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Carbon—Oxygen and Carbon—Hydrogen Bond Cleavage Reactions
of ortho-Substituted Phenols by Ruthenium(ll) Complexes
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Treatment of Ruf*1,5-COD){®-1,3,5-COT) () (COD = cyclooctadiene (gH12)) with a monosub-
stituted phenol HOGH4(R!-2) (Rt = OMe, CHO, CQMe) in the presence of PMgjives corresponding
oxaruthenacycle complexes formulated asRU[OGH4(R*-2)](PM&), [R* = O (2a), CO 2b), CO,

(2d)] accompanied by the €0 or C—H bond cleavage of thertho substituents. Similar treatments of
1/PMe; with 2,6-disubstituted phenols H@E3(R-2)(R?-6) (Rt = OMe, CGQMe, CHO, Me; R = OMe,

Me) also proceed to giveis-Ru[OGH3(R-2)(R?>-6)](PMe3); [R* = O, R = OMe (26); R*'= 0, R =

Me (2f); R = CO,, R2 = OMe (2g); R! = CO,, R? = Me (2h); Rt = CO, R = OMe (2i); Rl = CO,

R? = Me (2j)]. On the basis of the reaction profiles monitored by NMR spectroscopy, a mechanism
involving a cationicy®-cyclooctadienylruthenium(ll) intermediate, [Ri3{CgH11)(PMes)s][OAr] (11),
followed by the carbortheteroatom bond cleavage is proposed.

Introduction require severe acidic or basic conditions such as reflux in HBr/
H,O and mixtures of KOH/NaOH at 258C, respectively.”
Bond cleavage reaction by transition-metal complexes is one The transition-metal-promoted cleavage reactions-e©onds
of the current topics in organometallic chemistry. Among such iy alkyl or aryl esters and ethers are still limited. Pioneering
carbonr-heteroatom bond cleavage reactions, cleavage of carbon examples involve the €0 bond cleavage reactions of methyl
halogen bonds in organic halides has been extensively studied;cetate and methyl benzoate with FeH(naphthyl)(dafbaid
and used in organic synthesis because of the facile OXidatiVe6-methyl-2-methoxyacetophenone with R(EO)(PPR)s? These
addition to low-valent transition-metal complexes. However, processes are believed to require prior coordination of substrates
these processes eventually eject hydrogen halides or corretg the metal center. In fact, introduction of an “anchor” group
sponding salts as wastes. To avoid this problem, transition-metal-in the ester or ether facilitates the-© bond cleavage reactions,
promoted reactions of carbemon-halogen element bonds are  for example, N donors in ester in the reactions of PHCI)-
promising alternatives as environmentally benign non-halogen (2-pyridyl) with Ru(CO),,1° and 8-acetoxy-2-diphenylphos-
processes. For this reason, the reactions involving-& Gond phinomethylquinoline with [RhCI(§H14)]2,1* and P donors in
cleavage step by transition-metal complexes are extensivelyether in the reactions of MeQB3(CH,PBuy), with [RhCI(1,5-
studied, and some of them were applied to catalytic molecular cop)J, or Pd(CECO,),,12 MeOCsHa(CH,PBUy), with Nil 5,13
transformation reaction'sCarbon-heteroatom bond cleavage and Bu,PCH,CgH3z(OMe), with [PdCI(2-methylallyly],.24
reactions are also important fundamental processes in view of \e previously reported stoichiometric and catalytie {€
molecular transformations. For example;-Q bond cleavage  hond cleavage reactions oftho-substituted phenof$, ben-

reaction in allylic and vinylic esters and ethers is usually easily zenethiols'6 allylic alcohols!” and carboxylic acid$ assisted
promoted by transition-metal complexes probably owing to the
proximity of the metal center to the €O bond via prior g% EECCOMMfyr}?hleksiQQBSS 643- hesid983 249
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by use of chalcogen anchor groups in ruthenium(ll) complexes consistent with the X-ray structure &a. The C-O bond
(Scheme 1). Herein we report<® and C-H bond cleavage cleavage reaction of 2-methoxyphenol was also confirmed by
reactions of ether, ester, or formyl groups in dreho positions protonolysis of2a, where exposure d?ain acetoneds to dry

of phenols. The reaction mechanism for the@bond cleavage = HCI gas evolved catechol in 97% vyield (eq 1).

reaction is also proposed.
OH

Results and Discussion 0 HCl gas OH
(Me3P)4 Ru, (1)
o]

ortho-Monosubstituted Phenols.Treatment of Ruf*1,5- rt, 10 min
COD)(%%-1,3,5-COT) () (COD = cyclooctadiene (gH;,); COT 2a acetone-dg 97%
= cyclooctatriene (gHig)) with 2-methoxyphenol and PMe
in benzene at 70C followed by workup procedure including Complex2a showed poor reactivity toward hydrogenolysis,
recrystallization from cold toluene gave analytically pure pale pyt 2a gave catechol andis-RuH,(PMes)s in 33% and 32%
yellow needles of the new oxaruthenacycle comptesRu- yields, respectively, by the reaction with k6.8 MPa) at 70C
[OCgH4(0O-2)+?0,0](PMes)s (23) in 15% yield (Scheme 2).  for 20 h.

The molecular structure @awas unambiguously determined Similar treatments ol/PMe; with salicylaldehyde, 5-nitro-

by single-crystal X-ray diffraction, which is shown in Figure 1 sajicylaldehyde, and methyl salicylate also produced corre-
together with the atom-labeling scheme. Selected bond distancessponding oxaruthenacycle complexes-Ru[OGsH4(CO-2)-
and angles are listed in Table 1. «?0,CJ(PMes)4 (2b), cisRU[OCH3(CO-2)(NG-4)+20,C|(PMes)s
The bond distances C(2D(1) and C(2)-0(2) are 1.352(7) (20), and cis-RU[OCsH4(CO,-2)-x20,0](PMes)s (2d) in 31%,
and 1329(7) A, respective!y, ShOWing the|r Single'bond char- 78%, and 19% yie|dsl respective|y’ by the-B or C—0O bond
acter. Although the bond distance C{4}(5) is slightly short  ¢leavage reactions of thetho substituent group. Among these
[1.35(1) A], no significant bond alternation is found in the other  complexes, single crystals suitable for X-ray analysis were
C—C bond distances in the benzo ring [1.386{&)427(8) A]. obtained for2c, and the molecular structure is depicted in Figure
Therefore, compleRais best regarded as a divalent dioxaru- 1 showing formation of a five-membered oxaruthenacycle
thenacyle complex, rather than an alternative canonical form: complex?° One of the structural features @€ is that the bond
the ortho-quinone structure in Ru(GY. distance Ru(1yP(2) [2.411(2) A] is significantly longer than
The 3P{*H} NMR spectrum of2a, as expected, shows an their covalent radii (2.34 AJL For compensation of this
AxX, spin system ad 11.9 and 1.7, suggesting the presence of phenomenon, Ru(HC(7) [1.992(2) A] is slightly shorter than
a dioxaruthenacycle ring in an octahedral geometry. In'the  their covalent radii (2.01 A). Therefore, C(7) has a stroags

NMR spectrum, the charact_eristic meth_oxy resonance disap-influence probably due to the presence gftectrons in C(7).
peared. These spectroscopic features in a solution state are

(20) For X-ray analysis of2c, two crystallographically independent
(19) Formation ofp-quinone complexes are recently reported : (a) Ura, molecules were found in a unit cell. Since they were isomorphous and their

Y.; Sato, Y.; Shiotsuki, M.; Suzuki, T.; Wada, K.; Kondo, T.; Mitsudo, T.  bond distances and angles were basically comparable to each other, the

Organometallics2003 22, 77. (b) Mitsudo, T.; Ura, Y.; Kondo, TJ. molecular structure of one of them was shown in Figure 1.

