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marcik, Organometallics 8, 778 (1989)].

For catalysts generated from 4 mol% PMe; and 2
mol% 3 or 4, isomer ratios were obtained for anisole
borylation at 150°C as follows: 3, o:mp = 9:74:17;
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way that is not accessible from 1.

A Rh catalyst that is highly selective for benzylic
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(89% yield) of colorless 1,3,5-CgH4CL,BPin (melt-
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For the material in Fig. 3B, the weight-average mo-
lecular weight M,, = 6374 and the number-average
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previously reported values of M,, = 5750 and M,, =
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Compounds 6 and 7 have been fully characterized,
and details will be reported separately. The following
spectroscopic data are included: 6, '"H NMR (C¢Dg,
25°C) & 1.24 (s, 12H), 1.58 (b, 36H); 1B NMR (C¢D,)
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Synthesis and Structure of
Formally Hexavalent Palladium
Complexes

Wanzhi Chen, Shigeru Shimada,* Masato Tanaka*

Formally hexavalent palladium complexes have been isolated and structurally
characterized for the first time. Thermal condensation reaction of three mol-
ecules of 1,2-C,H,(SiH,),Pd"(R,PCH,CH,PR,) (where R is defined as a methyl
or ethyl) provided trinuclear palladium complexes. Single-crystal x-ray analysis
revealed that each of the central palladium atoms of the complexes is ligated
by six silicon atoms and is hexavalent, whereas the other palladium atoms are

divalent.

The highest oxidation state theoretically attain-
able for an element is the total number of
valence shell electrons. However, most transi-
tion metals of group 8 or later cannot attain their
maximum oxidation states (/, 2). For group 10
metals (platinum, palladium, and nickel), the
highest oxidation state known in an isolable
compound is metal( VI) and is attained only for
platinum as PtV'F,, which was first synthesized
in 1957 (3) and has been the subject of many
experimental and theoretical studies (4-6).
High-oxidation-state compounds are generally
less stable for the elements of the first and
second transition series than those of the third
transition series, and no structurally character-
ized metal(V) and metal(VI) complexes are
known for palladium and nickel (7, 2), although
electrochemical formation of Pd¥'0, has been
discussed (7, 8).

Palladium is one of the most versatile
transition metal catalysts for the transforma-
tion of organic and heteroatom compounds as
well as for the treatment of vehicle exhaust
gas. Although palladium generally prefers
lower oxidation states (Pd® or Pd") (9), recent
studies showed the importance of a higher
oxidation state (Pd'V) in catalytic processes
(10, 11). The highest-oxidation-state com-
pounds of transition metals are often attained
with highly electronegative ligands, such as
fluorides or oxides, for example, PtF, IrF,
RhF,, 0sO,, and RuO, (I, 6). Recently, sev-
eral examples of high-oxidation-state com-
plexes with silyl ligands, which are more
electropositive than fluoride or oxide li-
gands, have been reported (/2-15), al-
though the oxidation states in these com-
plexes are rather formal ones because M-Si
(where M-metal) bond is much less ionic
than M-F and M-O bonds. We also have
found that a bidentate silyl ligand can sta-
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bilize silyl complexes of Pt'V, Pd'V, and
Ni'"V, which are unusually thermally stable
(16—19). On the basis of these results, we
designed a new tridentate silyl ligand (20)
to attain higher-oxidation-state silyl transi-
tion-metal complexes. Although the at-
tempt to obtain a hexavalent silylplatinum
complex by using the tridentate silyl ligand
was not successful (27), we succeeded un-
expectedly in isolating formally hexavalent
palladium complexes as trinuclear ones by
the trimerization reaction of Pd!! complexes
bearing the bidentate silyl ligand.

The trinuclear palladium complex 2a was
obtained by the condensation reaction of
three molecules of palladium complex, 1,2-
C,H,(SiH,),Pd"(dmpe) 1a [where dmpe =
1,2-bis(dimethylphosphino)ethane], in tolu-
ene at 80°C for 2 days (Scheme 1) (22).
Complex 2a was isolated as red crystals in
28% yield from the reaction mixture by keep-
ing the mixture at room temperature. Com-

H, R

, 2
3 S"pd’P:' 1a: R = Methyl
o Sp— 1biR=Ethyl
Hy R,
Toluene —2H;
80 °C — RoP(CH2)2PR2
H/ \H
Ro \“‘N\Sl Si Ro

