of the system, that characterizes electronpresence of oxygen, the decrease in the intensity of
transitions in the chelate acetylacetonate rings dhe acetylacetonate bands and the increase in the
Pd(acac) (e 11000), nearly halves, implying forma- intensity of the band at 330 nm 0 6000-9000 are
tion of complexl. At the same time, the UV spectrum associated with the occurrence of catalytic oxidation
contains no bands relating to other types of acetylef coordinated triphenylphosphine and regeneration
acetonate ligands, and the spectral characteristicd complex | and the starting Pd(acac)1, 6].
practically do not alter with time, what points to a Obviously, the reaction with P@H,;involves similar
high stability of complex. Analysis of the UV spec- oxidation of the phosphine and regeneration of
tra of benzene and acetonitrile solutions containing’d(acac) and a complex liké. However, the fact that
Pd(acac) and PGgH,;shows that at a 1:1 P:Pd ratio the intensity of the band of the chelate acetylacetonate
the absorption band at 330 nm is 25% less intensengs increases several times compared with the start-
than in Pd(acag) and an absorption band at 295 nming Pd(acag) suggests formation of some specific
appears, characteristic of acetylacetonate anions. Tleemplexes of the latter with BgH,5 along with
UV spectral parameters alter with time (Tables lcomplexes formed by the coordination of the phos-
and 2): The intensities of the absorption bands of thehine by the phosphorus atom, according to the above-
anions decrease, and the intensity of the band at 33ffesented scheme. Probably, such a resonance band
nm increases to values 2 000) even slightly higher enhancement is connected with formation of
than those characteristic of the band of the chelateomplexesVI via interaction of ther system of the
rings in Pd(acag) With excess phosphine (P:Pd 3: 1phosphaf|uorene fragment with the paIIadlum ion (like
and 5:1), initially strong bands of acetylacetonater® interaction in complexes described in [7, 8]) and
anions are observed, whose intensity decreases withe = system of the two chelate rings in Pd(agac)
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which favors electronic transitions in the pseudoaroz® coordination of the five-membered phosphafluo-
matic system of the chelate acetylacetonate rings a¢ne ring (interaction with the system). Fast mutual
palladium: transformations between these complexes may take
place. Therefore, the intensity of this band belonging
to the m°-coordinated compexes quickly decreases
with time.

The formation of compleX from Pd(acag) and
PPh (P:Pd 1:1) causes a twofold decrease in the
intensity of the carbonyl absorption bands of the

nmn complex VI chelate rings and appearance of bands due o C
bound ligands in the IR spectrum. The reaction of

The fraction of such complexes much increase®d(acac) with PC gH,;at a 1:1 P:Pd ratio leads to
with increasing excess of the phosphine (at the 25:4 more than twofold decrease in the intensity of bands
P:Pd ratioe;5, = 60000). Therr complexes formed of the chelate rings of Pd(acad)1560 cm?) in the
are stable, as evidenced by the fact that the stronfR spectra in benzene. At the same time, the amount
band at 330 nm is observed in the UV spectra foof C3-bound acetylacetonate ligands at palladium
several days, even in the presence of oxygen. (1678 and 1645 cil) is about 3 times smaller (from

As noted in [3], the intensity of the band at 330 nmevaluated peak and integral intensities of the IR bands;

is proportional to the number of the chelate acetyI-Table 3 and 4) than with PRIat the same component

acetonate rings at palladium, and the band position i t(';(’) nag;g Ztnicl)gg acrﬁe:rsmedlum band of acetyl-
practically constant. That means that electronic transf° PP '

tions in the two coplanar chelate rings occur indepen-
dently of one another. Considering the symmetndof
orbitals, ther systems of the chelate ligands can no
interact via palladiund orbitals, because theéxz and
dyzorbitals of the metal ion, which are antisymmetri-
cal with respect to the molecular plain, differently
overlap with = orbitals of the two acetylacetonate
ligands:

The intensities of the absorption bands in the IR
tspectra undergo redistribution with time: The inten-
sities of the C-bound ligand bands decrease, while
the intensities of the chelate ring bands, including
those of Pd(acag)(1560 and 1517 cml) increase.

These data show that the complex Pd(acac)(acpc-C
(PCgH;5) is less stable than its triphenylphosphine
analog (complex). Noteworthy is also the appearance

Q ’ and growth of a band at 1597 chdue to coordinated
phosphine. This may be explained by formation of
‘ ‘ complexVI. Probably, the doneacceptor interaction

between ther system of the dibenzoheteroring of the
pz  dxzdyy pz phosphine and the quasiaromatic system of the chelate

, . * . rings of Pd(acag) produces resonance alterations in
_The interaction ofr and = orbitals of the chelate -y v ion a1 characteristics of the coordinated phos-
rings with = and = orbitals of the phosphafluorene

) X . hine. Analogous alterations are observed in the IR
fragment makes possible certain correlation betwee bectra during reaction of Pd(acau)ith three parts of
electronic transitions in the acetylacetonate ”ngﬂDClH (Tables 3 and 4)