Organomet. Chen2004 689, 4530. (21) Emsley, JThe Elements2nd ed., Oxford Univ., Oxford, 1991.
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Scheme 2 labeling scheme, and the bond distances and angles are listed
oH in Table 2.
. @OME The molecular structure @& indicates formation of a five-

D membered ruthenacycle ring, but the-8 bond in the aryloxo
moieties remains attached. The bond distances between the
chelated and nonchelated aryloxo fragments are almost com-
OH parable, but the bond angle Ru{Xp(1)—C(1) [118.6(6J] is
significantly smaller than Ru(O(2)—C(8) [136.8(6J], indi-
+ (MouP)e >\\/© cating restriction due to formation of a five-membered ring.
Since bond distances Ru@p(1) [2.243(2) A] and Ru(BP(2)
[2.237(2) A] are also comparable, there seems to be little
cHO difference in thetrans influence of O(1) and O(2). The'P-
* {H} NMR data show an AMN pattern at 17.4, 15.4, and

NO, 14.0. The coordinated and uncoordinated SMe groups resonate
78% Mesp“R at 6 2.29 (d) and 2.19 (s), respectively, suggesting rigid

(Me3P) Ru
[ g MesPh

further treatment o8 was performed. However, attempting to
heat3 at 100°C in toluenesdsg in the presence of PMeesulted

in the liberation of a PMgligand and coordination of the second
SMe group to forntrans-Ru[OGH4(SMe-2)+20,9,(PMes), (6)

in 85% vyield (eq 3), and no €S bond cleavage product was

oH SMe
SMe @ observed at all.
+ Me

coordination of the SMe group in solution. Since compoGnd
on was a potential intermediate for aS bond cleavage reaction,
. ©/002Me
+ PMe3
70°C 19%

(M63P)4R”

2

o
28% (MegP) 3Ru :@ SMe
X
on o Me +2PMeg MegP., | O
CONH, NHp | S oleu\ ®)
. o . 0-0 (MegP)R{, 100°C, 60 h s, Ve
/ ~
- |(MegP)sRY, } @ANHZ o toluene-dg Me
42% (0]
4 3 6
g 85%
NMe,
deg .
L~ (MegP)sRU] Treatment ofl/PMe; with 2-hydroxybenzamide and I2;N-
26% H - dimethylaminomethylphenol gaveis-[Ru{ OCsH4(CONH,-
€2

2)-k%0,0} (PMe3)4] "[OCeH4(CONH-2)]~ (4) and cis-RuH-
[OCeH4(CH:NMex-2)](PMe&s)4 (5) in 42% and 26% yields,
Complexes2b—d were also characterized by NMR and respectively. Neither €N nor N—H bond cleavage reaction
elemental analyses. As a typical example, characterization oftook place for these substrates.
2d is noteworthy. In théH NMR spectrum of2d, the methyl 2,6-Disubstituted PhenolsReactions of this system with a
resonance around the ester region disappeared 3™FiéH} series of 2,6-disubstituted phenols were performed. As expected,
NMR spectrum o2d shows an AMX pattern at 16.3, 12.0, treatment ofl/PMe; with 2,6-dimethoxyphenol in benzene at
and 1.31 in CDG, whereas these resonances are completely 70°C for 10 days followed by workup procedure yielded yellow
different from those for2b (see Experimental Section), sug- needles of the oxaruthenacycle compteg-Ru[OGH3(O-2)-
gesting that not the C(©)OMe bond but the C(O)©Me bond (OMe-6)+20,0](PMes)4 (26) in 11% vyield. It is worthwhile
is cleaved to yield a six-membered oxaruthenacycle. The to note that this €O bond cleavage reaction is expected to
elemental analysis 02d also supports formation of the six- proceed via an aryloxoruthenium intermediate, where the
membered oxaruthenacycle. Consistently, the structuradof  calchogen anchor brings the proximate-Q bond to the
was also confirmed by the chemical reaction, where exposureruthenium center, leading to the bond cleavage reaction.
of 2d in chloroformd; to dry HCI gas at room temperature for  Therefore, unsymmetrically 2,6-disubstituted phenols are re-

10 min liberated salicylic acid in quantitative yield (eq 2). garded as good probes for chemoselectivity in the carbon
heteroatom bond cleavage reaction (Chart 1).
o) OH Although we have reported facile 5g—H bond cleavage
0 HCl gas COzH reaction of 2,6-xylenol and 2,6-dimethylbenzenethiol by the
(Mesp)4R“b 1o @) 1/PMe; systemt®16the C-O bond in the methoxy group was
g éDClr:m cleaved and the methyl group remained as a spectator group to
2d 100% form 2f when 2-methoxy-6-methylphenol was employed as a
substrate (Scheme 3). The-© bond in the ester group showed
Contrary to these facts, reaction bPMe; with 2-hydroxy- higher reactivity than the methyl or methoxy group (compounds
thioanisole at 70°C for 5 days was found to give the 2gand2h). The C-H bond in the formyl group was also easily
diaryloxoruthenium(ll) complefac-RU[OGH4(SMe-2)«20,3- cleaved (compounda and2j). Among complexege—j, single

[OCsH4(SMe-2)«10](PMes)s (3), which was characterized by  crystals of2g, 2h, and2j suitable for X-ray diffraction studies
NMR, X-ray analysis, and the elemental analysis. The molecular were obtained, and their molecular structures are shown in
structure of3 is depicted in Figure 2 together with the atom- Figure 3 and selected bond distances and angles are tabulated
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Clt

Figure 1. Molecular structures o€is-Ru[OCGH,(0O-2)+20,0’](PMes)4 (28) and cis-RU[OCGH3(CO-2)(NOQ-4)-«20,Cl(PMes)4 (20). All
hydrogen atoms are omitted for clarity. Ellipsoids represent 50% probability.

Scheme 3
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Figure 2. Molecular structure of comple®. All hydrogen atoms Ru\ EE—
are omitted for clarity. Ellipsoids represent 50% probability. i/\_/ 70°C oH
Chart 1 benzene COMe
, 1 + /
R MG3P \
- 19%
o
L,Ru OH
MeO CHO

in Table 3. It is notable that these chemoselective reactions N
proceeded exclusively, although yields of the oxaruthenacycle (MesP) Ru
complexes are moderate based on the NMR studies§3%). 18% sS4

By taking into account the results employing asymmetric 2,6-
disubstituted phenols, we can conclude that the ruthenium

complex has a tendency to cleave the carbogteroatom bond OH
in the following order: formyl C-H bond in ArC(O)-H, ester

C—0 bond in ArC(O)G-Me > ether C-O bond in ArO-Me +
> methyl C-H bond in ArCH—H as shown in Chart 2. The (MesP)4Ru_
(0]

reported bond dissociation energies (BDES) for the related bonds 26%

in present study are summarized in Table 4. Interestingly,

although the strength of the formyHaH bond of benzaldehyde

is comparable to that of the methyHE® bond of toluene, the  BDEs, neither the €N nor C—S bond in 2-dimethylamino-
competitive reaction by use of 2-formyl-6-methylphenol dem- methylphenol and 2-hydroxythioanisole could be cleaved un-
onstrates exclusive cleavage of the formyt& bond. More- der these conditions. Thus, the BDE is not responsible for the
over, whereas PhGHNMe, and PhS-Me have relatively low trend.
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2j
Figure 3. Molecular structures afis-RU[OGH3(CO,-2)(OMe-6)x20,0"(PMe3)4 (29), Cis-RU[OCsH3(CO,-2)(Me-6)+20,C|(PMes)4 (2h),
and cis-Ru[OGsH3(CO-2)(Me-6)«x20,C|(PMes)4 (2j). All hydrogen atoms are omitted for clarity. Ellipsoids represent 50% probability.

On the other hand, the relative bond strengths in the Chart 2
ruthenium-heteroatom bond are reported as follows: U OH O
> Ru—OAr > Ru—NHPh > Ru—CH,Ph in (M&P)HRu—X?22 R Y >
and Ru-C(sp) > Ru—0 > Ru—H > Ru—C(sp) > Ru—N in H o
Cp*(MesP)xRu—X.28 Thus, the stability of the resulting RX R 0., R aH
bond could be responsible for the selectivity in these bond > \©/ %Me > \©/ %H
cleavages, although further detailed analyses are required to
prove this. OH O
Mechanistic Studies.In order to shed lights on the reaction R@)koxw'e
mechanism, time-course curves monitored by NMR for the
reaction ofl/PMe; with methyl salicylate in benzerg-at 70°C
were analyzed, as shown in Figure 4.

inactive toward carbon-heteroatom or N-H

Immediately after addition of PMéo a benzenels solution bond
of 1, a monophosphine complex, Rid1,5-COD){*-1,3,5- OH © OH
COT)(PMe) (7), was dominantly formed. Themac-Ru(6+ R R
1—3-773-CgH10)(PMe3)3 (8), faC-RU(ﬁ-ﬂlZ1_3-773-CgH12)(PMe3)3 \©/kNH2 \©/\NM92
(9), and Rug*-1,5-COD)(PMe)s (10) were produced. Although

OH

(22) Hartwig, J. F.; Andersen, R. A.; Bergman, R.@ganometallics R S.

1991, 10, 1875. Me

(23) Bryndza, H. E.; Fong, L. K.; Paciello, R. A.; Tam, W.; Bercaw, J.
E. J. Am. Chem. S0d.987 109, 1444.
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Figure 4. Time-course curves for the reaction of Rt+l,5-COD)-
(7%-1,3,5-COT) L)/PMg; at 70°C in benzeneds. open circles: Ru-
(7*-1,5-COD){*-1,3,5-COT)(PMg) (7). closed circles:fac-Ru(6-
nt:1-3-7%-CgH10)(PMe&s)s (8). open squares:fac-Ru(641:1—
3-73-CgH1)(PMe&s)s (9). closed squarescis-RU[OGH4(COx-2)-
«?0,0"(PMe3)4 (2d). crosses: Ruf*-1,5-COD)(PMe)z (10). open
triangles: unknown species.

complexes7,?4 8,24 and10?° are documented, compléxwas a
new species. Thu® was prepared and characterized by
independent reaction. The molecular structur® ¢ depicted

in Figure 8.

