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Abstract 

The PMes-coordinated ruthenium dihydride complex RuH,(PMe,), (1) reacted with PhCHO in toluene at -20°C to give an 
oxaruthenacycle complex (2) and 1 equivalent of PhCHsOH. The same reaction carried out at elevated temperatures, on the other 
hand, afforded a ruthenacycloketone complex (3). Complexes 2 and 3 were characterized by means of IR and NMR spectroscopy 
and elemental analysis. An X-ray diffraction study revealed that complex 2 has an oxametallacycleOstructure associa!ed with berry1 
alcohol by a hydrogen bond. Crystal data for 2: orthorhombic, space group Pnb2,, a = 13.580(l) A, b = 18.220(2) A, c = 12.540(l) 
& t’= 3102.7(S) A3, Z = 4. 
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1. Introduction 

Triphenylphosphine-coordinated ruthenium dihy- 
dride, RuH,(PPh,),, serves as an efficient catalyst for 
the Tishchenko-type dimerization of aldehydes to give 
esters (eqn. (1)) [1,2]. This reaction was assumed to 
proceed by a catalytic process as illustrated in Scheme 
1 [l]. Ruthenium dihydride A, employed for the cat- 
alytic reaction, undergoes insertion of aldehyde into 
the Ru-H bond. Reductive elimination of alcohol from 
the resulting alkoxo(hydridohuthenium complex (B) 
generates a Rue species C, which is active in the 
catalytic reaction. Oxidative addition of aldehyde to C 
forms an acyh-uthenium hydride CD). Insertion of an- 
other molecule of aldehyde into the Ru-H bond in D 
gives an acyl(alkoxohuthenium(I1) complex (E), which 
reductively eliminates ester, regenerating Rue species 
C that carries the catalytic cycle. 

2RCH0 RuH,o, RCO,CH,R 
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The catalytic process depicted in Scheme 1 seems 
reasonable in view of the precedents of oxidative addi- 
tion of the formyl group in aldehyde to low-valent 
transition metal complexes [3], of insertion of the car- 
bony1 group in aldehyde and ketone into a late transi- 
tion metal-hydride bond [4], and of reductive elimina- 
tion of acyl-alkoxide complexes to give esters [5]. How- 
ever, since the catalytic reaction using the PPh,-coordi- 
nated ruthenium catalyst proceeds very rapidly, it was 
not feasible to obtain direct evidence for the catalytic 
intermediates B-E. In this study, we examined the 
catalytic dimerization of benzaldehyde using PMe,-co- 
ordinated ruthenium catalyst RuH,(PMe,), (1) [6]. The 
use of basic PMe, as the stabilizing ligands provided a 
convenient reaction rate for examining the catalytic 
system by NMR spectroscopy and allowed us to gain an 
insight into the catalytic mechanism. 

2. Results 

2.1. Reactions of RuH,(PMe,), (1) with benzaldehyde 
The PMe,-coordinated ruthenium dihydride 1 was 

treated with an excess amount of benzaldehyde in 
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toluene-d, or benzene-d, and the reaction was fol- 
lowed by ‘H and 31P(1H} NMR spectroscopy. The 
reaction products varied markedly with the reaction 
temperature employed (eqn. (2)). 

L 
L\dU,H 

in C,D&D, 
or C,D, 

L’[‘H 
+ PhCHO I 

(3.3-3.9 equiv.) 

(1: L = PMe,) 

PhCH,OH+PhCO,CH,Ph+ 

HOCH.Ph 

other Ru species (2) 

Table 1 summarizes the typical results. At -20°C 
the reaction proceeded very slowly (entry 1). The 
31P{1H} NMR spectrum of the reaction solution after 
16 days exhibited A,MX signals assignable to the 
oxaruthenacycle complex 2 (59%) and signals of some 
unidentified Ru-PMe, species (total 41%). ‘H NMR 
analysis of the same solution showed partial conversion 
of benzaldehyde (185% with respect to 1 used) and the 
formation of benzyl alcohol (103% yield based on 1 
used), whereas no benzyl benzoate was observed. As is 
shown in the following section, benzyl alcohol gener- 
ated in the reaction system is associated with 2 by a 
hydrogen bond. 

