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Abstract: Reaction of [RhCI(GH14)2]2 (CsH14 = cyclooctene) with 2 equiv of the aryl methyl ether phosphine
1in CgDg results in an unprecedented metal insertion into the strofigsgp aryl—O bond. This remarkable
reaction proceeds even @om temperatur@nd occurs directly, with no intermediacy of-€&l activation or
insertion into the adjacent weaker Af@H; bond. Two new phenoxy complexesand9), which are analogous

to the product of insertion into the AFGCH; bond (had it taken place) were prepared and shown not to be
intermediates in the ArOCH; bond cleavage process. Thus, ar§l bond activation by the nucleophilic
Rh(I) is kinetically preferred over activation of the alky® bond. The phenoxy Rh@;!-N, complex @) is

in equilibrium with the crystallographically characterized Rh{kyN,—Rh(l) dimer (L2). Reaction of [RhCI-
(CgH14)2]2 with 2 equiv of the aryl methyl ether phosphigePPh, and excess HSERR = OCH,CHgz, CH,-

CHa) results also in selective metal insertion into the a®l bond and formation of (C¥D)SiRs. Thus,
transfer of a OChlgroup from carbon to silicon was accomplished, showing that hydrosilation of an unstrained
aryl—0 single bond by a primary silane is possible. The selectivity 6f0Cbond activation is markedly
dependent on the transition-metal complex and the alkyl group involved, allowing direction of-{Beb@nd
activation process at either the ar@® or alkyl-O bond. Thus, contrary to the reactivity of the rhodium
complex, reaction of Njl or Pd(CRCO,), with 1 equiv of 1 in ethanol or GDs at elevated temperatures
results in exclusive activation of the%psp® ArO—CHj; bond, while reaction of the analogous aryl ethyl ether

4 and Pd(CBCO); results in both sp-sp? and s—sp? C—0O bond activation. The resulting phenoxy Pd(ll)
complex (8) is fully characterized by X-ray analysis. Heating the latter under mild dihydrogen pressure
results in hydrodeoxygenation to afford an afrfAd(l) complex (9).

Introduction systems or relatively weak-€0 bonds, or systems driven by
aromatization, are well-knowt¥-21 For example, €O bond

Activation processes of unstrained-O single bonds by L . . "
metal complexes are proposed as key steps in the hydrodeoxy-""Ct'Vat'on of strained cyclic ethers by transition metals has been

genation (HDO) of crude oil and may lead to the design of novel @PPlied to catalysis of isomerization to carbonyl compzc;unds,
catalytic reactiond-4 Cleavage of GO bonds is applied in  COUPling to form esters, and carbonylation to lactotes:

the manufacture of drugs, pharmaceuticals, and other fine Only afew examples of C#+O bond cleavage in aryl alkyl
chemicals. Direct activation of unstraineé-O bonds by metal ~ 6thers have been reported with soluble metal compléxes.
complexes in solution is rare, and mechanistic information Activation of the sp—sp’ C—O bond results in the formation
regarding these processes is sc&rdé. C—O bond cleavage of phenoxy metal complexes (Scheme 1). For instance, reaction

by transition-metal complexes which involve either strained ©f anisole with Fe(0) complexes results in activation of the
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Scheme 1
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sp2-sp® C-O activation

Metal insertion into arytO bonds is unprecedented. Such a
process is expected to be followed by facjfehydrogen
elimination of the generated alkoxy metal compleX€®. In
recent years, we reported the activation of unstrained-ayl
bonds by Rh(l), Ir(l), and Pt(ll) and studied the mechanism
involved?6-32 Cleavage of an arylSi bond by Pt(l1§33*and
insertion of a Ta(lll) complex into an arylN bond were
published recently.

We report here the first examples of metal insertion into the
strong aryt-O bond of an aryl alkyl ether under mild conditions
in solution. These unique processes occur directly, with no
intermediacy of C-H activation or insertion into an adjacent
weaker alkyt-O bond. The alkoxy group can be transferred
to primary silanes, providing the first example of hydrosilation
of an unstrained €0 single bond. Moreover, we demonstrate
that the C-O bond activation process can be directed at either
an ary0 or alkyl-O bond depending on the metal complex
employed and the alkyl group. Thus, reaction of the methyl
phenyl etherl with Rh(l) results in direct A+O activation,
while with Pd(ll) or Ni(ll) exclusive activation of the 8psp?
ArO—CHjs bond takes place. On the other hand, reaction of
the analogous ethyl phenyl ethérand Pd(ll) results in both
sp—sp?® and sp—sp* C—O bond cleavage. We report also an
example of hydrodeoxygenation (HDO) of an alkoxy metal

complex. Part of this study has been communicated previ-

ously13

Results and Discussion

Preparation of Substrates. To probe the possibility of
activation of unstrained €0 single bonds, we prepared the
new phosphine aromatic ethels 2, 4, and the phenoB.

Phosphine coordination is expected to direct a metal to the

vicinity of both aryl and alkyl ether bonds. The preparation of
substrated—4 is similar to the synthesis of PCP-based ligahds.
Our synthetic route fod and 2 consists of reaction of HR(
Bu), or LiPPh with a,a’-dibromo-2-methoxym-xylene, which

is readily obtained by bromination of 2-methoryxylene.
Alkylation of p-cresol resulted in the formation of oxyuvitin
alcohol®® halide and phosphine exchange afforded the new
diphosphine3.6 The ethyl phenyl ethe4 was prepared from
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2,6-dimethylphenol via the Williamson reactiéhfollowed by
bromination and phosphine excharfg€ompounds—4 were
obtained in good vyields as white powders and were fully
characterized bjH, 'H{3'P}, 31P{H}, 13C{H}, and'3C-DEPT-
135 NMR, MS, and elemental analysis.

Ar —0 Activation by Rhodium(l). Reaction of the complex
[RhCI(CgH14)2]2 (CsH14 = cyclooctene) with 2 equiv ol in
CsDg at 85°C for 3 h (in a sealed vessel) resulted in quantitative
formation of the known Rh(lll) hydride complex which was
unambiguously identified by various NMR techniques and by
comparison to an authentic sample (Schem@32).

This unprecedented ATO bond activation, proceeds even
atroom temperatur€20% conversion int® was observed by
S1P{1H} NMR after 24 h). Former studies in our group have
shown that coordination of the tirt-butyl phosphine to Rh
and Ir alkene dimers controls the overall rate in the activation
of an Ar—C bond2° Likewise, the substitution of the olefin by
1 is probably slow relative to ArO bond activation. Using
deuterated solvents, no Rh(HP formation was observed by
2H NMR, indicating that the solvents do not contribute to the
Rh—H formed. The presumably formed (unobserved) Rh{lIl)
OCH; intermediateéA undergoes readilg-hydrogen elimination
to afford complex5 and formaldehydé* Very recently, we
prepared the analogous Rh(IIl)-@EH; complex6, which upon
heating gives comple% and ethylené®

Although we have not directly detected formation of form-
aldehyde in the ArO bond activation reactiori(— 5; Scheme
2), heating the orange product solution at 2@0or performing
the reaction at this temperature leads also to formation of
complex 7,8 presumably by decarbonylation of the initially
formed formaldehyde. In support of this, heating of complex
5at 140°C in a sealed vessel with paraformaldehyde (10 equiv)
results in decarbonylation to yield compléxuantitatively. The

(36) Stoochnoff, B. A.; Benoiton, LTetrahedron Lett1973 21—-24.

(37) Nemeh, S.; Jensen, C.; Binamira-Sorigia, E.; Kaska, WO1@a-
nometallics1983 2, 1442-1447.
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preparation.
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yellow complex7 exhibits identicalH, *H{3'P}, and31P{1H}
NMR and IR spectra to those reported in the literafure.
Aldehyde decarbonylation by rhodium is well-knowh Prod-
ucts resulting from metal insertion into the adjacent AICH;
bond, if it occurs at all, are not observed.