It is worthwhile to note that the €0 bond cleavage product
2d seems to be formed with a decrease3ofn fact, complex
2d was cleanly formed when isolaté&lwas employed as the
starting compound in benzemnkg{Figure 5a). It is notable that
not a zerovalent but a divalent ruthenium spedieplays
dominant role in these carbetheteroatom bond cleavage
reactions.

When the reaction d with methyl salicylate was performed
in a polar solvent, DMSQls (DMSO = dimethylsulfoxide
(CoH0S)), the cationic cyclooctadienyl complex [REHCgH11)-
(PMes)3] T [OCeH4(COMe-2)]~ (11) was formed as a dominant
product at the initial stage (Figure 5b). This complex is probably
produced by protonation of thegBio ligand in 8 as reported
previously®® Figure 5b shows a typical successive reaction
profile, wherell is regarded as an intermediate for the @
bond cleavage of methyl salicylate. While compleiwas not
detected in benzers; it is observed in DMSQls probably
due to stabilization of the cationic complex in a polar medium.
It is also notable that the rate for the formatior2dfin DMSO-
ds was almost comparable to that in benzegesuggesting a
nonpolar transition state for the<® bond cleavage reaction.

As shown in Figure 6a, the rate for the formation of the
oxaruthenacycle complex was not affected by the amount of
added methyl salicylate and Pllsuggesting the process took
place without liberation of the PMdigand. Either an electron-
donating or -withdrawing substituent in methyl salicylate also
did not affect the €O bond cleavage reaction (Figure 6b).

The rate for the €0 bond cleavage reaction of isopropyl
salicylate was significantly slower than that of methyl salicylate
(Figure 7).

The fate of the methyl group in methyl salicylate is also
surveyed. Treatment a8 with twice the amount of methyl
salicylate in the presence of 8 equiv of PMe DMSO-ds at

(24) (a) Hirano, M.; Marumo, T.; Miyasaka, T.; Fukuoka, A.; Komiya,
S.Chem. Lett1997 297. (b) Komiya, S.; Planas, J. G.; Onuki, K.; Lu, Z;
Hirano, M. Organometallic200Q 19, 4051. (c) Hirano, M.; Asakawa, R.;
Nagata, C.; Miyasaka, T.; Komine, N.; Komiya, Stganometallic2003
22, 2378.

(25) Bennett, M. A;; Lu, Z.; Wang, X.; Bown, M.; Hockless, D. C. R.
J. Am. Chem. S0d.998 120, 10409.
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Figure 5. Time-course curves for the reactionfat-Ru(6+%1—
3-173-CgH10)(PMe&s)s (8) with methyl salicylate in the presence of
PMe; at 70°C in GDg (a) or in DMSOds (b). closed circles: of
fac-Ru(64%1—3-3-CgH10)(PMes)3 (8). closed squarescis-Ru-
[OCeH4(COx-2)-x?0,0')(PMe3)4 (2d). double circles: [Ruf®-
CgH11)(PMe&3)3] [OCsH4(COMe-2)]~ (11). stars: unidentified tet-
raxis phosphine complex.

120 140 160 180

70°C for 4 days in a sealed NMR tube resulted in the formation
of the C-O bond cleavage produ@d in 76% yield with
concomitant formation ofmethyl 2-methoxybenzoa{®&0%)
(Scheme 4). In this process, although evolution of hydrogen
gas was detected by GLC with formation of 1,3-COD (13%),
1,4-COD (7%) 1,3,5-COT (4%), and 1,5-COD (3%), methane
was not detected by GLC analysis of the gas phase. 5-Methyl-
1,3-cyclooctadien& which is a putative methylated product
of the cyclooctadienyl ligand, was not formed. Similar treatment
of 8 with 2,6-dimethoxyphenol gave (56%) and1,2,3-
trimethoxybenzen@6%). The GLC analysis of the gas phase
showed evolution of hydrogen and a trace amount of methane.
These experiments clearly show that the cleaved methyl group
in the ester or ether was mainly trapped by aryloxides.

By taking into account these experimental data, a possible
mechanism has been proposed for theG bond cleavage
reaction of methyl salicylate as a typical example. First of all,
treatment ofl with PMe; gives8, which is protonated by the
first methyl salicylate, giving the cationic cyclooctadienyl
complex1l (Scheme 5).

Although we cannot detect any intermediate for theGCbond
cleavage during the course of the reaction, a divalent diaryloxo
complex @) is the most probable intermediate. The most
probable transition state for the<® bond cleavage reaction
is a concerted transition stee since the reaction is not affected
by the addition of PMgand methyl salicylate as well as solvent
polarity change, but is greatly retarded when a bulky ester is
employed. Finally, the ruthenacycle compl2d is produced
with concomitant formation of methyl 2-methoxybenzoate.

For further investigation of the €0 bond cleavage process,
transRuCh(PMe3)4 (12) was treated with 3.8 equiv of potassium

(26) Pearson, A. J.; Balasubramanian, S.; Srinivasanlefrahedron
1993 49, 5663.
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Figure 6. (a) Effect on added PMe&and methyl salicylate for the
yield of cis-Ru[OGsH4(CO,-2)-«20,0’](PMes), (2d) starting from

8in benzeneds at 70°C. open squares: methyl salicylate (2.7 equiv/
8), PMe; (9.0 equivB). closed squares: methyl salicylate (9.0 equiv/
8), PMe; (9.0 equivB). open squares with diagonal line: methyl
salicylate (2.7 equi), PMe; (1.7 equivB). (b) Effect on substit-
uents in methyl salicylate for the yield of oxaruthenacycle
complexes starting from8 in benzeneds at 70 °C. open squares
with cross: methyl 5-fluorosalicylate. closed squares with an open
circle: methyl 5-methoxysalicylate. closed squares: methyl sali-
cylate. open squares with a closed circle: methyl 4-methoxysali-
cylate.
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Figure 7. Time-yield curves for the formation afis-Ru[OGH4-
(COx-2)-«?0,0"(PMes),4 (2d) by the reaction ofac-Ru(64%:1—
3-173-CgH10)(PMes); (8) with methyl salicylate (closed squares) or
isopropyl salicylate (closed circles) in the presence of Paflg0°C
in CeDs.

salt of methyl salicylate in refluxing THF (THE tetrahydro-
furan (GHgO)) for 4 days, and as expected, the product after
workup was identified as the corresponding ruthenacfdla
65% vyield. Similarly, treatment ofl2 with potassium 2,6-
dimethoxyphenoxide also produc2din 61% yield. However,

in these metathetical reactions starting frb# methyl 2-meth-

Organometallics, Vol. 26, No. 8, 2002011

Figure 8. Molecular structure offac-Ru(64%:1—3-53-CgHyy)-
(PMe&y)3 (9). All hydrogen atoms are omitted for clarity. Ellipsoids
represent 50% probability. The molecule Hassymmetry, and
atoms designated with asterisk were generated by the symmetrical
operation.

Scheme 4
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spectrum a® 30.5 (dd,J = 44, 39 Hz), 27.0 (ddJ = 44, 39

Hz), and 22.6 (tJ = 39 Hz). These three phosphorus atoms
are magnetically inequivalent, and they are close to those for a
diaryloxoruthenium(ll) complexXac-Ru[OGH4(SMe-2)x20,93-
[OCeH4(SMe-2)x10](PMes)s (3), suggesting formation of
intermediateC in Scheme 5. Immediately after addition of 1
equiv of PMe to the mixture, this species disappeared and a
new AMX; species (54%) appeared @t19.9 (q,J = 34 Hz,

1P), 12.4 (gJ = 34 Hz, 1P), and-1.43 (t,J = 34 Hz, 2P) in

the 3P{1H} NMR spectrum with concomitant formation &l

in 16% vyield. Since the resonances for the new species having
an AMX; spin system are close to those for the cationic aryloxo
complexcis-[Ru{ OCsH4(CONH,-2)-«20,0} (PMes)4] [OCgHa-
(CONH-2)]~ (4), we tentatively assigned this species as
intermediateD in Scheme 5. Heating of this species at 1D

for 30 min gave a mixture of the-©0 bond cleavage product

2d (76%) andD (16%). It is notable that methyl 2-methoxy-
benzoate was not observed, and the fate of the cleaved methyl

oxysalicylate and 1,2,3-trimethoxybenzene were produced only group in the ester group could not be clarified in this process.

in 7% yields in both cases. Further investigation of the reaction
of 12 with 3.1 equiv of potassium salt of methyl salicylate in
DME (DME = 1,2-dimethoxyethane (E10,)) at 70°C for 3
days revealed formation &d (10%) and an unidentified new
species (68%) having an ABX pattern in tB¥{IH} NMR