P uPds=—=Si_ /“Si-------Pd-‘P

e B
s Si /J

2 He
2a: R = Methyl
2b: R = Ethyl

Scheme 1. Synthesis of trinuclear complexes
2a and 2b.
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Fig. 1. Molecular struc-
ture of complex 2a
(30% probability ellip-
soids for Pd, Si, P, and C).
Carbon atoms on the
phosphorous atoms and
hydrogen atoms on the
carbon atoms are omit-
ted for clanty Selected
bond lengths in A are as
follows: Pd1-Si1, 2.348(3);
Pd1-Si2, 2.353(3); Pd1-Si3,
2.493(3); Pd1-Si4, 2.440(3);
Pd1-Si5, 2.437(3); Pd1-Si6,
2.562(3); Pd2-Si3, 2.376(3);
Pd2-Si5, 2.414(3); Pd3-Si4,
2.373(3); Pd3-Si6, 2.390(3).
Selected bond angles in de-
grees are as follows: Pd2-
Pd1-Pd3, 147.05(4); Si1-
Pd1-Si2, 740(1); Si1-Pd1-
§i3, 839(1); Si2-Pd1-Sid, 84.4(1);
Si3-Pd1-Si5, 82.51(9); Si3-Pd1-
Si6, 5895(9);  Si4-Pd1-SiS,
64.14(9); Si4-Pd1-Si6, 79.41(9);
Si5-Pd1-Si6, 83.2(1); P1-Pd2-P2,
854(1); Si3-Pd2-SiS, 85.50(9);
P3-Pd3-P4, 86.4(2); Si4-Pd3-Si6,
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843(1); Pd1-5i3-Pd2, 72.82(8); Pd1-Sid-Pd3, 74.44(9); Pd1-Si5-Pd2, 73.15(9); Pd1-Si6-Pd3, 71.93(9).

plex 2b was similarly obtained from 1b in
45% yield after purification by alumina col-
umn chromatography under N, atmosphere
(22). The structures of 2a and 2b were un-
ambiguously determined by the single-crystal
x-ray structure analysis (for 2b, two indepen-
dent molecules were found in a unit cell) and
were proved to be similar to each other
(Fig. 1) (23). The structural features of 2a
and 2b are as follows. The central palladi-
um atom Pd1 (the atomic numbering refers
to that in Fig. 1) no longer retains the
chelating phosphine ligand but instead is
ligated by six Si atoms to form a formal
PdV?! center. The geometry of Pdl is highly
distorted probably because of the presence
of two peripheral Pd atoms. Each of the
peripheral Pd atoms is divalent and is con-
nected to the central Pd atom via two Si
bridges to form spiro[3.3]heptane framework.
The geometries of the peripheral Pd atoms
are typical square planar. Two Pdl-SiH,
bond lengths [average 2.351(3) A for 2a and
2.356(3) A for 2b, where the numbers in
parentheses are the errors in the last digit] and
Pd2-SiH and Pd3-SiH bond lengths [2.373(3)
to 2.414(3) A, average 2.388(3) A for 2a;
2.371(2) to 2.409(3) A, average 2.384(3) A
for 2b] are comparable to the known Pd-Si
bond lengths [2.318(2) A to 2.411(2) A] (14,
17, 24-30), whereas four Pd1-SiH bond
lengths [2.437(3) to 2.562(3) A, average
2.483(3) A for 2a; 2.420(3) to 2.521(2) A,
average 2.468(2) A for 2b] are considerably
longer than those. Distances Pd1-Pd2 and
Pd1-Pd3 [average 2.902(2) A for 2a and
2.9158(8) A for 2b] are longer than those in
other related silapalladacycles [2.691(1) to
2.751(3) A] (14, 29, 30).

Another interesting structural feature of
2a and 2b is the short Si-Si contact between
Si3 and Si6, and Si4 and Si5 [average of
Si3-Si6 and Si4-Si5 distances, 2.539(4) A for
2a and 2.551(3) A for 2b]. It is not clear
whether the short contacts simply come from
the steric requirement or whether any bond-
ing interaction exists between these Si atoms.
If Si-Si bonds are assumed between these Si
atoms, central Pd atoms of 2a and 2b are not
PdY? but can be described as bis o-complexes
of Pd" with Si-Si bonds (Fig. 2) (31); this is
an equally unprecedented situation. The best
choice of bonding model will need further
work for full clarification.

Nuclear magnetic resonance (NMR) and in-
frared (IR) spectra of 2a and 2b were consistent
with their solid state structures and suggested
the absence of agostic Si-H bonds or a neutral
H, ligand, which might escape detection by
X-ray analysis (32). 2°Si NMR spectrum of 2b
showed two SiH and one SiH, signals with
normal Jy g; values (182 - 187 Hz, J is the
spin-spin coupling constant). No dynamic be-
havior was observed in 'H, 3'P and 2°Si NMR
spectroscopies of 2b at the temperature ranging
from -80 to +50 °C. IR spectrum of 2b showed
intense Si-H stretching absorption at 2038 cm™!
and no absorption assignable to agostic Si-H
bonds or a neutral H, ligand.