The phenoxy complexe&and9 (Scheme 3) were prepared
in order to evaluate whether activation of the weaker €8
bond (compare bond dissociation energy (BDE) values ef Ph
OCH; = 91 kcal/mol, PhG-CHz = 80 kcal/mol}°4! precedes
the observed arylO bond activation stepl(— 5; Scheme 2),
or perhaps it is a reversible parallel process. Complexthe
iodide analogue of the expected product of Rh(l) insertion into
the ArO—CHs; bond (LO; Scheme 4). Deprotonation of the
aromatic phosphine alcoh8lwith KH or NaH in THF, followed
by reaction with [RhCI(GH14)2]2 (0.5 equiv) in THF under a

nitrogen atmosphere at room temperature leads to quantitave

formation of complex8 as proven spectroscopically By, 1H-
{3'P}, and3P{1H} NMR, IR, and FD-MS. The latter exhibits
the molecular ion (M 554) having the expected isotope pattern.
The3P{'H} NMR shows a characteristic resonance)&1.4
(d, YJrnp = 163.1 Hz), indicating that both phosphorus atoms
are magnetically equivalent and coordinated to the Rh(l) center.
The frequency of the &N stretch in the IR¢ = 2095 cn1?)
is very close to those observed for RhCI(RGy-#*-N, (Cy =
cyclohexyly2 and (PCP)Rhhlcomplexe$344and it is indicative
for an “end-on” coordinated dinitrogen molecule.
Interestingly, no THF or cyclooctene coordination is observed
in the'H NMR. N, competes favorably with the solvent and
the olefin, probably as a result of the bulleyt-butyl substituents
on the phosphorus atomg?!-N, binding to a sterically crowded
T-shaped Rh(l) center competes favorably with coordination
of CO; and even with ethylen®.
Oxidative addition of3CHsl (1 equiv) to complex8 in CsDg
at 80°C in a sealed tube leads within 10 min to quantitative
formation of complex9, which was characterized by various
NMR techniques and FD-MS (Scheme 3). THe{'H} NMR
shows clearly the presence of the RhHIFCHz moiety, which
appears as a doublet of tripletséal 0.0 (Jrnc = 27.4 Hz and
2Jpc = 2.7 Hz), and in the'3C-DEPT-135 NMR, a positive
signal is observed indicative of an odd number of protons. The
FD-MS shows the molecular ion (M668) and a correct isotope
pattern. Comple» exhibits similar spectroscopic features to
analogous phenoxy Rh(lll)(Me)(CI), Rh(lI)(H)(CI), and Ir(ll1)-
(H)(CI) complexes®> No intermediate products were detected
by monitoring this reaction at room temperature i, *H-
{3'P}, 18C{*H}, and3'P{*H} NMR. Continued heating 08
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Soc 1978 100, 7083-7085.
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(42) Van Gaal, H. L. M.; Van den Bekerom, F. L. A. Organomet
Chem 1977, 134, 237-248.
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and 9 at 100 °C results eventually in the formation of
unidentified products, whilé&1 or other products indicative of
aryl-O bond cleavage are not observed. Importantly, com-
plexes8 and 9 are stable under conditions in whidhreadily
undergoes arytO bond cleavage with [RhCI@El14)2]2. This
constitutes strong evidence that the observéd s C—O bond
activation by Rh(l) is a direct proces$ { 5; Scheme 4).

Thus, cleavage of the ArOCHjz; bond is not involved either
on the reaction coordinate or as a side equilibrium, even though
this bond is substantially weaker than the adjacent-gdybond.
Direct sp—sp’ aryl—C oxidative additiorat room temperature
to Rh(I) and Ir(l) was reported recenti§:3!



6534 J. Am. Chem. Soc., Vol. 120, No. 26, 1998

Figure 1. ORTEP view of complexL2. Selected bond lengths (A):
Rh(1)}-N(2) = 1.912(2); Rh(1)}0O(1) = 2.041(2); Rh(1yP(2) =
2.3847(8); Rh(1yP(3)= 2.3512(7); N(2)-N(2a) = 1.129(4); C(1)»
0O(1) = 1.343(3); Rh(1)»-C(1) = 2.610(2). Selected bond angles
(deg): N(2-Rh(1)-O(1)= 175.88(8); P(2}Rh(1)-P(3)= 155.64(2);
N(2)—Rh(1)-P(2)= 103.12(7); N(2)-Rh(1)-P(3)= 98.52(7); O(1)-
Rh(1)-P(2)= 79.41(6); O(1}Rh(1)-P(3)= 79.68(6); N(2)-Rh(1)-
C(1) = 152.85(8); Rh(1}N(2)—N(2a)= 175.25(7); C(1)-O(1)—Rh(1)

= 08.85(14); O(1yRh(1)--C(1) = 30.56(7); O(1}C(1)-C(2) =
119.9(2); O(1yC(1)—C(6) = 119.7(2).

Orange prismatic crystals of compl&® were obtained upon
slow concentration of a THF solution & under a nitrogen
atmosphere at room temperature (Scheme33p{H} NMR
of the THF solution after precipitation df2 (6 88.2,1Jrnp =
168.0 Hz andJrnp = 24.5 Hz) shows the presence of complexes
8 and12in an approximately 4:1 ratio. Thu& crystallizes
more readily than the monomeric analog8g (Performing the
synthesis of comple8 in a concentrated solution or bubbling
argon fao 3 h through a benzene solution & at room
temperature results also in the formation of compex30%
yield by 31P{'H} NMR). This indicates that the monomeric
dinitrogen precursor8) is in equilibrium with a 14-electron
species 13), which might be stabilized by the bulky, basic
phosphine ligands. Subsequentially recombinatiod afid13
affords12 (Scheme 5). Reversible dissociation of fd form
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Table 1. Crystal Data for Complexe$2 and 18
compd 12 18
formula 1. 2 (C50H90N2P402Rh2) C26H43P2F303Pd
fw 540.7 628.9
space group C2/c (No. 15) P1 (No. 2)
cryst syst monoclinic triclinic
a A 25.575(5) 10.714(2)
b, A 18.219(4) 15.988(3)
c A 11.656(2) 19.420(4)
o, deg 90 68.96(3)
p, deg 103.99(3) 74.09(3)
y, deg 90 70.47(3)
vV, A3 5270(2) 2880.9(10)
z 8 4
Deaica g CNT3 1.362 1.450
w(Mo Ko), mm? 0.786 0.799
T(K) 110 110
cryst size, mm 0.25x 0.25x 0.3 0.1x 0.1x 0.05

and comparable with those found in Rh(I) complexes with
terminally bound dinitrogen ligand$:#44850 |t is close to that

of molecular nitrogen (1.0968 A) and almost identical to"N
(1.116 A; bond order%,) suggesting smalt-delocalization in

the collinear Rh(h-N=N—Rh(I) moeity compared to other
u-Nao-bimetallic complexe8! Complexesl2 and 14 have an
almost linear X-Rh—N=N—Rh—X linkage (X= O or H) and

two trans bulky phosphorus groups with comparable cone angles
(e.g., compare cone anglés EtP(Bu), = 162 vs PPrz =
160°).5253 The Rh(1}-O(1) and Rh(1)}N(2) distances of
2.041(2) and 1.912(2) A, respectively, are normal. The nitrogen
and oxygen atoms are mutually trans with an almost linear
N(2)—Rh(1)-0O(1) angle of 175.88(8) Least-squares plane
analysis through the atoms Rh(1), P(2), P(3), O(1), and N(2)
shows that the mean deviation from planarity is 0.1322 A. The
C(1)-0(1) distance (1.343(3) A) is comparable with thePh
OH distance of phenol (1.362 A), and thus, it is hardly affected
by binding of the oxygen atom to the metal certfeiThe C(1)-
O(1)-Rh(1) angle of 98.85(14)s indicative of a sphybridized
oxygen atom, which fits well with the observed C{1)(1) and
Rh(1)-0(1) distances. The P2Rh(1)-P(3) angle of 155.64-

unsaturated, three-coordinated Rh(I) complexes has been ob{2)° is similar to those recently observed in the structures of

served®34446 Stabilization of reaction intermediates withy N
in PCP-based Rh(I) complexes was recently repdtted.
X-ray Crystal Structure Analysis of Complex 12. A

two monomeric benzylic PCP-based Rh(l) and Rh(lll) com-
plexes?2® The expected steric hindrance between the two
rhodium moieties is significantly reduced by bending of the

single-crystal analysis was performed, clearly showing that one bulky phosphorus groups, as is observed¥dr allowing the

dinitrogen molecule linearly bridges two Rh(l) atoms and
indirectly supporting the structures of precurs8mnd13. An
ORTEP view of the molecular structure 2 and the adopted

formation of complext2. However, there is still considerable
steric hindrance between thert-butyl groups as indicated by
the relatively short intermolecular distances of C¢26)(24a)

numbering scheme is shown in Figure 1. Table 1 gives details = 3.691 A and C(36)-C(36a)= 3.308 A. The rhodium

of the crystal structure determination. Complé® is a
crystallographic dimer which packs with 1/2 a molecule per
asymmetric unit. An X-ray diffraction study of a dinuclear Rh-
(I)—u-Nz complex14 was reported?

'Pra iF'I'g
] i
H- th——N =N—Rh—H
P 1.134(5) .
'PI’3 IPl’g
14

The N(2)-N(2a) distance (1.129(4) A) is only slightly shorter
than that reported for [RhH{Prs)2]2(u-N2) 14 (1.134(5) A¥?

(46) Van Gaal, H. L. M.; Moers, F. G.; Steggerda, JJ.JOrganomet
Chem 1974 65, C43-C45.

(47) Yoshida, T.; Okana, T.; Thorn, D. L.; Tulip, T. H.; Otsuka, S.; Ibers,
J. A.J. OrganometChem 1979 181, 183.

phosphorus distances (2.3512(7) and 2.3847(8) A) are similar
to those observed in other rhodium compleX&®:30.37.55 The
ipso carbon of the aromatic ring is close to the metal center
(C(1)+*Rh(1) = 2.610(2) A), but no additional evidence for
any bonding interaction is observed. The aromaticity is not
distorted as indicated by the normal’sggp? C—C distances
(range 1.391(4¥1.401(3) AP* and the ring planarity (mean
deviation from plane= 0.0196 A).

Methoxy Group Transfer to Silanes Promoted by Rh(l).
The new ligand was prepared in order to evaluate the role of

(48) Allen, A. D.; Bottomley, FAcc Chem Res 1968 1, 360-365.