By taking into account these facts, there may be at least two
independent processes givigd (paths 1 and 2 in Scheme 5).
However, these data suggest that intermediateould be
produced only when a PMevas lost during the reaction, and
path 1 would be the dominant process starting fram
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Concluding Remarks. The carbor-heteroatom bonds inthe  Trimethylphosphine was prepared by the treatment of P(Q#itt)
ester or ether group at theetho position of aryloxo are easily =~ methyl Grignard reagefit.2-N,N-Dimethylaminomethylphenol and
cleaved in divalent ruthenium complexes. Several observationsmethyl 3-methoxysalicylate were prepared according to literature
are consistent with a bond cleavage reaction by a concertedmethods’? All other reagents were obtained from commercial
mechanism involving coordinationally saturated diaryloxoru- Suppliers (Wako Pure Chemical Ind., Aldrich, or TCI) and used as
thenium(ll) intermediates. This concerted bond cleavage reactionféceived. Chromatographic separation was carried out e@:Al
is also proposed for ruthenium(ll) complexes suctciasRu- (Mt_erck, activity 1, 250 mesh). G_LC analyses were performed by a
(OCsHaMe-4)(PMes),28 and cis-RU[OC(O)C(Me¥=CHy]»- Shlmadzu GC-14B equipped with a FID detector b_y use of a glass
(PMes)..28 The present 2,6-disubstituted aryloxo system also Capillary column (TC-wax: 0.25 mp x 30 m) or Shimadzu GC-
provides a good probe to seek the trend of carbugteroatom 3B equpeq with a TCD detector by use of a glass packed column
bond cleavage reactions. The most relevant is the observation(mmecmalr sieves or Polapack Q). The EMR specltra were recorded
that the cleaved methyl group in methyl ester (and also methyl gir;hila;] Etf:,)tlr_alr_npz\a?;gglgﬁaif%?'ih'\gHrze)éi-guglmstglr\r/]:ntre;zraely c(egvl:acsl,
ether) is trapped by the OAr group, giving an anisole derivative.

- - . . . - CHDCI,). CDCl; and CQCl, were distilled over O, and stored
We believe this work provides important information for the ,nqer vacuum. Elemental analyses were performed on a Perkin-
bond cleavage reactions in divalent ruthenium complexes.

Elmer 2400 series Il CHN analyzer.
Cis-RU[OCgH4(0-2)-«20,0](PMe3)4 (2a). Complex1 (101.9 mg,

Experimental Section 0.3231 mmol) was placed in a Schlenk tube into which benzene

(3.0 mL) was added under Natmosphere. PMe(130 uL, 1.26

mmol) and then 2-methoxyphenol (4040, 0.365mmol) were

added into the solution by a hypodermic syringe. The reaction

mixture was heated at AL for 6 days. All volatile matters were

removed under reduced pressure, and the resulting yellow solid

was recrystallized from cold toluene to give yellow needlegaf

in 15% yield (15.0 mg, 0.048 mmol). Complexes—j, 3, 4, and

5 were also prepared by a similar procedutd. NMR (CDs-

COCDs): 6 1.26 (vt,J = 3.2 Hz, 18H, mutuallyrans PMe3), 1.45

(m, 18H, Mey), 5.97 (dd,J = 5.5, 3.7 Hz, 2H, GH,), 6.17 (dd,J

= 5.5, 3.7 Hz, 2H, @H,). 3'P{*H} NMR (CD3COCD): 6 1.7 (t,

J =30 Hz, 2P), 11.9 (tJ = 30 Hz, 2P). IR (KBr, cm?): 3047-

(w), 3031(w), 2993(w), 2970(w), 2909(w), 1559(m), 1474(m),

1420(w), 1299(w), 1255(m), 944(s), 720(m), 662(w). Anal. Calcd

for CigHs00OPsRuU: C, 42.01; H, 7.85. Found: C, 42.15; H, 7.96.

All manipulations and reactions were performed under dry
nitrogen with the use of standard Schlenk and vacuum line
techniques. Toluene, benzene, hexane, THF, DME, ast &ere
distilled over sodium benzophenone ketyl, pentane was distilled
over potassium benzophenone ketyl, and,Clkland acetonitrile
were distilled from Drierite. Ethanol was dried over calcium chloride
and distilled under nitrogen over magnesium ethoxide; these
solvents were stored under nitrogen. Ru{,5-COD)5-1,3,5-
COT) (1)*° was prepared according to literature procedures, but
magnetic stirring was used instead of sonicationRd1(5-COD)-
(7*-1,3,5-COT)(PMg) (7),%* fac-Ru(6+%:1—3-13-CgH10)(PMes)s
(8),22 Ru(*-1,5-COD)(PMg)s (10),25 and transRuCh(PMes)4
(12)%° were characterized according to the reported literature.

(27) Luo, Y-R. inHandbook of Bond Dissociation Energies in Organic
CompoundsCRC (Boca Raton) 2003.

(28) Hartwig, J. F.; Bergman, R. G.; Andersen, R.JA.Organomet. (31) Kosolapoff, G. M.; Maier, L. In Organic Phosphorus Compounds
Chem.199Q 394, 417. Wiley, New York, 1972 and the procedure was referred to the following
(29) Itoh, K.; Nagashima, H.; Ohshima, T.; Oshima, N.; Nishiyama, H. article: Burt, R. J.; Chatt, J.; Hussain, W.; Leigh, GJ.JOrganomet. Chem.

J. Organomet. Chen1984 272, 179. 1979 182, 203.

(30) Jones, R. A; Real F. R.; Wilkinson, G.; Galas, A. M. R.; Hurshouse, (32) Cavitt, S. B.; Sarrafizadeh, R. H.; Gardner, P.JDOrg. Chem.
M. B.; Abdul Malik, K. M. J. Chem. Soc., Dalton Tran$98Q 511. 1962 27, 1211.
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Table 1. Selected Bond Distances (A) and Angles (deg) for

2a and 2c
2a

Ru(1)-P(1) 2.388(2) Ru(HP(2) 2.273(2)
Ru(1)-P(3) 2.273(2) Ru(HP(4) 2.372(2)
Ru(1)-0(1) 2.112(4) Ru(1y0(2) 2.130(4)
0O(1)—C(1) 1.352(7) O(2rC(2) 1.329(7)
C(1)-C(2) 1.427(8) C(1rC(6) 1.386(8)
c(2)-c(3) 1.393(8) C(3)C(4) 1.405(10)
C(4)-C(5) 1.35(1) C(5¥C(6) 1.40(1)

P(1-Ru(l-P(2)  96.81(7) P(BRu(l-P@3)  94.04(7)
P(1-Ru(l-P(4)  165.40(6) P(BRu(l-O(1)  84.6(1)

P(1-Ru(1)}-0(2) 84.6(1) O(1)yRu(1)-0(2) 80.0(1)
Ru(1)-0(1)-C(1) 111.5(3) Ru(1y0O(2)-C(2) 110.6(3)
2c

Ru(1)-P(1) 2.238(3) Ru(byP(2) 2.411(2)
Ru(1)-P(3) 2.335(2) Ru(x)yP(4) 2.333(2)
Ru(1)}-0(1) 2.136(7) Ru(LyC(7) 1.992(9)
O(1)-C() 1.28(1) O(2)-C(7) 1.22(1)
O3)—-N(1) 1.23(2) O(4¥N(2) 1.20(2)
N(1)—C(4) 1.42(2) C(1yC(2) 1.44(2)
C(1)—C(6) 1.37(1) C(2yC(3) 1.36(1)
C(3)-C(4) 1.41(1) C(4)C(5) 1.38(1)
C(5)—-C(6) 1.37(2) C(6)-C(7) 1.50(2)

PAY-Ru(l)-P(2)  101.0(1) P(HDRu(l)-P@E)  94.0(1)
P-Ru(l-P@4)  94.7(1) P(YRu(1)-O(1)  171.9(2)
P(1-Ru(1}-C(7)  90.2(3) O(1yRu(1)-C(7)  81.8(3)
Ru(1-O(1)-C(1)  1105(5)  O(3}N(1)~O(4) 122(1)
Ru(l-C(7)-0(2)  133.3(6) Ru(ByC(7)-C(6)  110.1(6)
0(2)-C(7)-C(6) 116.5(8)

cis-RU[OCgH4(CO-2)-«20,C|(PMe3)s (2b). Treatment of 1
(123.0 mg, 0.3900 mmol) with PM&160.0uL, 1.546 mmol) and
salicylaldehyde (50.0L, 0.478 mmol) in benzene (5.0 mL) at 70
for 5 days followed by workup involving recrystallization from cold
toluene gave pale yellow microcrystals 26 in 31% yield (47.0