The formation of 2a and 2b is in contrast
to the condensation reactions of a Pt complex
1,2-C,H,(SiH,),Pt"(PEt,), 3 and Ni com-
plexes 1,2-C;H,(SiH,),Ni"(R,PCH,CH,PR,)
4 (R = Me or Et) similar to 1a and 1b. Com-
plexes 3 and 4 dimerized to form a dinuclear,
mixed valent Pt"Pt'Y complex 5 (I6) and
dinuclear Ni'™ complexes 6 (33), respectively
(Fig. 3). Further study is necessary to clarify

H/ \H
N.SI\/SI
P2Pd"“ SI \/\Sp---------.-pdp2
Pd' H
7 )/)
H'2 HI2 ’

Fig. 2. Alternative description of complexes 2a
and 2b (P, = dmpe or depe).

Etapl, ‘. 2PEt3 HoSi H | SH SIHZ
e N / \
EtsP i PEt
N
"F RP=") N' \ PR,
\/PRQ R2P\)
5 6

Fig. 3. Dinuclear Pt complex 5 and Ni complex
6.

the mechanism of the formation of complexes
2a and 2b as well as the differences in the
products among Ni, Pd, and Pt.

PtF, the only structurally characterized Pt¥!
compound, has highly electronegative F atoms,
whereas the formally hexavalent Pd atoms of
2a and 2b are ligated by six Si atoms, which are
much more electropositive than F. This result
suggests a variety of elements can serve as
ligands for hexavalent group 10 metal com-
pounds as well as for other high-oxidation-state
transition-metal compounds. We believe that
high-oxidation-state transition-metal species li-
gated by heteroatoms will be much more im-
portant than expected in the transition-metal
catalyzed transformation of heteroatom com-
pounds, which has become increasingly impor-
tant and will provide new methodologies for the
construction of materials based on heteroatoms
34).
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Direct Determination of the
Timing of Sea Level Change

[ ] L] (]
During Termination Il
Christina D. Gallup,'™ H. Cheng,? F. W. Taylor,> R. L. Edwards?

An outcrop within the last interglacial terrace on Barbados contains corals that
grew during the penultimate deglaciation, or Termination Il. We used combined
230Th and #3'Pa dating to determine that they grew 135.8 * 0.8 thousand years
ago, indicating that sea level was 18 = 3 meters below present sea level at the
time. This suggests that sea level had risen to within 20% of its peak last-
interglacial value by 136 thousand years ago, in conflict with Milankovitch
theory predictions. Orbital forcing may have played a role in the deglaciation,
as may have isostatic adjustments due to large ice sheets. Other corals in the
same outcrop grew during oxygen isotope (5'80) substage 6e, indicating that
sea level was 38 = 5 meters below present sea level, about 168.0 thousand
years ago. When compared to the 3780 signal in the benthic V19-30/V19-28
record at that time, the coral data extend to the previous glacial cycle the
conclusion that deep-water temperatures were colder during glacial periods.

The timing of the penultimate deglaciation
(Termination II) has fundamental implica-
tions for the causes of climate change. Ter-
minations, as distinct climatic events, pro-
vide an opportunity to test the Milanko-
vitch theory of orbital forcing of the glacial
cycles, which holds that increases in sum-
mer insolation at high Northern latitudes
should precede or coincide with glacial
melting and, similarly, that decreases
should precede or coincide with glacial
growth. However, despite decades of stud-
ies aimed at constraining the timing of sea
level change during Termination II, the
question of whether its timing is consistent
with Milankovitch theory predictions re-
mains unanswered. As direct indicators of
sea level, corals are a potential resource for
addressing the problem. The main hurdles
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have been: (i) finding corals that record sea
level during Termination II and (ii) demon-
strating that uranium-series ages have re-
mained unchanged by the effects of diagen-
esis. We have identified Termination II
corals on Barbados and have tested them
for diagenesis using combined 23°Th and
231pPa dating.

Two efforts to date Termination II, from
Devils Hole, in Nevada, United States (/)
and Bahamian coastal sediments (2), sug-
gest that the deglaciation occurred too early
to have been caused directly by orbital
forcing. *°Th dating of the Devils Hole
calcite vein isotopic oxygen (8'%0) record
(3, 4) places the midpoint of the 380 rise
during Termination II at 140 = 3 thousand
years ago (ka), 6 = 3 thousand years before
the midpoint in the rise of 65°N summer
insolation. U-Th isochron dating of carbon-
ate sediments from the slopes of the Baha-
mas places the midpoint of the marine 8'80
rise at 135 * 2.5 ka (2), within error of the
midpoint of the rise in 65°N summer inso-
lation. Although these data are compelling,
questions remain (5) because neither record
is a direct measure of sea level.
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