(49) Chatt, J.; Leigh, G. J. QRev. Chem Soc 1972 1, 121-144.

(50) Leigh, G.Acc Chem Res 1992 25, 177—-181.

(51) Hidai, M.; Mizobe, Y.Chem Rev. 1995 95, 1115-1133.

(52) Brown, T. L.Inorg. Chem 1992 31, 1286-1294.

(53) Tolman, C. AChem Rev. 1977, 77, 313-348.

(54) Mathematical Physical and Chemical Tablekluwer: Dordrecht,
The Netherlands, 1992; Vol. C.
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the subsituents on the phosphorus atoms on th&® ond
activation process. Reaction of RhCI(RRwith 1 equiv of2

in CgDg at room temperature for 0.5 h suggests the formation
of 15 as indicated byH and3P{1H} NMR, although charac-
terization is not conclusive (eq 1). THel NMR shows free

Phy Ph
P 2
hCI(PPhg)
OCH, RNCI(PPha)s o\ RhCI (PPhs) (1)
room temperature
P h
Phy "2 PPhs th
2

cyclooctene and broad signals for coordinagdhe singlet
resonance of the OGHyroup ¢ 3.61) is broadened but appears
in almost the same chemical shift as in the free ligahd8.68),
showing that the €0 bonds are not preactivated by the metal
center in the coordinated ligand. T#H&{'H} NMR shows two
broad signals ab 49.0 and 40.5 (ratio 2:1), consistent with the
proposed structur&5. Similar features have been observed
previously for related eight-membered PCP-based Pt(ll) com-
plexes®
Performing the same reaction with and various Rh(l)
precursors such as HRh(Pfhor PhRh(PP¥)s; at elevated
temperatures, or thermolysis of the postulat&dn benzene at
120 °C in a sealed vessel, afforded mixtures of unknown
products. No products indicative of aryD or alkyl-O bond
activation were observed either Bl or 31P{'H} NMR.
Significantly, reacting [RhCI(gH14)2]> with 2 equiv (each)
of 2 and PPRin the presence of a 7-fold excess of HS{R3
= (OEt) or Et) for 0.5 h at 13C0°C in benzene or dioxane (in
a pressure bottle) results in the formation of the previously
reported aryt-Rh(I) complex16 as a major organometallic
product ~95%) and (MeO)SiR (Scheme 652 RhCI(PPR)3
can be used as well. Formation of the methoxysilanes is
unambiguous based ot§Si NMR and GC-MS (Cl and EI)

analysis of the product solution, showing the molecular peaks

and expected fragmentation patte?i®® Complex 16 was

(55) Weisman, A.; Gozin, M.; Kraatz, H.-B.; Milstein, Inorg. Chem
1996 35, 1792-1797.

(56) Van der Boom, M. E.; Gozin, M. E.; Ben-David, Y.; Shimon, L. J.
W.; Frolow, F.; Kraatz, H.-B.; Milstein, Dlnorg. Chem 1996 35, 7068~
7073.

(57) Kintzinger, J.-P.; Marsmann, HOxygenl7 and Silicor29;
Springer-Verlag: New York, 1981; Vol. 17.

(58) The WileyNBS Registry of Mass Spectra DakcLafferty, F. W.,
Stauffer, D. B., Eds.; John Wiley & Sons: New York, 1989; Vol. 1.
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characterized spectroscopically and by comparison to an au-
thentic sample. PRtwas used to stabilize the organometallic
product 16. The demethoxylated arent7 can be readily
released from complek6 by mild heating under K(20 psi) in
the presence of excess PMé&60

Mechanistically, the first step is probably coordination2of
by both phosphine arms to afforth, followed by oxidative
addition of the H-Si bond to afford intermediat®. Formation
of the strong CtSi bond would yield a Rh(l)-H species. A

Phy
OHa, S\hZ T OCH3
Q /RhCI(H)(SiRg) R'h—SiRe
P
P
Pha Phz
B c

second oxidative addition of SH followed by H, elimination

and by aryt-O bond cleavage may afford the unobserved Rh-
(IlN(OMe)(SiR3) complex C; the silane analogue OA).
Formation of CISiEf was detected by GC-MS analysis of the
product solution, showing the molecular ion and the expected
fragmentation patter?? IntermediateC may undergo facile
irreversible G-Si reductive elimination to afford the observed
CH3;0SiRs and complexL6 from which the organic producl ()

can be liberated’€°

Regardless of the exact mechanismoieed, unprecedented
transfer of an alkoxy group from carbon to silicon was obsef
showing that functionalization of an unstrained ar{ single
bond by a silane is possibleNe are unaware of other examples
of hydrosilation of an unstrained ether. Moreover, the reaction
is selective toward the stronger-A© bond. Formation of the
very strong O-Si single bond provides a large contribution to
the driving force of this reaction. NB-hydrogen elimination
products resulting from the presumed RhH)CHs intermedi-
ate C) were observed. The selective transfer of the @@tdup
to the silane fits well with our observations that arg bond
activation with 1 and Rh(l) is a direct process (vide supra;
Schemes 35). Products indicative of $p-sp> C—O bond
activation were not formed. MeSiRvas not detected either
by H and 2°Si NMR or by GC-MS analysis of the reaction
mixture, and only traces of methane3%) were detected by
GC analysis of the gas phase, ruling out a consecutiv®C
bond activation process or a side equilibrium involving-sp
sp* C—0 bond cleavage. In both systerhsaind 2, exclusive
aryl—O bond cleavage with Rh(l) was observed, showing that
this unusual bond activation process can take place with
significantly different electron density and bulk at the metal
center.

Mechanistically, following coordination of the chelating
diphosphinesX and?2) coordination of the OCklgroup to the
metal center might take plaég;®4 although we did not see any
evidence for it. The Rh(l) insertion into the ary® bond may
proceed via am?-arene complexE (Scheme 7), followed by

(59) Scholl, R. L.; Maciel, G. E.; Musker, W. K. Am Chem Soc
1972 94, 6376-6385.

(60) Liou, S.-Y. Ph.D. Thesis, Weizmann Institute of Science, Rehovot,
Israel, 1995.

(61) Linder, E.; Wang, Q.; Mayer, H. A.; Fawzi, R.; Steimann, M.
Organometallics1993 12, 1865-1870.

(62) Miller, E. M.; Shaw, B. LJ. Chem Soc, Dalton Trans 1974 480—
485.

(63) Empsall, H. D.; Hyde, E. M.; Jones, C. E.; Shaw, BJLChem
Soc, Dalton Trans 1974 1980-1985.

(64) Linder, E.; Gierling, K.; Keppeler, B.; Mayer, H. Rrganometallics
1997, 16, 3531-3535.
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Scheme 7 Scheme 9
Ro R B
CHg 2 uo
N 1 ooty P
RhX Rh—X OMe ——m——
/ | alkyl-O activation .
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CHga PF;F oOH ——- 21 R=H
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©-:3RhX P 22 R=Me
X = Cl, Si(OEt) Bu,
p - 3‘ 3
Ra2

CHa ,—p?

R
N
Q hX
P
Ra2

or SiEts
E F R=Pn 18y 19, which is the expected product of aryD bond cleavage, is
neither observed nor formed upon treatmenfi8fwith a 10-
Scheme 8 fold excess of CECO,CHjz at 85°C, suggesting that the %p
Bu, - sp® C—0 bond cleavage is thermodynamically preferred in this
p p 2 system. The thermally stable compl&Q is readily obtained
Pd(CF3CO2)2 o_| by heating the disphosphir0 with Pd(CRCOy); in toluene
OCHa - Pd—0,CCF3 at 130°C for 1 h in asealed vessel and exhibits similar
P - CF3C0-CHs ,Ip spectroscopic features i, 1H{3P}, 31P{1H}, and'3*C-DEPT-
'Bup Bu, 135 NMR as its chloride, iodide, and hydride analogt&s.
1 18 Likewise, the reaction ol with 1 equiv of Nik in ethanol
for 12 h at 120°C in a closed vessel affords compl2% (R =
H) and presumably CHi (Scheme 9). No products of aryD
+ CF3COCH, A bond activation were observed By and3P{1H} NMR. An
analogous phenoxy comple2Z R = CHs;) was obtained by
- Bu, reacting3 with Nil, under the same reaction conditions. Both
P2 P Ni(ll) complexes, which were characterized by various NMR
Pd(CF3CO2)2 | techniques and by FD-MS, exhibit very similar spectroscopic
- CEACOW o P|d_ochF3 properties. ThéH NMR spectra of complexe&l and22 show
P g2 P that the resulting geometry render the four hydrogen atoms of
'Bup 'Buz the CHP groups (AB quartet) and thtert-butyl substituents
20 19 magnetically nonequivalent. Th#&P{!H} NMR exhibits a

singlet resonance, indicating that the two phosphorus atoms are
1,2-migration of the methoxy group from carbon to the metal identical.
center, or via a concerted, tri-centered transition sFtes Thus, in striking contrast to the reactivity afwith Rh(l),
observed for Rh(l) and Ir(l) insertion into an A€ bond inan  alkyl—0O bond activation takes place with Pd({C¥;), or Nil,.
analogous systef?. The kinetic preference leading exclusively Few other examples of $psp® C—O bond cleavage by

to the aryt-O bond activation might indeed be a resultofin transition metals were reported, including metal insertion into
the C-C activation process, competitive-Gl activation is  unstrained ArG-CHs; bonds’~923.63.6667 |t was suggested that
observed. CHs—0 bond cleavage with Pt(ll) might occur via a polar four-
. . . . iti 67
ArO —CHj3 Activation by Palladium(ll) and Nickel(ll). centered transition stafe!