Organometallics, Vol. 26, No. 8, 2002013

Table 2. Selected Bond Distances (A) and Angles (deg) for 3

Ru(1)-S(1) 2.380(3) Ru(BP(1) 2.243(2)
Ru(1)-P(2) 2.237(2) Ru(P(3) 2.261(3)
Ru(1)-0(1) 2.098(7) Ru(10(2) 2.139(6)
S(1)-C(2) 1.75(1) S(1C(7) 1.80(1)
S(2)-C(9) 1.743(10)  S(2YC(14) 1.75(1)
O(1)-C(1) 1.30(1) 0(2)-C(8) 1.28(1)
C(1)-C(2) 1.39(2) C(1yC(6) 1.41(1)
C(2-C(3) 1.38(2) C(3)C(4) 1.34(2)
C(4)-C(5) 1.33(2) C(5)-C(6) 1.36(2)
C(8)-C(9) 1.40(1) C(8)-C(13) 1.38(1)
C(9)—C(10) 1.37(1) C(10yC(11) 1.38(2)
C(11)-C(12) 1.38(2) C(12)C(13) 1.38(1)
S(1)-Ru(l-P(1)  96.3(1) S(IYRu(1)-P(2)  89.28(9)
S(1-Ru(l-P(3)  167.91(10) S(BRu(1}-0O(1)  81.9(2)
S(1-Ru(1-0(2)  86.0(2) O(1FRu(1)-0(2)  94.3(2)
Ru(l-S(1)-C(2)  97.8(4) Ru(yS(1)-C(7)  111.4(4)
C(2)-S(1)-C(7) 100.2(5) C(9yS(2-C(14)  104.8(5)
Ru(1-O(1)-C(1)  118.6(6) Ru(yO(2)-C(8)  136.8(6)

111.5 (s), 121.1 (s), 123.6 (d,= 5.3 Hz), 131.0 (s), 134.3 (s),
170.5 (s), 171.4 (s). IR (KBr, cm): 3035(w), 2908(s), 1910(w),
1586(s), 1543(s), 1458(s), 1442(m), 1302(m), 1277(m), 1232(w),
1126(m), 1082(w), 1014(w), 944(vs), 870(s, 758(m), 749(m), 713-
(s), 663(m), 630(m). Anal. Calcd for;@H400:P,Ru: C, 42.14; H,
7.45. Found: C, 42.09; H, 7.37.
cis-RU[OCgH3(0-2)(OMe-6)+20,0](PMes)4 (2e). Treatment of
1(273.3 mg, 0.866 mmol) with PM&520.0uL, 3.516 mmol) and
2,6-dimethoxyphenol (137.8 mg, 0.894 mmol) in benzene (3 mL)
at 70°C for 10 days followed by workup involving crystallization
from cold benzene gave yellow needles2efin 11% yield (51.9
mg, 0.0953 mmol)*H NMR (CeDs): ¢ 1.01 (d,J = 7.8 Hz, 9H,
PMes), 1.04 (d,J = 7.8 Hz, 9H, Mey), 1.09 (vt,J = 3.3 Hz, 18H,
PMes), 4.09 (s, 3H, Me), 6.66 (dd,J = 7.8, 1.6 Hz, 1H, GH3),
6.75 (t,J = 7.8 Hz, 1H, GHs3), 6.92 (dd,J = 7.8, 1.6 Hz, 1H,

mg, 0.121 mmol). This compound was characterized spectroscopi-CsHs). 31P{H} NMR (CgDg): ¢ 1.15 (t,J = 30 Hz, 2P), 11.20 (q,

cally. 'H NMR (CeDe): 6 0.96 (vt,J = 2.7 Hz, 18H, Rley), 1.07
(d,J = 5.4 Hz, 9H, Mey), 1.20 (d,J = 8.1 Hz, 9H,PMes), 6.68
(t, J=7.2 Hz, 1H, GHa), 7.22 (d,J = 8.1 Hz, 1H, GHy), 7.31 (t,
J = 7.4 Hz, 1H, GH), 8.06 (d,J = 8.3 Hz, 1H, GHy). 31P{1H}

NMR (CeDg): 6 —20.9 (t,J = 27 Hz, 1P),~5.6 (dd,J = 35, 26
Hz, 2P), 11.0 (tJ = 35 Hz, 1P). IR (KBr, cml): 3035(w), 2969-

J =30 Hz, 1P), 11.65 (¢ = 30 Hz, 1P).13C{'H} NMR (C¢Dg):

0 16.71 (t,J = 12 Hz, Me3), 22.26 (d,J = 23 Hz, MMe;), 57.63

(s, OMe), 104.12 (s), 111.12 (s), 113.37 (s), 150.65 (s), 154.26 (d,

J =5 Hz), 166.43 (d,J = 5 Hz). Anal. Calcd for GoH4,03P4Ru:

C, 41.99; H, 7.79. Found: C, 41.75; H, 7.86.
cis-RU[OCgH3(0-2)(Me-6)+20,0](PMe3), (2f). Treatment of

(m), 2908(s), 1910(w), 1586(s), 1543(s), 1458(s), 1442(m), 1324- 1 (70.1 mg, 0.222 mmol) with PMg100.0uL, 0.9661 mmol) and
(s), 1302(m), 1232(w), 1126(m), 1082(w), 1014(w), 944(vs), 870(s), 2-methoxy-6-methylphenol (35.4 mg, 0.256 mmol) in benzene (2.0

758(m), 749(m), 713(s), 663(m), 630(m).
Cis-RU[OCgH3(CO-2)(NO,-4)-«?0,C|(PMe3), (2¢). Treatment of
1 (135.8 mg, 0.4305 mmol) with PM&140.0uL, 1.353 mmol)

mL) at 70°C for 8 days followed by workup involving recrystal-
lization from cold acetone/hexane gave pale yellow microcrystals
in 9% yield (10.4 mg, 0.00196 mmol). This compound was

and 5-nitrosalicylaldehyde (149.2 mg, 0.8928 mmol) in THF (3.0 characterized spectroscopicalit NMR (C¢Dg): 6 1.04 (m, 36H,

mL) at room temperature fdl h followed by workup involving
recrystallization from cold acetone gave red microcrysta®odih
78% vyield (192.5 mg, 0.3374 mmoBtH NMR (CD.Cl,): ¢ 1.12
(brs, 18H, MMes), 1.41 (m, 18H, Me3), 6.57 (d,J = 9.3 Hz, 1H,
CeHg), 7.92 (d,J = 9.0 Hz, 1H, GH3), 8.05 (d,J = 2.7 Hz, 1H,
CsH3). 31P{H} (CD,Cly): 6 —21.3 (td,J = 27, 5 Hz, 1P),—6.7
(dd,J = 27, 35 Hz, 2P), 12.6 (td] = 35 Hz, 5H, 1P). IR (KBr,
cm™1): 2971(w), 2910(w), 1585(m), 1557(m), 1477(m), 1425(m),
1298(s), 1277(s), 938(s). Anal. Calcd fordB83dNO4P4Ru: C, 40.00;
H, 6.89; N, 2.46. Found: C, 40.38; H, 7.06; N, 2.43.
cis-RU[OCgH4(CO2-2)«20,C|(PMe3)4 (2d). Treatment of 1
(242.1 mg, 0.767 mmol) with PM&400.0xL, 3.091 mmol) and
methyl salicylate (120.@L, 0.926 mmol) in benzene (3 mL) at
70 °C for 6 days followed by workup involving recrystallization
from cold THF gave white microcrystals &fl in 19% vyield (77.9
mg, 0.143 mmol)!H NMR (CDCly): ¢ 1.29 (vt,J = 3.1 Hz, 18H,
PMes), 1.42 (d,J = 8.1 Hz, 18H, Me;), 6.33 (td,J = 7.6, 1.2 Hz,
1H, GHy), 6.54 (d,J = 7.6 Hz, 1H, GH,), 7.01 (td,J = 7.6, 1.8
Hz, 1H, GH,), 8.14 (ddJ = 7.6, 1.8 Hz, 1H, @H,). 3'P{*H} NMR
(CDCly): 6 1.31 (t,J = 32 Hz, 2P), 12.0 (¢ = 32 Hz, 1P), 16.3
(9,3 = 32 Hz, 1P)13C{1H} NMR (CDCl): ¢ 17.5 (t,J = 13 Hz,
PMes), 20.97 (d,J = 28 Hz, AMe;), 21.33 (d,J = 26 Hz, MMe3),