When the reaction was carried out at room temper- 
ature, the ruthenacycloketone complex 3 was formed in 
addition to 2 (entry 2). At this temperature, the forma- 

L4R”CH 
H 

A 

Scheme 1. 

+ RCHO ,OCH#l 

-L 
* L3Ru, 

H B 

(L = PPh3) 

I 

- RCHIOH 

RCHO 

RCHO 

tion of benzyl benzoate and benzyl alcohol was ob- 
served. At 100°C complex 3 was obtained in 26% yield, 
whereas no trace of 2 was detected in the reaction 
system (entry 3). In this case 74% of 1 remained 
unreacted in the reaction solution and catalytic forma- 
tion of benzyl benzoate (427% yield based on 1 con- 
sumed) proceeded. 

2.2. Isolation and characterization of complexes 2 and 3 
Complex 2 was isolated as a white solid by slow 

cooling of the reaction solution of entry 1 in Table 1 
(40%). Recrystallization of the crude product from 
cold toluene gave colourless crystals of 2 suitable for 
X-ray diffraction study. 

Isolation of complex 3 was performed by the follow- 

TABLE 1. Reactions of RuH,(PMes), (1) with PhCHO a 

Entry Starting materials Reaction Products 

1 
2 
3 

blol) temperature 
(“0 

Organics (mm00 b Complexes (%/l) c 
1 PhCHO 

PhCH ,OH PhCO,CH,Ph PhCHO d 2 3 Others 1 e 

0.34 1.33 -20 0.35 f 0.00 0.70 59 0 41 0 
0.11 0.36 Room temp. 0.06 f 0.10 0.02 41 29 0 30 
0.18 0.63 100 0.12 0.20 0.10 0 26 0 74 

a The reaction was performed in toluene-ds (entry 1) or benzene-d, (entries 2 and 3). Reaction time: 16 days (entry l), 6 days (entry 2) and 5 h 
(entry 3). 
b Determined by ‘H NMR spectroscopy. 
’ Determined by 3’P(‘H) NMR spectroscopy. 
d The amount of benzaldehyde unreacted. 
e The amount of complex 1 unreacted. 
f Part of the benzyl alcohol combines with 2 by a hydrogen bond. See text. 
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Fig. 1. An ORTEP view of complex 2. The thermal ellipsoids are drawn at the 30% probability level. 

ing procedure. A toluene solution containing 1 and 10 
equivalents of PhCHO was stirred at room tempera- 
ture for 4 days. At this stage the reaction mixture 
contained complexes 2 and 3. The mixture was then 
heated at 100°C for 5 h to convert 2 into 3. Cooling the 
resulting reaction solution to -20°C gave rise to the 
formation of pale yellow needles of 3 (33%), which 
contained 1 equivalent of benzyl alcohol in the crystal. 

Complexes 2 and 3 were characterized by means of 
elemental analysis and IR and NMR spectroscopy. 
Characterization of 2 was performed also by X-ray 
diffraction study. Figure 1 shows the X-ray structure of 
2. The bond distances and angles are listed in Table 2. 
As can be seen from Fig. 1, complex 2 has an oxametal- 
lacycle ring associated with benzyl alcohol by a hydro- 
gen bond. The distance between 01 and 02 atoms is 
2.75(2) A, the value being typical of an O-H * * * 0 
hydrogen bond [7-91. The five-membered oxaruth- 
enacycle ring including Ru, 01, Cl, C2 and C7 is 
almost flat, the sum of the interior angles being 538.5”. 
The complex has a distorted octahedral structure with 
two equatorial PMe, ligands (Pl and P2) and two axial 
PMe, ligands (P3 and P4). 