Interestingly, it is possible to direct the bond activation process Aromatic ethers, such as anisole (Scheme 1), undergo
toward the CH—O bond by employing Pd(Il) or Ni(ll). Thus, exclusive sp—sp? C—O cleavage upon reaction with HI or HBr
upon reaction of Pd(GEO,), with a stoichiometric amount of at elevated temperatures to give an alkyl halide and an aromatic
1in C¢Ds at 85°C for 3 h (in a sealed vessel), exclusive 2lcohol (eq 2f° Lewis acids such as Alglor BF; are also
activation of the sp-sp® C—O bond took place, leading to effective. The reaction proceeds by protonation of (or Lewis

guantitative formation .of the phenoxy Pd(ll) comple8 ArO-CHj + HX — ArOH + CH3X @)
(Scheme 8). The reaction proceeds even at room temperature,

resulting in 40% conversion 8 after 24 h. No intermediates  4¢id binding to) the oxygen followed by an external nucleophilic
were .obs.erved, compatible with rate-determining phosphme attack of the anion on the alkyl group\&mechanism). It is
coordination. No other products were formed even at higher ikely that the electrophilic Pd(ll) and Ni(ll) centers react as
temperatures (130C). Complex18, which was isolated and | ewjs acids and coordinate to the ether oxygen, forming an
fully characterized byH, *H{*'P}, and 3'P{*H} NMR, FD- intermediate such &.5%-71 Such an interaction could promote
MS, and X-ray analysis, exhibits similar spectroscopic features ipe |oss of the alkyl group by an internal interaction with a
to two analogous benzylic and phenoxy Pd(Il) comple@ss (
vide infra).65 CFs;CO,CHs was also formed, as detected’(by 19%6%)3(2)28390 E.; Shaw, B. L.; Turtle, B. L..Chem Soc, Dalton Trans
NMR by comparison with an added authentic sample. Complex ™ 67) vancheesan, S.; Kuriacose, J.XSci Ind. Res 1983 42, 132.

(68) Bhatt, M. V.; Kulkarni, S. USynthesisd983 249-282.
(65) Ohff, M.; Ohff, A.; Van der Boom, M. E.; Milstein, Q1. Am Chem (69) Kataoka, Y.; Tsuji, Y.; Matsumoto, O.; Ohashi, M.; Yamagata, T.;
Soc 1997, 119, 1168711688. Tani, K. J. Chem Soc, Chem Commun 1995 2099-2100.
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coordinated anion, as suggested by SKaar, by an external
nucleophilic attack affordind.8 or 21 and an alkyl halide.

X-ray Crystal Structure of 18. The structure of complex
18 was determined by single-crystal X-ray diffraction. Orange
crystals (plates) were obtained upon slow concentration of a
benzene solution df8 under nitrogen at room temperature. An
ORTEP view ofl8 and the adopted numbering scheme is shown
in Figure 2. Table 1 gives details of the crystal structure
determination. The overall features are similar to the phenoxy
Rh(I) complex12 and will be discussed only briefly. The Pd-
(I) center has a distorted square planar coordination geometry.
Least-squares planar analysis through the atoms Pd(1), P(3)

J. Am. Chem. Soc., Vol. 120, No. 26, 199537

€25

Figure 2. ORTEP view of complex8, showing that the Pd(ll) atom
has selectively inserted into the3sgsp® C—O bond, with overall
retention of the metal oxidation state. Selected bond lengths (A):
Pd(1}-0(1) = 2.041(2); Pd(1yO(1) = 2.041(2); Pd(1yP(2) =
2.3847(8); Pd(1yP(3) = 2.3512(7); Pd(%)-C(1) = 2.610(2); C(1)}
O(1) = 1.343(3). Selected bond angles (deg): G®Y(1)-0(5) =

P(4), O(1), and O(5) shows amean deviation from planarity of 175'gg(8): P(2}Pd(1)-P(3) = 155.64(2): O(2}Pd(1)-P(2) =
0.1573 A. The bulky phosphines P(2) and P(3) as well as the 103.12(7); O(2)Pd(1)-P(3)= 98.52(7); O(1}-Pd(1)-P(2)= 79.41(6);
phenoxy group O(11) and the trifluoracetate anion O(4) are in O(1)—Pd(1)-P(3)= 79.68(6); C(1)}-O(1)-Pd(1)= 98.85(14); O(1)

a trans arrangement with a rather acute angle of-Fe2)1)
P(3) (157.06(10) and an almost linear angle of O(X1pd—
0O(10) (176.6(3). The Pd(1}P(2) (2.354 A), Pd(1yP(3)
(2.360 A), Pd(1>-0(1) (1.981 A), and Pd(BHO(4) (2.057 A)
distances are in the range normally found for such b&hdibe
second oxygen of the GEO, anion is relatively close to the
metal center (Pd(1)}0(52) = 3.014 A). The sp—sp® C—O
bond length (1.344 A) is not weakened by bonding of O(1) to
the metal center. The intramolecular Pd{i}(1) distance is
relatively short (2.629 A) as observed fb2 (Rh(1)}+-C(1) =
2.610 A), but as in the latter case, there is no spectroscopic
evidence for any metalcarbon interaction. The C(110(1)—
Pd(1) angle (102.8(8) is a little larger compared to the one
observed in2 (98.85) and indicates an approximate tetrahedral
geometry around O(1).

Competitive sp—sp® and sp>—sp* C—O Bond Activation
with Palladium(ll). Reaction of the aryl ethyl etherwith a
stoichiometric amount of Pd(GEQ,), in toluene fo 3 h at
130°C (in a closed vessel) led to the formation of complexes
18 and 19 in a ratio of 9:1, respectively (Scheme 10).
Quantitave formation of GJEO,Et (based ori8) was observed
by 1H, 13C{1H}, and*C-DEPT-135 NMR and GC-MS analysis
of the reaction mixtur&72 Heating the yellow reaction solution
overnight at 130°C did not change the product distribution,
suggesting that complex&8 and19 are formed independently
and do not intercovert. Thus, both—© bonds are readily
accessible to the metal center, atiee aerall C—O bond
activation processes are probably kinetically controlled\
rough estimation of theverall relative rates isaiyi-o/Karyi-o
~ 9.

These observations indicate that there is only a small
difference in the kinetic barriers of $psp® and sp—sp* C—O
bond cleavage. The $psp® C—O bond activation process with
M(1l) (M = Pd, Ni) is kinetically more favorable than the

(70) Beer, P. D.; Drew, M. G. B.; Leeson, P. B.; Ogden, Ml.IChem
Soc, Dalton Trans 1995 1273.

(71) Steffey, B. D.; Miedaner, A.; Maciejewski-Farmer, M. L.; Bernatis,
P. R.; Herring, A. M.; Allured, V. S.; Carperos, V.; DuBois, D. L.
Organometallics1994 13, 4844-4855.

(72) The Aldrich Library of'3C and!H FT NMR SpetraPouchert, C.
J., Behnke, J., Eds.; Aldrich Chemical Co., Inc.: Milwaukee, WI, 1993,
1993; Vol. 1.

Pd(1)--C(1) = 30.56(7).

Scheme 10
tBLI2
P
- CF3COEt o |
Pd—O0,CCF3
alkyl-O activation |
tBU2 P
P tBU2
Pd(CF3COy)2 18
OEt —————
P 'B
'Bu, P e
|
4 — Pd—OQCCFg
aryl-O activation |
P
'BUQ

19

competitive sp—sp? C—O bond cleavage, while with Rh(l) the
opposite is true. Interestingly, the balance between-a@yand
alkyl—0 is not only readily influenced by the metal but also
by the nature of the alkyl group. This is in line with our
postulated mechanism for the’sisp* CH3;—O bond activation
with compoundl and Pd(CECOy), or Nil,, which probably
involves a {2 attack on the methyl group by the anio@;(
vide supra). Apparently a nucleophilic attack by a;C&,~
anion on thex carbon of the ethyl moiety af is less favorable
than on the methyl group, mainly due to steric hindrance,
rendering the ArO activation to affordl9 more competitive.
This latter process can proceed by a concerted oxidative addition
process or indirectly by formation of an arenium intermediate.
Ar—0O Hydrodeoxygenation (HDO) by Palladium(ll).
Reaction of the diphosphirizwith a stoichiometric amount of
Pd(CRCQOy); in toluene at room temperature led to the quantita-
tive formation of the phenoxy palladium(ll) compl&3 and
CRCO,H by selective cleavage of the-@H bond (eq 3).
Prolonged stirring for 5 days or performing this reaction at
various temperatures resulted in the same product. The
thermally stable comple@23 exhibits similar spectroscopic

(73) Terheijden, J.; Van Koten, G.; Vinke, I. C.; Spek, A. L.Am
Chem Soc 1985 107, 2891-2898.
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tBUQ tBUZ
P 5 P
Pd(CF3CO2)2 N
OH —— Pd—0O,CCF3 3)
- CF3COLH [
P P
tBU2 tBu2
3 23

features as the isostructural Pd(Il) and Ni(ll) complex8s21,
and22 and was also characterized by preliminary X-ray analysis.
Complex24, which is the expected product of ary® bond
cleavage, is neither observed ¥y or 3'P{*H} NMR nor formed
upon heating the product solution up to 180 for 24 h in a
sealed vessel. This suggests that the AHDbond activation
generating CECO,H is thermodynamically more favorable than
the competing ArOH bond activation process.