PMes), 2.66 (s, 3H, Me), 6.83 (d] = 7.0 Hz, 2H, GH3), 7.05 (dd,

J=6.3, 2.5 Hz, 1H, GHs). 31P{*H} NMR (CsDe): 0 0.80 (q,d =

30 Hz, 2P), 10.6 (g) = 30 Hz, 1P), 11.5 (gJ = 30 Hz, 1P).
cis-RU[OCgH3(CO2-2)(OMe-6)+«20,0](PMejs)4 (29). Treatment

of 1(132.7 mg, 0.4207 mmol) with PNJ€190.0xL, 1.836 mmol)

and methyl 3-methoxysalicylate (77.2 mg, 0.424 mmol) in benzene

(5.0 mL) at 70°C for 5 days followed by workup involving

recrystallization from cold acetone gave orange microcrystals of

2g in 18% vyield (42.5 mg, 0.0744 mmol). This compound was

characterized spectroscopicaldd NMR (CgDg): 6 0.97 (d,J =

8.1 Hz, 9H, Me;3), 1.01 (vt,J = 3.3 Hz, 18H, Re;), 1.03 (d,J =

8.4 Hz, 9H, Me;), 3.65 (s, Me), 6.67 (t,J = 7.8 Hz, 1H, GH3),

6.82 (dd,J = 7.2, 1.8 Hz, 1H, GH3), 8.81 (dd,J = 8.3, 2.0 Hz,

1H, GsHa). 3'P{*H} NMR (CgDg): ¢ 0.9 (t,J = 32 Hz, 2P), 12.1

(9, J = 32 Hz, 1P), 15.6 (gJ) = 32 Hz, 1P). IR (KBr, cm?b):

3401(w), 3045(w), 2992(w), 2966(w), 2914(m), 2813(w), 13618w),

1710(m), 1595(s), 1565(s), 1539(s), 1465(s), 1444(s), 1340(m),

1319(m), 1302(m), 1283(m), 1254(w), 1225(m), 1192(w), 1167(m),

1068(m), 1032(m), 979(sh), 944(vs), 862(m), 786(w), 757(w),

741(m), 717(m), 666(m), 617(w).
cis-RU[OCgH3(CO2-2)(Me-6)+20,0](PMes)4 (2h). Treatment

of 1(114.9 mg, 0.3643 mmol) with PNJ¢188.0uL, 1.816 mmol)
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Table 3. Selected Bond Distances (A) and Angles (deg) for

29, 2h, and 2j

2g
Ru(1)-P(1) 2.275(2)  Ru(BP(2) 2.291(2)
Ru(1)-P(3) 2.368(2)  Ru(byP(4) 2.375(3)
Ru(1)-0(1) 2.109(5)  Ru(1yO(2) 2.121(5)
O(1)-C(1) 1.31(1) 0(2¥-C(7) 1.283(10)
0(3)-C(7) 1.24(1) O(4)-C(6) 1.39(1)
O(4)-C(8) 1.40(1) C(1¥C(2) 1.41(1)
C(1)-C(6) 1.44(1) C(2yC(3) 1.41(1)
C(2)-C(7) 1.51(1) C(3)C(4) 1.37(2)
C(4)-C(5) 1.37(2) C(5%-C(6) 1.36(1)
P-Ru(l-P(2)  97.32(9) P(HRu(l-P@)  95.0(1)
P(1-Ru(1)}-P(4)  95.9(1) P(LYRu(1-O(1)  86.4(2)
P(1Ru(1-0(2)  176.3(2) Ru(BO(1)-C(1)  126.3(5)
Ru(l;O(2-C(7)  130.3(5)  C(6YO(4)-C(8)  115.2(9)

2h
Ru(1)-P(1) 2.378(2) Ru(bP(2) 2.285(1)
Ru(1)-P(3) 2.283(1) Ru(1yP(4) 2.360(2)
Ru(1)-0(1) 2.115(3) Ru(1y0(2) 2.116(3)
O(1)-C(1) 1.311(5) O(2-C(7) 1.280(6)
0(3)-C(7) 1.237(6) C(1rC(2) 1.430(6)
C(1)-C(6) 1.443(6) Cc(2rC(3) 1.411(6)
c(2)-C(7) 1.492(7) C(3yC(4) 1.361(9)
C(4)-C(5) 1.374(8) C(5)C(6) 1.369(7)
P(1-Ru(l}-P(2)  95.81(5) P(BRU(1-P(3)  92.91(4)
P(1-Ru(l-P(4)  168.27(5) P(HRu(1-O(1)  86.1(1)
P(1-Ru(1)-O(2)  86.34(10)  O(L}Ru(1;-O(2)  86.5(1)
Ru(1-O(1)-C(1)  127.7(3) Ru(lyO(2-C(7)  131.9(3)
0(2)-C(7)-0(3) 120.5(5) O(2C(7)-C(2) 121.9(4)

2j
Ru(1)-P(1) 2.362(1) Ru(BP(2) 2.437(2)
Ru(1)-P(3) 2.2761(9)  Ru(BHP(4) 2.359(2)
Ru(1)-0(1) 2.134(2) Ru(1yC(7) 2.047(4)
0O(1)-C(1) 1.311(4) 0(2)C(7) 1.227(4)
C(1)-C(2) 1.406(5) Cc(1yC(6) 1.418(4)
C(2-C(3) 1.399(5) c(2yc(7) 1.509(5)
C(3)-C(4) 1.361(7) C(4)C(5) 1.380(7)
C(5)-C(6) 1.390(6)
P(1-Ru(l}-P(2)  93.41(6) P(BRu(1-P(3)  95.98(4)
P(1)-Ru(1)-P(4) 166.93(3) P(HRu(1}-O(1)  84.91(7)
P(1-Ru(1)-C(7)  84.7(1) O(1}Ru(1-C(7)  81.8(1)
Ru(1}-O(1)-C(1)  112.3(2) Ru(lyC(7)-0(2)  132.0(3)
Ru(1}-C(7)-C(2)  109.4(2)

and methyl 3-methylsalicylate (160, 1.546 mmol) in benzene
(4.0 mL) at 70°C for 7 days followed by workup involving
recrystallization from cold acetone gave pale yellow microcrystals
of 2 hin 19% yield (39.4 mg, 0.0709 mmol). This compound was
characterized spectroscopicalff NMR (CD,Cl,): ¢ 1.24 (vt,J
= 3.0 Hz, 18H, Me3), 1.42 (d,J = 8.6 Hz, 18H, MMe3), 2.06 (s,
3H, Me), 6.17 (dd,J = 7.9, 6.9 Hz, 1H, €H3), 6.92 (dt,J = 6.9,
1.5 Hz, 1H, GHg), 7.83 (dd,J = 7.9 Hz, 1.5 Hz, 1H)3P{1H}
NMR (CD.Cly): 6 0.80 (t,J = 32 Hz, 2P), 11.8 (gqJ = 32 Hz,
1P), 15.0 (qJ = 32 Hz, 1P). IR (KBr, cm?): 2958(w), 2906(w),
1598(s), 1571(s), 1543(w), 1451(s), 1427(s), 1349(w), 1262(w),
1079(m), 944(s).

cis-RU[OCgH3(CO-2)(OMe-6)+«20,C|(PMey), (2i). Treatment
of 1 (109.6 mg, 0.3475 mmol) with PMé150.0uL, 1.450 mmol)
and 2-hydroxy-3-methoxybenzaldehyde (54.6 mg, 0.359 mmol) in
benzene (5.0 mL) at 5TC for 27 h followed by workup involving
recrystallization from cold acetone/hexane gave yellow microcrys-
tals of 2i in 18% yield (33.2 mg, 0.0632 mmoBH NMR (CsDe):
0 0.97 (vt,J = 3.2 Hz, 18H, Re3), 1.10 (d,J = 4.5 Hz, 9H,
PMes), 1.20 (d,J = 7.2 Hz, 9H, Me3), 3.83 (s, 3H, Me), 6.61 (t,
J=7.2 Hz, 1H, GH3), 6.88 (d,J = 7.2 Hz, 1H, GH3), 7.83 (d,J
= 7.2 Hz, 1H, GHy). 3'P{*H} NMR (CgDg): 6 —20.3 (t,J = 26
Hz, 1P),—5.4 (dd,J = 35, 27 Hz, 2P), 11.0 ( = 35 Hz, 1P). IR
(KBr, cm™1): 3046(w), 2968(w), 2905(m), 2825(w), 1602(w), 1585-
(w), 1547(s), 1477(m), 1438(m), 1300(m), 1275(w), 1235(m), 1190-
(m), 1152(w), 1066(w), 943(vs), 916(sh), 852(m), 799(m), 737(m),
714(m), 677(m). Anal. Calcd for £H4,0sPsRu: C, 43.24; H, 7.62.
Found: C, 43.54; H, 7.94.
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Table 4. BDEs for Related Bonds in Reported Compounds
corresponding broken bond in

bond BDE (kJ mot?) this and previous works
MeC(O)-NH> 417.1+ 8.4
PhC(O)-OMe 409+ 12.6
PhC(Oy-H 371+ 10.9 HOGH3(R-6)[C(O)-H-2]
PhCH—H 370.3+ 6.3 HOGH3(R-6)(CH—H-2)
MeC(O)O-Me 352.7£ 5.0 HOGH3(R-6)[C(O)O-Me-2]
PhS-Me 278.2+ 10.5
PhO-Me 268.6+ 7.1 HOGH3(R-6)(O—Me-2)
PhCH—NMe; 259.8+8.4