8" '13 .

which shows up in the resonance enhancement of the
UV band. It is known [1, 6] that the reaction of Pd(acac)
Along with the above-mentioned bands, the UVwith excess PPh(P:Pd > 2:1) in the presence of
spectra of the complexes of Pd(acawjth PCgH,5, oxygen is accompanied by catalytic oxidation of the
unlike those of the complexes with PRlcontain a phosphine to phosphine oxide, followed by regenera-
strong long-wave band near 390 (in benzene) or 35fon of complexl and the starting Pd(acgc)Catalytic
nm (in acetonitrile). Its intensity sharply increasesactivity is exhibited by Pd(Il) complexel -V con-
(analogously to the band of the anions at 295 nmjaining two C-bound or ionic acetylacetonate ligands.
with increasing P:Pd ratio. This band may be forme®-Phenyl-9-phosphafluorene, too, undergoes catalytic
by charge transfer from orbitals of coordinated,RC oxidation in the presence of Pd(acgoyhich is con-
H,, on orbitals of the cations B and [Pd(acacj] firmed by IR, UV, and®*'P NMR spectroscopy. The
In this case, phosphine may be coordinated to pallasxidation of the phosphine at 1:9:1 P:Pd ratios in
dium by the phosphorus atom (interaction with thebenzene and acetonitrile is accompanied by gradual
lone electron pair of phosphorus), as well as bylecrease in the intensity of the phosphine band at

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 71 No.6 2001



STRUCTURE OF COMPLEXES AND CATALYTIC OXIDATION 891
Table 3. Peak intensities of absorption band}if the IR spectra of mixtures of Paigac) with PC,gH,3in benzene
Absorption band,v, cnr?l
P:Pd| Time, h
1730 1712 1678 1645 1617 1597 1578 1560
1:1 0.1 150 100 140 160 500° 430
1 100 80 140 210 750 590
3 80 80 140 220 850" 660
24 80 70 110 220 93¢ 750
120 90 70 110 210 100" 890
360 30 60 150 230 122" 1120
3:1 0.1 590 350 300 370 1000 380
1 560 340 320 390 970 350
3 510 320 330 400 960 340
24 330 250 310 570 1320 340
96 300 230 320 590 1260 630
5:1 0.1 60 80 570 340 330 420 1010 390
1 60 80 520 340 360 450 950 360
3 60 80 480 340 370 470 910 370
24 60 80 330 380 480 600 840 360
720 80 120 110 300 610 650 610 310
5:1° 0.1 28(F 27¢" 60 190 320° 390 200 140
0.5 330 310" 70 200 350° 440 240 160
1 330 310" 70 200 350° 440 240 180
3 350 330" 90 230 350° 470 310 280
24 340 32 90 230 350° 510 370 380

2 The maximum is shifted to 1570 cth P In acetonitrile. ¢ vy, 1728 cnl. d

Vimax 1708 cntl. € v 1620 cnl.

272 nm and the acetylacetonate anion bands at 95 amédble 4. Integral intensities of absorption bands) (in the
390 nm, and increase in the intensity of the band ofR spectra of mixtures of Pd¢ac) with PC,gH, 3in benzene.

the chelate rings at 330 nm in the UV spectra (Tables
1 and 2). The oxidation at 1:1 and 3:1 P:Pd ratios is
accompanied by appearance and gradual growth
bands at 1212 and 1130 thdue to the phosphine
oxide. Simultaneously the number of complexes with
C3bound and anionic forms of the ligands decrease;

Absorption band,v, cnr?!

and the contents of complexésll and the starting
Pd(acac) increase (Tables 3 and 4). The signal of the
phosphine in thé’P NMR spectrad, —9.6 ppm) dis-
appears and the signal of the phosphine oxide appears
(8p 30 ppm).

The rate of oxidation of P{gH,5in oxygen medi-
um, as measured by the consumption of oxygen, is
much lower than the rate of oxidation of other aryl-
phosphines t(37°C, Cpy 0.0013 M; P:Pd 25:1).

Phosphine PRhP(p-CICgH )3 P(-CH3CgqH,)3 PCigH1 3

Vv, 0.89 0.73 1.01 0.21
mol O,/(mol Pd min)

This is probably explained by the fact that the

gf_ Pd Time,
’ h 1730 | 1678 | 1617 | 1580 1517
+ 1712|+ 1645|+ 1597|+ 1560
1:1 0.1 5010| 3640( 24600( 10300
1 3900| 4000| 33500| 17900
3 3320| 3480| 38100| 18700
24 3300| 3300| 41900| 21400
120 3300| 3300| 45200| 18500
360 1500( 2800| 50200| 21000
3:1 0.1 19200( 8400| 30200| 11100
1 18700| 9300| 29300| 8600
3 17900 9600| 28900 7900
24 13400 9200( 42300 15800
96 12900 9200( 46900( 17800
5:1 0.1| 2900 | 18400| 9400| 28500 7400
1 2900 | 17600( 10300| 27300| 7800
3 2900 | 17400( 10300| 27300| 6600
24 2900 | 11400 21400| 26500| 6300
720 3900 3200| 34000| 17200| 4000

oxidation primarily involves complexel -1V which
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are similar to triphenylphosphine ones (i.e., thewIl, too, occur through formation of such complexes.
contain two CG-bound ligands or acetylacetonateThe other complexestf complexVI) are inactive in
anions) but are less active. On the other hand, the lothe catalytic oxidation of the phosphine. They are
oxidation rates can also associated with the inactivitgtable in solutions, and their formation is confirmed
of =m complexesV| partially formed in the first stage. by spectral data.