Remarkably, heating the orange product solution or the
isolated thermally stable complexds or 23 (lacking the
p-methyl group on the aromatic ring) at 180 in toluene under
H, (30—35 psi) resulted, within 8 h, in the formation of the
colorless aryt-Pd(ll) complexesl9 or 24 as the only organo-
metallic products in approximately 55% yield (yP{H}
NMR; eq 4).

tBLI2 tBUg
P P

o]l Ho (30 psi)

R Pd—0,CCF3 —» R Pd—0,CCF3 (4)

P A ,lg
Bu, - [H20] ‘Bu,

18 R=H 19 R=H

23 R=Me 24 R=Me

The reaction proceeded also at lower temperatures at longe
reaction times (e.g., 16 h at 14Q@). Formation ofl9 and24
was clearly observed b\H, H{31P}, and3P{1H}, :3C-DEPT-

135 NMR and FD-MS. The spectroscopic properties are fully
in accord with aC, symmetry. The structure o019 was
confirmed by comparison with an authentic sample (vide supra).
Complex24 shows very similar spectroscopic properties. For
instance, the well-resolvetH NMR spectrum of24 clearly
shows the characteristtert-butyl and CHP 1:2:1 triplets at
1.19 Jpy = 6.9 Hz) and) 2.81 Jpn = 4.0 Hz), which collapse
into singlets in theH{31P} NMR.

Hydrodeoxygenation of a strong aryD bond by a transition
metal in solution is unprecedented. Kubiak reported deoxy-
genation of phenols by Pt(Il) under mild CO presstird=urther

van der Boom et al.

Moreover, the alkoxy group can be transferred to silanes (eq
5), providing a rare example of hydrosilation of an unstrained
C—0 bond.

Rh(I)
Ar-OCH3 + HSiR3 > Ar-H + (MeO)SiR3 )

(R = OEt, Et)

It is possible to influence the selectivity of the kinetically
controlled sp—sp? vs sg—sp® C—O bond activation by proper
choice of metal precursor or the alkyl group. Our observations
clearly show that a nucleophilic metal favors direct ai§@ bond
activation, while electrophilic metals are likely to promote
alkyl—O bond cleavage. Although in all cases studied®a d
metal is used, the nucleophilic Rh(I) complex selectively
activates the very strong aryD bond, whereas the more
electrophilic Pd(Il) or Ni(ll) complexes preferentially cleave the
alkyl—0O single bond.

Significantly, the phenoxy complexes are clearly neither
intermediates in the 3p-sp® C—O bond activation processes
nor involved in side equilibria. Unprecedented hydrodeoxy-
genation of an arytO bond by Pd(ll) has been observed. Our
results provide evidence that metal complexes might be designed
to selectively activate and functionalize unstrained@single
bonds under mild homogeneous conditions. The bond activation
processes proceed everrabm temperature We believe that
the observed €0 bond cleavage, which is based on model
systems, indicates that the development of a general strategy
for activation of unstrained €0 single bonds under mild
conditions in solution may be possible. Noteworthy, methylene
transfer from benzylic metal complexes te-&, H—CI, H-Si,
and even to SiSi bonds was communicated by 4g° The
formation of isostructral phenoxy complexes might lead to
selective oxygen transfer to various substrates, which is a subject
of further studies.

Experimental Section

General Procedures. All reactions were carried out under nitrogen
in a Vacuum Atmospheres glovebox (DC-882) equipped with a
recirculation (MO-40) “Dri Train” or under argon using standard
Schlenk techniques. Oxygen levelsZ ppm) were monitored with
Et,Zn (1 M solution in hexane, Aldrich), water levels 2 ppm) were
monitored with TiC} (neat, BDH chemicals). Solvents were reagent
grade or better, dried, distilled, and degassed before introduction into
the glovebox, where it was stored over activbdeA molecular sieves.
Deuterated solvents were purchased from Aldrich and were degassed
and stored owe4 A activated molecular sieves in the glovebox. [RhCI-

studies are underway to explore the mechanism of this unique (CeH1)z] was prepared by a published procedGireil; and Pd(CE

transformation. We believe that the A o bond is cleaved
upon treatingl8 or 23 with an excess of Kto afford an Ar

OH moeity. Competitive, reversible €H activation and
irreversible activation of the ArOH bond yields19 or 24.
Water was presumably formed, although we could not detect
it.

Summary and Conclusions

We have demonstrated, for the first time, that metal insertion
(Rh(1), Pd(I)) into the strong arytoxygen single bond of an

CQO;). were obtained from Aldrich. Reaction flasks were washed with
dionized water, followed by acetone, and then oven dried prior to use.
GC analyses were performed on a Varian 3300 gas chromatograph
equipped with a molecular sieve column. Field desorption (FD) mass
spectra were measured at the Institute of Mass Spectrometry, University
of Amsterdam, The Netherlands. Elemental analyses were carried out
at the Hebrew University, Jerusalem, Israel.

Spectroscopic Analysis. The H, 3P, 13C, and?°Si NMR spectra
were recorded at 400.19, 161.9, 100.6, and 79.5 MHz, respectively,
on a Bruker AMX 400 NMR spectrometefH, 3*P{*H}, and*3C{H}

NMR spectra were also recorded at 250.17, 101.3, and 62.9 MHz,
respectively, on a Bruker DPX 250 NMR spectrometer. All chemical

aromati_c etherand a ph(_enol_under mild homogene_ous conqlitionsshiftS ©) are reported in ppm, and coupling constad)safe in hertz
is possible. These fascinating processes occur directly without(Hz). ThelH and3C NMR chemical shifts are relative to tetrameth-

prior activation of the substantially weaker alky® bond.

(74) Ni, J.; Kubiak, C. P. IrAdvances in Chemistry SerieSloser, W.
R., Slocum, D. W., Eds.; American Chemical Society: Washington, DC,
1992; Vol. 230, pp 515528.

ylsilane; the resonance of the residual protons of the solvent was used
as an internal standaifii (7.15 ppm benzene; 7.26 chloroform) and

(75) Herde, J. L.; Senoff, C. Mnorg. Nucl. Chem Lett 1971, 1029~
1031.



Transition-Metal-Based Selecgity

J. Am. Chem. Soc., Vol. 120, No. 26, 199539

all-d solvent peaks (128.0 ppm benzene; 77.0 chloroform), respectively. 16.7 Hz, PPhy), 133.3 (d,Jpc = 18.8 Hz, PPhy), 131.3 (d,Jpc = 8.9

3P NMR chemical shifts are relative to 85%mP0, in DO atd 0.0
(external reference), artéSi NMR chemical shifts are relative to HSiEt

Hz, Cres), 129.3 (dd,Jpc = 9.8 Hz, Joc = 2.4 Hz, Conno), 128.7 (s,
Pth), 128.6 (d,Jpc =6.4 HZ, thg), 123.8 (S,Cpara), 61.4 (t,-]pc =

(internal reference) with shifts downfield of the reference considered 4.5 Hz, QCH3), 30.0 (d,Jpc = 16.5,CH,P). 3*P{*H} NMR (CsDg): O

positive. Assignments in thi#d and**C{*H} NMR were made using
1H{%P}, 'H—'H COSY, and*C-DEPT-135 NMR. All measurements
were carried out at 298 K unless otherwise specifiedsPRhwas used

—11.4 (s). Anal. Calcd for @HsoP»: C, 78.56; H, 5.46. Found: C,
78.20; H 5.76.
Synthesis of 3. (a) Synthesis of Oxyuvitin Alcohol.An aqueous

as an internal standard for integration. IR spectra were recorded asformaldehyde solution (215 g, 37%) was added to a solutignaésol

films between NacCl plates on a Nicolet 510 FT spectrometer. Field

(108 g, 1 mol) and NaOH (50 g) in4@ (200 mL). After 24 h of

desorption (FD) mass spectrometry was carried out using a JEOL JMSstirring at room temperature, it was filtered and washed with an aqueous
SX/SX 102A four-sector mass spectrometer, coupled to a JEOL MS/ saturated NaCl solution (1 L). The resulting salt was dissolved in water

MP7000 data system; 10m tungsten wire FD emitters containing

(4 L) and neutralized with acetic acid to afford light-pink crystals, which

carbon microneedles with an average length of 30 mm were used. Thewere filtered and washed with,®. The product was dissolved in hot
samples were dissolved in methanol/water and then loaded onto theethyl acetate (400 mL), dried over p&0Oy, filtered hot, concentrated

emitter with the dipping technique. An emitter current ef 16 mA

to 270 mL, and recrystallized overnight. The formed crystals of

was used to desorb the sample. The ion source temperature waspxyuvitin alcohol were filtered and washed with cold ethyl acetdde.

generally 90°C.