cis-RU[OCgH3(CO-2)(Me-6)+?0,C|(PMe3), (2)). Treatment of
1 (103.8 mg, 0.3291 mmol) with PM&140.0uL, 1.353 mmol)
and 2-hydroxy-3-methylbenzaldehyde (4@.0D, 0.330 mmol) in
benzene (5.0 mL) at 7TC for 4 days followed by workup involving
recrystallization from cold toluene gave pale orange crysta®j of
in 26% yield (46.1 mg, 0.0854 mmol)H NMR (CsD¢): 6 0.93
(vt, J=2.7 Hz, 18H, RMey), 1.18 (d,J = 4.8 Hz, 9H, Me3), 1.21
(d,J = 7.2 Hz, 9H, Mej3), 2.53 (s, 3HMe), 6.67 (t,J = 7 Hz,
1H, GeH3), 7.24 (d,J = 6.3 Hz, 1H, GH3), 7.98 (d,J = 7.2 Hz,
1H, GeHa). 31P{H} NMR (C¢De): 0 —20.1 (t,J = 26 Hz, 1P),
—5.4 (dd,J = 35, 26 Hz, 2P), 10.7 (1] = 35 Hz, 1P). Anal. Calcd
for CooH40-PsRU: C, 44.52; H, 7.85. Found: 43.36; H, 7.81.

Cis-RU[OCgH4(SMe-2)+20,9[0C gH4(SMe-2)+1O](PMe3)s (3).
Treatment ofl (250.1 mg, 0.7929 mmol) with PM&320.0uL,
3.091 mmol) and 2-hydroxythioanisole (21@.0, 1.616 mmol) in
benzene (5.0 mL) at 7TC for 5 days followed by workup involving
recrystallization from cold acetone gave colorless microcrystals of
3in 28% yield (136.3 mg, 0.2243 mmoP NMR (C¢Dg): 0 0.74
(d,J = 8.4 Hz, 9H, MMe3), 1.24 (d,J = 9.0 Hz, 9H, Mes), 1.29
(d,J=8.7 Hz, 9H, Me3), 2.19 (s, 3H, $le), 2.29 (d,J = 2.7 Hz,
3H, SMle), 5.48 (ddd,J = 8.7, 5.4, 2.1 Hz, 1H, &,), 6.68 (td,J
= 7.3, 1.2 Hz, 1H, GH,), 6.82 (dd,J = 7.3, 2.1 Hz, 1H, GH,),

7.7 (m, 4H, GHJ), 7.79 (dd,J = 8.7, 1.2 Hz, 1H, GH.). 3P{1H}
NMR (CgDg): 6 14.0 (dd,J = 39, 32 Hz, 1P), 15.5 (] = 39 Hz,
1P), 17.4 (ddJ = 38, 32 Hz, 1P). Anal. Calcd for GH10.P5-
RuS: C, 45.46; H, 6.80; S, 10.55. Found: C, 45.95; H, 6.88; S,
10.85.

Cis-[Ru{ OCgH4(CONH »-2)?0,0} (PMe3)4] [OCH4(CONH,-
2)]~ (4). Treatment ofl (112.7 mg, 0.3573 mmol) with PNM¢150.0
uL, 1.445 mmol) and 2-hydroxybenzamide (4@10 0.0534 mmol)
in benzene (5.0 mL) at 50C for 3 days followed by workup
involving recrystallization from cold acetone gave colorless mi-
crocrystals of4 in 42% yield (102.2 mg, 0.1508 mmol). This
compound was characterized spectroscopicay NMR (CDs-
COCD;y): 6 1.26 (vt,J = 3.3 Hz, 18H, MMe3), 1.38 (d,J = 7.2
Hz, 9H, MVe;), 1.51 (d,J = 8.1 Hz, 9H, Mey), 6.19 (1,J = 7.2
Hz, 1H, GH,), 6.46 (d,J = 8.1 Hz, 1H, GH,), 6.71 (t,J = 7.4
Hz, 1H, GH,), 6.89 (t,J = 7.4 Hz, 1H, GH,), 7.01 (d,J = 8.1
Hz, 1H, GH,), 7.26 (t,J = 7.2 Hz, 1H, GH4), 7.99 (d,J=7.5
Hz, 1H, GH,), 8.06 (d,J = 8.4 Hz, 1H).3P{*H} NMR (CDs
COCDg): 0 0.2 (t,J=31Hz, 2P), 4.1 (g) = 31 Hz, 1P), 10.4 (q,
J=31Hz, 1P). IR (KBr, cm?): 3311(s), 3137(m), 3044(m), 2972-
(m), 2911(s), 1714(w), 1656(vs), 1599(vs), 1558(vs), 1524(s), 1460-
(vs), 1368(s), 1347(s), 1306(s), 1285(m), 1252(m), 1134(m),
1083(w), 1032(m), 943(vs), 877(s), 855(vs), 753(vs), 718(vs), 666-
(vs), 537(s).

cisRUH[OC gH4(CH;NMe,-2)](PMe3), (5). Treatment ofl (82.0
mg, 0.260 mmol) with PMg(110.0xL, 1.060 mmol) and 2N,N-
dimethylaminomethylphenol (404, 0.265 mmol) in benzene (5.5
mL) at 70°C for 5 days followed by workup involving recrystal-
lization from cold acetone gave light brown microcrystalssoh
26% yield (37.5 mg, 0.0675 mmol}H NMR (CDsCOCDs): ¢
—7.83 (dg,J = 102, 27 Hz, 1H, RH), 1.30 (vt,J = 2.7 Hz, 18H,
PMes), 1.37 (d,J = 8.1 Hz, 9H, MMe3), 1.46 (d,J = 5.4 Hz, 9H,
PMe3), 2.11 (s, 6H, WMey), 3.25 (s, 2H, Ey), 6.05 (t,J = 7.8 Hz,
1H, GHa,), 6.80 (t,J = 6.3 Hz, 1H, GH,), 6.91 (d,J = 7.5 Hz,
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1H, GHa), 7.24 (d,J = 8.4 Hz, 1H, GHy). 3'P{'H} NMR (CDs- 8
COCDs): 6 —11.8 (td,J = 27, 17 Hz, 1P), 1.5 (dd} = 33, 27 Hz, 2 _ I :
2P), 16.1 (tdJ = 33, 17 Hz, 1P). IR (KBr, cm?): 3437(w), 2964- QS . i 2
(m), 2901(m), 2847(w), 2804(w), 2761(w), 2707(w), 1847(m), o222 2 S pepude’ c 2 2
1587(m), 1474(s), 1446(m), 1361(w), 1330(m), 1305(m), 1278(m), ENES sles R <« §
1177(w), 1144(w), 1012(w), 941(vs), 855(m), 749(m), 711(m), BRY5J-588 QR3S S
664(m), 581(w). Anal. Calcd for GHsNOPRU: C, 45.32; H, 8.87; S o > 2 4 9
N, 2.52. Found: C, 45.26; H, 8.79; N, 2.00.

Protonolysis of 2a with HCI. Complex2a (23.3 mg, 0.0454 E
mmol) was placed in an NMR tube into which@s (0.6 mL) was ~ ;
introduced by vacuum distillation. By use of a mercury manometer, 2 . S} <
dry hydrogen chloride (4.97 mL, 0.20 mmol) was added into the 4 , 2Lg @ % A 2
NMR tube.H NMR analysis of the product showed formation of PNLBE a§ S FEBE2 algw S
catechol in 97% vield. %SEESQESSSQ 8"5%%2 3

Hydrogenolysis of 2a.Complex2a (10.2 mg, 0.0192 mmol) I(SQO E 7% N “ 2 o
and triphenylmethane as an internal standard were placed in an
NMR tube into which acetonds (0.6 mL) was introduced by ~
vacuum distillation. The NMR tube was placed in a stainless o @
autoclave, then (6.8 MPa) was charged. The autoclave was ; 2
heated at 70C for 20 h. An'H NMR spectrum of the product Z E g R % s
showed formation ofis-RuH,(PMe), in 32% and catechol in 33% Sl Kl P : a2g3g & o5 8 &

; © S c>0ON S T NoaN 2o
yield. Sl |Ras€3¥®e 5 3 & S88s°Q

Protonolysis of 2d with HCI. Complex2d (15.3 mg, 0.0282 o IRE § SSS g9 8 o 4
mmol) was placed in an NMR tube into which CRRGD.6 mL) .= S} o ¥ ©°
was introduced by vacuum distillation. After exposure of the N
solution to dry hydrogen chloride for 10 min, 1,4-dioxane was added & o
as an internal standard, and tBE NMR spectrum showed 3’ o 3 5
formation of salicylic acid in 100% yield. S - E b 2 8