Attempted oxidation of PGH 5 at 5:1 and 9:1 EXPERIMENTAL
P:Pd ratios in benzene and acetonitrile containing
traces of water and at high reactant concentrations The UV spectra were recorded on a Specord UV
(Cpq 0.04 M), used for registration of IR spectra, gaveVIS spectrophotometer in the range 50000
results differing from those obtained at 1:1 and 3:115000 cm'. Solutions for spectral measurements
P:Pd ratios. The IR spectra show (Tables 3 and 4yere prepared in picnometers (5 ml in volume) so that
that initially the reaction solution contains’>®ound the concentrations of Pd(acacjvere in the range
and chelate forms of the acetylacetonate ligands, bt005-0.001 M.

the amount of both species decreases with time, and The IR spectra were measured on a Specord M-80

free acetylacetone appears in the solution (more th@pectrometer in the range 40@D0 cn’. The con-

o .
ggs/oo)r'pt-i[)hr:s b?r!lél)g/ S g:r?_rf ;r;%oapfgfzran;:ﬁd OIGggeecentrations of Pd(acagin the working solutions were

1615 (in benzene, a broad band) or 1620 (in acetoq'mao'045 M.

nitrile). The solution gets dark brown. Here, evidently,
the reduction of Pd(Il) to Pd(0) takes place to give a REFERENCES

zero-valent complex Pd(RgHy3), (VII): 1. Ratovskii, G.V., Tyukalova, O.V., Tkach, V.S., and

Shmidt, F.K.,Zh. Obshch. Khim.1996, vol. 66, no. 11,
Pd(acac) + 5PCgP;3 + H,O op. 17911795,

—> Pd(PGgH13)4 + 2acacH +P(0)GgHy 3 2. Tyukalova, O.V., Ratovskii, G.V., and Shmidt, F.K.,
Koord. Khim., 1997, vol. 23, no. 4, pp. 28292.

The zero-valent complex is unstable in the presenc, Ratovskii, G.V., Tyukalova, O.V., Tkach, V.S., and

of oxygen and decomposes to phosphine oxide an : .
brown products. With PRh such reduction reaction Shm;dgé';'l}é"Zh' Obshch. Khim.1996, vol. 66, no. 5,
proceeds only in an inert atmosphere, while in the bp- '

presence of air oxygen the competing process of c4 Ratovskii, G.V., Tyukalova, O.V., Tkach, V.S., and
talytic oxidation of PPhwith subsequent regeneration ~ Shmidt, F.K.,Zh. Obshch. Khim 1998, vol. 68, no. 10,
of complex! and Pd(acag)takes place [6]. Evidently, pp. 1666-1668.

with  PCgH,5 at high concentrations and larges. Davydov, S.N., Rodionov, A.N., Shigorin, D.N., Syut-
excesses of the phosphine, the redox process accord-kina, O.P., and Krasnova, T.LZh. Fiz. Khim.,1980,
ing to above equation is preferred even in the presence vol. 54, no. 2, pp. 50608.

of oxygen. It is known that zero-valent palladiumg 1y ai0va, 0.v., Ratovskii, G.V., Belykh, LB., and

complexes likeVIl catalyze oxidation of phosphines. = g 4t E K 7h. Obshch. Khim 1997, vol. 67. no. 1
Probably, complexVIl formed in the presence of op. 5892 ' ' T

oxygen is to a certain extent involved in oxidation of

the phosphine and then decomposes. 7. Garnovskii, A.D., Sadimenko, A.P., Vasil'’chenko, I.S.,

and Garnovskii, D.A., Abstracts of PapekX Vseros-

Hence, 9-phenyl-9-phosphafluorene forms two siiskoe Chuguevskoe soveshchanie po khimii kom-
types of complexes with Pd(acac)lhe first ones are pleksnykh soedineniXIX All-Russia Chuguev Conf.
analogous to triphenylphosphine complexésyV. on Chemistry of Complex Compounds), lvanovo, 1999,
They undergo rearrangements with time and are active P: 9.
in the catalytic oxidation of the phosphine. The reducs8. Nief, F. and Ricard, L.J. Organomet. Chem1994,
tion of Pd(ll) to Pd(0) and the formation of complex vol. 464, no. 2, pp. 14954.
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