Synthesis ofe,o’'-Dibromo-2-methoxy-m-xylene. 2-Methoxy+m-
xylene (13.6 g, 100 mmolN-bromosuccinimide (35.5 g; 200.0 mmol),
AIBN (~0.1 g) and CCJ (250 mL) were placed in a 500 mL three-

NMR (CDsCOCDs): 9 6.92 (s, 2H,m-CsH,), 4.70 (s, 4H, E1,0H),
3.19 (br, 3H, @), 2.19 (s, 3H, Ei3). (b) Synthesis ofa,a’-Dibromo-
2-hydroxymesitylene. Oxyuvitin alcohol (7.8 g) was dissolved in a
HBr/acetic acid solution (33% HBr, 41 mL) and stirred overnight under

necked round-bottom flask equipped with an argon inlet, condenser, argon. The reaction mixture was diluted with exces®©Hand the

and a stirring bar. The reaction mixture was heated to°@0and
refluxed overnight. The mixture was slowly cooled and filtered, and
the resulting solution was washed with® (3 x 25 mL), dried over

formed solid was filtered and dried in high vacuum to afford the
dibromide (10.2 g, 75%)!H NMR (CDCl): 6 7.06 (s, 2HmM-CsH),
5.5 (br, 1H, @H), 4.50 (s, 4H, E€i;Br), 2.24 (s, 3H, ArCGls). *C{'H}

NaSQ,, and concentrated by rotary evaporation. The residue was kept NMR (CDCl): 6 150.94, 131.82, 130.50, 124.98 (s, Ar), 29.6H¢-

overnight at—20 °C to recrystallize and filtered, and the resulting
lachrimating solid was washed with cyclohexanex(25 mL) to give
a white solid (22.3 g; 76%)!H NMR (CDCl): ¢ 7.31 (d, 2H,Ju =
7.6 Hz, mCgHs), 7.06 (t, 1H,Jun = 7.6 Hz, p-CsH3), 4.50 (s, 4H,
CH,Br), 3.97 (s, 3H, OEl). *C{*H} NMR (CDCL): 6 157.2 Cipso),
132.8 Cietd, 132.5 Cortho), 125.7 Cpara), 62.9 (S, @H3), 28.1 (S,CH2-
Br). Anal. Calcd for GH100:Br2: C, 36.77; H, 3.43; Br, 54.36.
Found: C, 36.85; H, 3.33; Br 54.66.

Synthesis of 1. a,a’-Dibromo-2-methoxym+-xylene (1.0 g, 3.4
mmol) and ditert-butylphosphine (1.0 g, 6.8 mmol) in 5 mL of acetone
were refluxed with stirring for 40 min under argon to afford a white

Br) 20.23 (s, ACH3). (c) Phosphination. The procedure is analogous
to the one used fat. White crystals were obtained from cold pentane
(—=30°C), and the product was further purified by column chromatog-
raphy (hexane/THR= 95:5) to afford pures (5.7 g, 75%). *H NMR
(CDClg) 0 7.58 (br, 1H, CH), 6.97 (S, 2HIT\-C5H2), 2.95 (d, 4H,ZJPH

= 2.8 Hz, H,P), 2.26 (s, 3H, Ch), 1.19 (d, 36H2Jpy = 11.2 Hz,
C(CH3)3). C{*H} NMR (CDCly): ¢ 150.22 (t,Jpc = 2.0 Hz,Cipso),
129.15 (dd,Jec = 1.8 Hz, Jpc = 8.5 Hz, Conno), ~129 (s, partly
overlapped Coara), 127.20 (d,Jpc = 7.5 Hz, Cietg, 31.72 (d,Jpc =
19.3 HZ,C(CH3)3), 29.60 (dJPC: 12.1 HZ, CCH3)3), 23.24 (d,Jpc:
19.3 Hz,CH2P), 20.56 (sCH3). MS (M + H) = 425. Anal. Calcd

precipitate. The solid was filtered and washed with ether, and the for CasHssO:P2: C, 70.7; H, 10.9. Found: C, 70.3; H 10.7.

resulting diphosphonium salt was dissolved in distilled degassed water

(10 mL) and treated with a solution of sodium acetate (4 g, 48 mmol)
in water (10 mL). The precipitated diphosphihevas extracted with
ether (3x 50 mL) and dried over N&Q,, and the ether solution was

Synthesis of 4. (a) Synthesis of 2-Ethoxg-xylene. Ethyl iodide
(18.3 mL, 0.2 mol), NaH (6.0 g), and DMF (50 mL) were added to a
THF solution (500 mL) of 2,6-dimethylphenol (12.2 g, 0.1 mol) and
refluxed for 36 h at 85°C. Upon cooling, a white percipitate was

filtered via a sinter tube under argon pressure. The solvent was formed. The reaction mixture was poured oveOH1 L), saturated
evaporated under vacuum, and the solid was extracted with ether. Thewith NaCl, dried over Ng50,, filtered and concentrated in vacuo, and
ether extract was filtered, and the solvent was evaporated, giving 0.86dried under high vacuum to give a white powder (12.6 g, 85%®)

g (60%) of1 as a white solid.*H NMR (CsDs): 6 7.62 (d, 2H,Jun =

7.7 HZ,mC5H3), 7.01 (t, 1H,Jqy = 7.6 HZ,p-C5H3), 3.58 (S, 3H,

OCHj3), 2.92 (d, 4H,Jpy = 9.4 Hz, (H,P), 1.13 (d,Jpy = 10.5 Hz,

C(CH3)3) lSC{lH} NMR (CeDe): 0 155.6 (t,Jpc = 4.2 Hz, Cipso),

134.4 (d,Jpc = 11.9 Hz,Crety 129.1 (dd,Jpc = 15.2 Hz,Jpc = 1.8

Hz, Cortho), 124.0 (5,Cpara), 61.1 (S, @Hs3), 31.9 (d,Jpc = 11.9 Hz,

C(CHa)s), 29.8 (d,Jpc = 13.2 Hz, CCHs3)3), 21.1 (d,Jpc = 22.4 Hz,

CH,P). 3P{IH} NMR (CeDe): O 34.3 (s). Anal. Calcd for

CosHseP>01: C, 70.72; H, 10.92. Found: C, 70.43; H 10.73.
Synthesis of 2. In a 250 mL three-necked round-bottom flask

equipped with an argon inlet, dropping funnel, and stirring bar was

added 1.6 Mh-BulLi in n-hexane (8.81 mL; 14.1 mmol) under argon,

and the flask was then cooled t40 °C. A solution of HPPh(2.62;

14.1 mmol) in 30 mL of THF was added dropwise under vigorous

stirring. Subsequently the reaction mixture was cooled 78 °C and

a THF (120 mL) solution ofx,a’'-dibromo-2-methoxys-xylene (2.07

g, 7.05 mmol) was added dropwise under vigorous stirring. The

Synthesis ofa,a’-Dibromo-2-ethoxy-m-xylene. The bromination was
performed analogously to the synthesisogé’-dibromo-2-methoxy-
m-xylene. *H NMR (CDCl): 6 7.35 (d, 2H,Jun = 7.6 Hz,mCeHs),
7.08 (t, 1H,Jun = 7.6 Hz,p-CeHs), 4.54 (s, 4HCHBr), 4.16 (q, 3H,
Jun = 7.0 Hz, OCH,CHg), 1.50 (t, 3H,Jun = 7.0 Hz, CHCH3). °C-
{*H} NMR (CDCl): 6 155.68, 132.14, 131.93, 124.84 (s, Ar), 70.49
(s, OH.CHg), 27.72 (s,CH2Br), 15.17 (s, OCHCHgz). (c) Phosphi-
nation. The procedure is analogous to the one used for the preparation
of 1. White crystals of purd (75%) were obtained from cold pentane
(—30°C). H NMR (CDCly): ¢ 7.28 (d, 2H 33y = 7.6 Hz,m-CeHs),
6.91 (t, 1H,SJHH =7.6 HZ,p-CeH;;), 3.84 (q, 2H,3JHH =7.0Hz, OCH,-
CHa), 2.77 (d, 4H2Jpy = 3.2 Hz, (H,P), 1.40 (t, 3H2Jun = 7.0 Hz,
OCH,CH3), 1.05 (d, 36H3Jp = 10.8 Hz, C(G3)s). *C{'H} NMR
(CDCl): 0 154.15 (t,Jpc = 3.6 Hz,Cips), 134.15 (d,Jpc = 25.8 Hz,
Crety, 128.50 (d,Jpc = 30.6 Hz, Cortng), 123.56 (S,Cpara), 69.04 (s,
OCH2CH3), 31.56 (d,Jpc = 18.7 HZ,C(CH3)3), 29.47 (d,.]pc = 13.2
Hz, C(CH3)3), 20.77 (d,Jpc = 19.2 Hz,CH,P), 15.71 (s, OCKCHs).