Treatment of 3 with PMes. Complex3 (12.2 mg, 0.0201 mmol) Nl 25; g ) — Q 18
was placed in an NMR tube into which a flame-sealed capillary Jy on s &:Eg’@ & ~O« g 39
containing a @Dg solution of P(OPh)as an external standard and 5 Ti8E Ao So a8 é g 8 % © -
tolueneds (0.6 mL) were added under,Nitmosphere. PMg(3.2 - §° g 760 NG -
uL, 0.031 mmol) was added to the solution by hypodermic syringe a
and then heated at 10C for 60 h. Formation ofrans-Ru[OGH4- g
(SMe-2)x20,92(PMe;), (6) was observed in 85% yield: H © o ©
NMR (CsDsCDs): 6 0.90 (distorted vtJ = 3 Hz, 18H, Mey), § g S 'g
2.53 (s, 6H, $e), 6.47 (td,J = 8, 1 Hz, 2H, GH.), 6.76 (t,J = ol |8 w9 X S
8 Hz, 2H, GHJ), 7.24 (dd,J = 8, 1 Hz, 2H, GHJ) and 2H due to 5|5 _s5g¢ea s 9 S
aromatic protons were obscured by concomitant P(@P¥ tH} g % 2 35’8 3 @ S xdBaS
NMR (CsDsCDs): 0 15.3 (s). o éog IINNSo8gy I8SILSZ

Time-Course for the Reaction of 1/PMg with Methyl Sali- % & © 2
cylate. Complex1 (12.5 mg, 0.0396 mmol) was placed in an NMR S‘
tube into which GDgs (0.6 mL) was added by vacuum distillation. ] ©
A flame-sealed capillary containing aQs solution of P(OPh) Lg S @ =
was added in the NMR tube as an external standard.;RM&e0 = e . _ < q
uL, 0.155 mmol) and methyl salicylate (10:0., 0.0772 mmol) Slels = secg & % S
were added by hypodermic syringe, and then the reaction system Zg;?r § S55Q ?g g, ~ 2 Ly § ™
was heated at 7€C. %’c\sg\;g:ﬁ;odo$ 8ggggqg

Time-Course for the Reaction of 8/PMg with Methyl Sali- O SR =900 ¢Nc® b
cylate. (A) Complex8 (17.3 mg, 0.0410 mmol) was placed in an
NMR tube into which @Dg (0.60 mL) was introduced by vacuum
distillation. A flame-sealed capillary containing gl solution of ~
P(OPhy was added in the NMR tube as an external standard sPMe S 5 3 5
(7.4uL, 0.0715 mmol) and methyl salicylate (145, 0.112 mmol) © 25_, o . ® 3
were added to the NMR tube by hypodermic syringe, and then the N c‘z =280 5,\9/ — IS e

. . g ] 0 oSO ® =) © 9
reaction mixture was heated at 70. The following experiments YISy g @ o a5 S g q
were also carried out in a similar way. (B)(17.6 mg, 0.0148 SOESSNS]SS B, SoSNNST
mmol), GDe (0.60 mL), PMg (40.0uL, 0.386 mmol), and methyl
salicylate (14.5L, 0.112 mmol). (C)8 (17.3 mg, 0.0410 mmol),

CsDs (0.6 mL), PMg (38.0uL, 0.367 mmol), and methyl salicylate ol

(48.0 uL, 0.370 mmol). (D)8 (8.3 mg, 0.020 mmol), §Ds (0.6 ~2%

mL), PMe; (16.5uL, 0.159 mmol), and methy! salicylate (6., o ES 52
0.051 mmol). (E}8 (17.3 mg, 0.0410 mmol), DMS@s (0.6 mL), - 3 _9BES
PMe; (38.5uL, 0.372 mmol), and methyl salicylate (12:.Q, 0.109 s 7 > 555 <05 g g e
mmol). (F)8 (8.7 mg, 0.021 mmol), §Ds (0.6 mL), PMg (17.5 E_BEII88sx £85 08
ul, 0.169 mmol), and methyl 5-fluorosalicylate (9.2 mg, 0.054 SE25Fcooca>NE8522800
mmol). (G)8 (8.7 mg, 0.021 mmol), De (0.6 mL), PMe (17.5
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uL, 0.169 mmol), and methyl 5-methoxysalicylate (&0, 0.054
mmol). (H) 8 (8.6 mg, 0.020 mmol), £De (0.6 mL), PMe (16.5
ul, 0.159 mmol), and methyl 4-methoxysalicylate (9.4 mg, 0.052
mmol). (I) 8 (8.5 mg, 0.020 mmol), Ds (0.6 mL), PMeg (23.0
uL, 0.222 mmol), and isopropyl salicylate (10, 0.0665 mmol).
Characterization of 9. During the course of the reaction &f
with PMe; and methyl salicylate, Ru(ft:1—3-13-CgH1,)(PMes)s
(9) was observed by NMR spectroscopyl. NMR (CeDg): 6 0.68
(d,J=4.8 Hz, 9H, Me3), 1.24 (d,J = 6.3 Hz, 18H, Re3), 1.8~
2.4 (m), 3.62 (dtJ = 18.3, 7.2 Hz, 1Hcentral CH in the allylic
moiety), 3.94(m, 2H, allylic ). 31P{1H} NMR (CgDs): 6 —13.6
(t, J= 26 Hz, 1P),—2.20 (d,J = 26 Hz, 2P). By an independent
reaction, crystals o suitable for X-ray analysis were obtained by
fractional crystallization from cold acetone. The molecular structure
of 9 is depicted in Figure 8. The overall structure%if basically
close to that of8, but 9 hasCs symmetry in its molecule. The
crystallographic data are deposited in the Supporting Information.
Reaction oftrans-RuCl,(PMes), (12) with Potassium Salt of
Methyl Salicylate or Potassium 2,6-Dimethoxyphenoxide in
THF. transRuCh(PMe;); (12) (11.1 mg, 0.0233 mmol) and
potassium salt of methyl salicylate (16.9 mg, 0.0888 mmol) were
placed in a Schlenk tube into which dry THF (1.0 mL) was
introduced. The reaction mixture was heated afCCdor 4 days.
After removal of all volatile matters, the resulting product was dried
under reduced pressure. The product was dissolved pCGand

triphenylmethane was added as an internal standard. The NMR

measurement of this product showed formatior2dfin 65% and
methyl 2-methoxybenzoate in 7% yield. Similar treatmentl2f
(11.2 mg, 0.0235 mmol) with potassium 2,6-dimethoxyphenoxide
(14.8 mg, 0.0770 mmol) at 70C for 4 days produce@ein 61%
and 1,2,3-trimethoxybenzene in 7% yield.

Reaction of 12 with Potassium Salt of Methyl Salicylate in
DME. Complex12 (10.2 mg, 0.0214 mmol) and potassium salt of
methyl salicylate (12.8 mg, 0.0673 mmol) were placed in a Schlenk
tube. Dry DME (1.5 mL) was added into the Schlenk tube by
syringe, and the suspension was heated at@or 3 days. No
formation of methyl 2-methoxybenzoate was confirmed by GLC
analysis of the solution. After removal of all volatile matters,
products were extracted with dichloromethaheand the NMR
spectrum showed formation @fl in 10% yield and a new species
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having an ABX spin system (intermedia®) in 68% yield in the
31P{1H} NMR (Ph;CH was used as an internal standard). Interme-
diateC: 3P{1H} NMR (CD.Cl,): ¢ 30.5 (dd,J = 44, 39 Hz, 1P),
27.0 (ddJ =44, 39 Hz, 1P), 22.6 (] = 39 Hz, 1P). Immediately
after addition of PMg(2 uL, 0.02 mmol) into the mixture2d (16%)
and a new species having an AMXpin system (intermediate)
(56%) were produced. Intermedidde 3P{H} (CD,Cl,): ¢ 19.9
(a,J =34 Hz, 1P), 12.4 (q) = 34 Hz, 1P),—1.43 (t,J = 34 Hz,
2P). Then, the solvent was removed under reduced pressure and
benzeneds was introduced into the NMR tube. Heating of this
system at 70°C for 30 min gave a mixture o2d (76%) andD
(16%). Methyl 2-methoxybenzoate was not observed at all.

X-ray Structure Determination. A summary of crystallographic
data for2a, 2c, 2g, 2h, 2j, 3, and9 is given in Table 5. Data
collection was carried out on a Rigaku AFC-7R diffractometer using
graphite-monochromated Mo cKradiation ¢ = 0.7107 A). A
selected yellow crystal was mounted on a glass fiber with Paraton
N oil or in a capillary tube (glass, 0.7 mg), which was sealed by
small flame torch. The structure was solved by the direct methods
(SIR88¥2 or Paterson method with the teXsan program package
and refined by full-matrix least-squares cycles. Absorption correc-
tions were applied by the-scan method. Hydrogen atoms were
placed in calculated positions, but they were not refined. Crystal-
lographic thermal parameters and bond distances and angles have
been deposited as Supporting Information.
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