reaction mixture was allowed to warm to room temperature and was *P{*H} (CDCL): ¢ 35.95 (s). Anal. Calcd for £H4g0:P,: C, 71.20;
stirred overnight and concentrated on a rotary evaporator. TolueneH, 11.03. Found: C, 71.31; H 11.06.
(100 mL) was added, and the mixture was filtered and concentrated Ar—O Activation by Rh(l). Formation of Complexes 5 and 7.

again. After addition of CHGI(100 mL), the mixture was filtered
again, concentrated, and recrystallized from toluene3d °C to give
2 as a white solid (3.23 g, 91%)H NMR (CsDe): 6 7.41 (td, 8H,
Jun = 7.1 Hz, Jpw = 1.9 Hz, FPhy), 7.03 (m, 12H,Junw = 7.0 Hz,
PPhy), 6.83 (dt, 2H Jun = 7.6 Hz,Jp = 1.4 Hz,m-CeH3), 6.58 (t, 1H,
Jnn = 7.6 Hz,p-CeHs), 3.58 (s, 3H, OEl3), 3.46 (s, 4H, Ei,P). 3C-
{1H} NMR (CsDe): 0 157.1 (t,JpC =4.2 HZ,Cipso), 139.4 (d,Jpc =

[(RhCI(CsH14)2)2] (19 mg; 0.027 mmol) and 2 equiv Gf(23 mg; 0.054
mmol) were dissolved in benzene (2.5 mL). The resulting red solution
was stirred for 24 h at room temperaturé, *H{3P}, and3'P{*H}
NMR analysis of the reaction mixure showed the formation of complex
5 (20% conversion byP{*H}).6 The reaction was completed after
approximatel 3 h at 85°C in a sealed pressure vessel (quantitative
conversion). No Rh(I1B-D formation was observed IB# NMR when
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CsDes was used. Addition of an authentic sample5ab the reaction
mixture resulted in overlap of signals th and3P{*H} NMR. Free
cyclooctene was observed Bl NMR and GC-MS analysis of the
reaction mixture. Performing the reaction at X4Din a sealed vessel
results also in the formation of compléx(14% conversion by'P-
{'H} NMR after 4 h). Addition of paraformaldehyde (16 mg, 0.53
mmol) to the reaction mixture (or reacting the isolafgdesult, upon
heating to 140°C, in quantitave formation of .6

Formation of Complexes 8 and 12.A THF solution (5 mL) of3
(21 mg; 0.050 mmol) was treated with an excess of KH or NaH (30

van der Boom et al.

crystals. *H NMR (CsD¢): 0 6.90 (d, 2H,Juy = 7.2 Hz, m-CgH3),
6.69 (t, 1H,Jun = 7.5 Hz,p-CsH3), 2.96 (d, 2HJyn = 13.5 Hz, GH,P,
left part of ABQ), 2.39 (dvt, 2HJun = 13.5 Hz,Jpy = 4.0 Hz, (H.P,
right part of ABq), 1.35 (vt, 18HJpn = 6.8 Hz, C(CH3)3), 1.04 (vt,
18H, Jpry = 6.6 Hz, C(QH3)s). 3P{*H} NMR (CeDg): 6 101.1 (S).
FD-MS M* 628 (correct isotope pattern). Anal. Calcd fegti:OsFP,-
Pd: C, 49.65; H, 6.89. Found: C, 49.74; H 6.82.

Formation of Complex 19. A solution 0f20 (23 mg, 0.058 mmol)
in 2 mL of toluene was added dropwise to a stirred suspension of Pd-
(CRCOy)2 (20 mg, 0.057 mol) in 2 mL of toluene. The resulting

equiv) and stirred at room temperature for 45 min. The suspension colorless solution was loaded into a high-pressure vessel equipped with

was filtered and added dropwise to a stirred solution of [RhgE(G)2]-
(18 mg; 0.025 mmol) in THF (5 mL). The resulting yellowish solution

a stirring bar and heated to 13C for 1 h. The solution was filtered
over a cotton pad and pumped to dryness, resulting in quantitave

was stirred overnight and filtered, and the solvent was removed in vacuo formation of complexL9 as a white powderH NMR (CeDg): o 6.98

to afford 8 quantitatively as a yellow-green powder. A loosely sealed
vial containing a THF solution (5 mL) & was left under a dinitrogen

(t, 1H, -]HH =7.3 HZ,p-CGHg), 6.84 (d, 2H,JHH = 73, Hz,m—C5H3),
2.83 (vt, 4H,Jpn = 4.1 Hz, (H,P), 1.18 (vt, 36H,Jpy = 6.9 Hz,

atmosphere in a drybox for a week at room-temperature resulting in c(CH,)s). 13C-DEPT-135 NMR (GDs): & 125.40 (S, Gur), 122.74

the formation ofl12 as orange prismatic X-ray quality crystals. Data
for 8. IR: 2095 cn? (film). H NMR (CsDg): 6 6.83 (s, 2HmM-CgH>),
3.20 (d, 2H,Jun = 13.3 Hz, GH,P, left part of ABQ), 2.58 (dvt, 2H,
Jun = 13.4 Hz,Jpn = 4.0 Hz, CH,P, right part of ABq), 2.31 (s, 3H,
ArCHz), 1.16 (vt, 18H,Jpy = 12.3 Hz, C(®3)3). (vt, 18H, Joy =
11.6 Hz, C(G—|3)3) 31F“'{:LH} NMR (CGDG): 0914 (d,Jth= 163.1
Hz). FD-MS M" 554 (correct isotope pattern). Data ft2. 3P{*H}
NMR (CGDG; 161.9 MHZ): 088.2 (dd,lJth: 168.0 HZ,4Jth: 24.5
Hz).

Reaction of Complex 8 with Methyl lodide. Formation of
Complex 9. Complex8 (17 mg; 0.021 mmol) was dissolved irs@s
(0.6 mL) and transferredta 5 mmscrewcap NMR tube, treated with
1 or 2 equiv of CHI or ¥CHsl (1—2 uL; 0.020-0.040 mmol,
respectively), and heated for 10 min at 80. The progress of the
reaction was monitored at room temperature by NMR in short time
intervals. No intermediates were observed by 3'P{H}, or 1°C-
{*H} NMR. After completion, all volatiles were removed in vacuo to
afford 9 quantitatively as a yellow-green powdetH NMR (CgDs;
400.19 MHz): 6 6.85 (s, 2H,m-CgH,), 3.65 (ddt,Jcy = 142.0 Hz,
Jrhn = 3.0 Hz,Jpy = 3.9 Hz, 3H, RhEl3), 3.52 (dvt, 2H,Jun = 12.8
Hz, Jpy = 4.2 Hz, (H,P, left part of ABQq), 2.57 (dvt, 2H)un = 12.8
Hz, Jpy = 3.7 Hz, tH,P, right part of ABQ), 2.20 (s, 3H, Ard3), 1.26
(m, 36H,Jpn = 11.4 Hz, C(QGH3)3). 3*P{*H} NMR (CsDg): 6 58.0 (d,
Jrrp = 118.7 Hz). B3C{*H} NMR (CeDg): 6 10.0 (dt,*Jrnc = 27.4
Hz,2Jpc = 2.7 Hz, RICH3). FD-MS M" 668 (correct isotope pattern).

Methoxy Transfer. Formation of Complex 16. [RhCI(CsH14)2]2
(15 mg; 0.021 mmol) and PRI{11 mg; 0.042 mmol) were dissolved
in CsDs Or dioxane (1 mL) and added (20 mg; 0.040 mmol). The
resulting dark red solution was stirred for 30 min, loaded @mt mm
screwcap NMR tube, treated with Q. of HSiIR; (R = OCH,CHj,
CH,CHs), and heated for approximately 30 min at 13D. H, H-
{%P}, 3P{*H}, and ®C{H} NMR analysis of the reaction solution
showed the formation df6 as major organometallic product95%).
FD-MS showed the molecular ion (M838) and a correct isotope
pattern. GC-MS (CI and El) an##Si NMR analysis of the product
solution shows the presence of (MeO)SIRR = OCH,CHj,
CH,CH3).5-%° Formation of CISi(CHCHs); was observed by GC-

(vt, Jpc = 10.2 Hz, Gyery, 33.09 (vt,Jpc = 10.7 Hz,CH,P), 29.00 (vt,
Jrc = 3.1 Hz, CCHa)s). 3'P{H} (CsDg): 6 77.85 (s). FD-MS M
612 (correct isotope pattern).

Me—0O Activation by Ni(ll). Formation of Complexes 21 and
22. A solution of3 (59 mg, 0.14 mmol) in 5 mL of ethanol was added
dropwise to a stirred solution of Ni(44 mg, 0.14 mmol) in 5 mL of
ethanol. The resulting green solution was heated overnight t6@30
in a pressure flask and was pumped to dryness. After addition of
toluene (20 mL), the reaction mixture was filtered through a cotton
pad and was pumped to dryness, yielding 52 mg (61%22fs a
green powder. Use of compoutidinstead of3) gave21in 67% yield.
Data for22. 'H NMR (CgDg): 0 6.88 (s, 2H,m-CsHy), 2.60 (br dvt,
2H, 23y = 13.0 Hz, left part of ABq, Ei.P), 2.56 (m, 2H2Jun =
13.0 Hz, right part of ABq, E,P), 2.30 (s, 3H, Ar€Els), 1.60 (vt, 18H,
JPH =6.2 HZ, C(CHg)g), 1.37 (Vt, 18H,JPH =6.0 HZ, C(CH3)3) 31p.
{H} NMR (C¢Dg): 6 81.01 (s). FD-MS M 609 (correct isotope
pattern). Anal. Calcd for &HasO:PNisli: C, 49.29; H, 7.45.
Found: C, 50.61; H 7.64. Data f@l. H NMR (CsDe): 6 7.04 (d,
2H, Jun = 7.5 Hz,m-CgH3), 6.86 (t, 1H,Jun = 7.6 Hz,p-CsH3), 2.58
(br dvt, 2H, Jun = 13.2 Hz, left part of ABq, Ei.P), 2.39 (dvt, 2H,
Jun = 13.2 Hz,Jpn = 4.9 Hz, right part of ABq, Ei,P), 1.58 (vt, 18H,
Jpn = 6.2 Hz, C(G‘|3)3), 1.34 (Vt, l8H,JpH =6.0 Hz, C(CH3)3) 31p.
{*H} NMR (CsD¢): 6 77.69 (s). FD-MS M 595 (correct isotope
pattern).

Formation of Complex 23. A solution of 3 (40 mg, 0.094 mmol)
in 2 mL of toluene was added dropwise to a stirred suspension of Pd-
(CRCOy)2 (31 mg, 0.093 mmol) in 2 mL of toluene. The resulting
red solution was stirred overnight at room temperatuf&?{*H}
analysis of an aliquid showezB3 as the only product. Consequently,
the reaction mixture was filtered through a cotton pad and pumped to
dryness, resulting in quantitave formation2¥ as an orange powder.
The complex can be recrystallized by slowly concentration a benzene
solution to give orange X-ray suitable crystal$d NMR (CeDg): 0
6.73 (s, 2Hm-CsHy), 3.03 (d, 2H, left part of ABg2Juy = 13.5 Hz,
CH,P), 2.41 (dvt, 2H, right part of ABqgJun = 13.5 Hz,Jpnw = 4.0
Hz, CHP), 2.17 (s, 3H, Ar€ls), 1.35 (vt, 18HJpy = 6.7 Hz, C(GH3)3),

MS. The gas phase was collected by a standard vacuum line techniquel-05 (vt, 18HJpy = 6.4 Hz, C(QHs)s). **C-DEPT-135 NMR (GDe):

and analyzed by GC, showing only traces of metharg%).
Formation of (Me)SiR (R = OCH,CHs, CH,CH) is not observed either
by 'H NMR, ?°Si NMR, or GC-MS analysis of the product solution.
Me—O Activation by Pd(ll). Formation of Complex 18. Pd-
(CRCOy)2 (12 mg, 0.036 mmol) and (16 mg; 0.033 mmol) were
dissolved in @Ds (3 mL). The resulting yellow solution was transferred
to a pressure vessel and heateddd at 110°C resulting in quantitave
formation of 18 as jugded by*H, *H{3'P}, and3P{*H} NMR. The

0 127.89 (VtJpc = 2.0 Hz Hz,Cperg, 28.74 (VtJpc = 3.1 Hz, CCHa)3),
28.40 (vt,Jpc = 2.4 Hz, CCHz3)3), 25.13 (vt,Jpc = 6.7 Hz, CH,P),
21.22 (s, ACHg). 3P{'H} (C¢Dg): 6 100.14 (s). FD-MS M 643
(correct isotope pattern).

Competitive sp—sp® and sp’—sp® C—0O Bond Activation by Pd-
(I). Reaction of 4 with Pd(CFsCO,),. A solution of4 (20 mg, 0.046
mmol) in 2 mL of toluene was added dropwise to a stirred suspension
of Pd(CRCO,), (15 mg, 0.045 mmol) in 2 mL of toluene. The resulting

reaction proceeds also at room temperature. NMR analysis of the yellow solution was loaded into a high-pressure vessel equipped with

reaction mixture shows the presence of unreatt0%) and complex
18 (40%) after 24 h. Heating the reaction mixture ®©h at 85°C
drives the reaction to completion. @F0,CHs formation was observed
by *H NMR analysis of the product solution and by comparison with

a stirring bar and heatedrf@ h at 130°C. Analysis of the gas phase
by GC showed traces of methane3%). The red reaction mixture
was filtered through a cotton pad and pumped to dryness, yielding an
orange powder.'H, 'H—H COSY, H{®'P}, 3P{*H}, °C{'H}, and

an authentic added sample. A loosely sealed vial containing a benzene'*C-DEPT-135 NMR analysis of the powder showed the presence of

solution (5 mL) ofl8was left under a nitrogen atmosphere for 1 week
at room-temperature resulting in formation of orange X-ray suitable

18 and 19 (9:1). CRCO,Et was observed by NMR and GC-MS
analysis’? Performing the same reaction for 16 h does not change the
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product distribution. Comple%8can be crystallized from the product ~ A. An ORTEP view of the molecular structure and the adopted

solution at room temperature to give orange crystals. numbering scheme are shown in Figure 1. Table 1 gives details of the
Ar—0O Hydrodeoxygenation (HDO) by Pd(ll). Formation of crystal structure determination.
Complexes 19 and 24.A red toluene solution (3 mL) a8 or 23 (15 X-ray Crystal Structure Determination of Complex 18. An

mg) was loaded into a FischePorter pressure tube, charged with H  orange plate crystal (0.% 0.1 x 0.05 mn?) was mounted on a glass
(30 psi), and heated at 18Q for 8 h. 3P{'H} analysis of the colorless fiber and flash frozen in a cold nitrogen stream (at 110 K) on a Rigaku
reaction mixture indicated the formation of complexe®or 24 in AFCS5R four-circle diffractometer mounted on a rotating anode with
~55% yield, some decomposition products, and the consumption of Mo Ka radiation and a graphite monochromatar=t 0.710 73 A).

the starting materiall@ or 23). Subsequently, the reaction mixture  Accurate unit cell dimensions were obtained from a least-squares fit
was filtered through a cotton pad and pumped to dryness to yield a to setting angles of 25 reflections in the range 1.¥46 < 23.02,

white powder. Complexe&9 and 24 were not further purified and —11<h=11,-17< k= 17,-21 < | = 21; w scan method, scan
have been identified in situ. Addition of an authentic samplé®fo width = 1.2°, scan speed’8min, typical half-height peak widti 0.4C,

the reaction mixture of8 resulted in overlap of signals #i and3'P- three standards were collected 84 times each with an 4% change in
{*H} NMR. Data for24. *H NMR (CgDs): 0 6.63 (s, 2H,m-CsH,), intensity, 16 284 reflections collected, 8020 independent reflections.

2.81 (vt, 4H,Jpu = 4.0 Hz, H,P), 2.18 (s, 3H, ArEli3), 1.19 (vt, 36H, Structurel8 was solved using direct methods (SHELXS-92) and refined
Jpr = 6.9 Hz, CCH3)3). °C-DEPT-135 NMR (GDg): ¢ 123.71 (vt, by full-matrix least-squares techniques basedd(SHELXL-93). The

Jpc = 10.4 Hz,Cpety, 32.97 (vt,Jpc = 10.8 Hz,CH,P), 29.03 (VtJec space group i1 with two independent molecules per asymmetric

= 3.5 Hz, CCH3)3), 26.69 (s, ACH3). 3P{H} (CeDe): 0 77.60 (s). unit. The final cycle of the least-squares refinement gave an agreement

FD-MS M* 627 (correct isotope pattern). factor R, of 0.0630 (based oR?) for datal > 201 andR, = 0.1301 for
X-ray Crystal Structure Determination of Complex 12. An all data based on 6408 reflections, goodness-of-fEos 1.159, largest

orange prismatic crystal (0.26 0.25 x 0.3 mn?) was mounted on a electron density= 0.701 e/A. Hydrogens were calculated in idealized
glass fiber and flash frozen in a cold nitrogen stream (at 110 K) on a positions and refined in a riding mode.
Rigaku AFC5R four-circle diffractometer mounted on a rotating anode

with Mo Ka radiation and a graphite monochromatar=¢ 0.710 73 Acknowledgment. This work was supported by the Israel
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independent reflections. Structut®was solved using direct methods

(SHELXS-92) and refined by full-matrix least-squares techniques based ~ Supporting Information Available: Tables of crystal data

on F2 (SHELXL-93). The final cycle of the least-squares refinement and structure refinement, atomic coordinates, bond lengths and
gave an agreement factBr of 0.0330 for datd > 2¢ andR; = 0.0450 angles, anisotropic displacement parameters, and hydrogen atom
for all data based on 6056 reflections, goodness-of-fiEdr 1.054, coordinates for complexes2 and 18 (16 pages, print/PDF).

largest electron density 0.928 e/A. Hydrogens were calculated in  gge any current masthead page for ordering information and
idealized positions and refined in a riding mode. The molecule is a \yaph access instructions.

dimer with one-half a molecule per asymmetric unit, i.e., the full dimer
is also the crystallographic dimer. The N{2)(2a) distance is 1.129 JA9738889