Table 3 lists the characteristic NMR and IR data for 
2 and 3 [lo*]. The presence of a hydrogen bond in 2 in 
the solid state was also indicated by appearance of 
sharp peaks at 2740 and 2664 cm-’ in the IR spec- 

* Reference numbers with asterisks indicate a note in the list of 
references. 

trum. In the ‘H NMR spectrum of 2, the OH proton 
was observed as a broad signal at considerably lower 
magnetic field (6 7.47) than that of free benzyl alcohol 
(6 4.34), showing the hydrogen bonding taking place in 
solution also. In the i3C(‘H} NMR spectrum, the phenyl 
carbon bonded to ruthenium (Cl’; see the numbering 
in Table 3) appeared at 6 179.4 as a doublet of dou- 
blets owing to the coupling to the non-equivalent phos- 
phorus nuclei of the equatorial PMe, ligands. All other 
NMR data for 2 were fully consistent with the X-ray 
structure. 

Since a single crystal of 3 suitable for X-ray diffrac- 
tion study could not be obtained, the structure was 
assigned based on the NMR and IR data listed in 
Table 3. Although this complex was isolated as a 1: 1 
mixture with benzyl alcohol, the spectroscopic data 
indicated that no association of 3 with benzyl alcohol 
by a hydrogen bond exists in the solid or in solution. 
Thus, in the ‘H and 13C NMR spectra measured in 
CD&l, solution, benzyl alcohol released from the 
crystals of 3 showed almost the same chemical shifts 
and coupling patterns as the free alcohol that were 
independently observed. In the IR spectrum (Kerr disc), 
a broad peak assignable to the you band was observed 
around 3200-3600 cm-‘, the value being in the typical 
range for free alcohols. 

The A,MX signals that appeared in the 31P{‘H} 
NMR spectrum clearly showed that complex 3 has an 
octahedral structure similar to that of 2. The ‘H and 
13C NMR data for the PMe, ligands (one virtual triplet 
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and two doublets) also supported this structural assign- 
ment. The presence of a ruthenacycloketone ring was 
strongly suggested by the appearance of a doublet at 6 
182.0 and a doublet of doublets at 6 179.4 in the 
r3C{‘H) NMR spectrum, which are assigned to the 
carbonyl and phenyl ipso carbons, respectively, bonded 

TABLE 2. Bond distances CA) and angles (“1 for the oxaruthenacycle 
complex 2 

Bond distances 
Ru-Pl 
Ru-P2 
Ru-P3 
Ru-P4 
Ru-C7 
Ru-01 
Ol-Cl 
Cl-C2 
C2-C7 
C2-C3 
c3-c4 
c4-c5 
C5-C6 
C6-C7 
01-02 
Pl-C8 
Pl-c9 
Pl-Cl0 

Bond angles 
C7-Ru-01 
C7-Ru-Pl 
C7-Ru-P2 
C7-Ru-P3 
C7-Ru-P4 
Ol-Ru-PI 
Ol-Ru-P2 
Ol-Ru-P3 
Ol-Ru-P4 
Pl-Ru-P2 
Pl-Ru-P3 
Pl-Ru-P4 
P2-Ru-P3 
P2-Ru-P4 
P3-Ru-P4 
C8-Pl-Ru 
C8-Pl-C9 
C8-Pl-Cl0 
C9-Pl-Ru 
c9-Pl-Cl0 
ClO-Pl-Ru 
Cll-P2-RU 
Cll-P2-Cl2 
Cll-P2-Cl3 
C12-P2-Ru 
C12-P2-Cl3 
C13-P2-Ru 
C14-P3-Ru 
c14-P3-Cl5 
C14-P3-Cl6 

2.38cH4) 
2.279(3) 
2.320(9) 
2.404(9) 
2.11801) 
2.144(8) 
1.43(2) 
1.51(2) 
1.41(2) 
1.43(2) 
1.41(2) 
1.42(2) 
1.44(2) 
1.42(2) 
2.75(2) 
1.83(3) 
1.89(2) 
1.86(2) 

P2-Cl1 
P2-Cl2 
P2-Cl3 
P3-Cl4 
P3-Cl5 
P3-Cl6 
P4-Cl7 
P4-Cl8 
P4-Cl9 
02-c20 
c20-c21 
c21-c22 
C22-C23 
C23-C24 
C24-C25 
C25-(726 
C26-C21 

78.4(4) C15-P3-Ru 
162.0(3) C15-P3-Cl6 
103.6(3) C16-P3-Ru 
82.9(9) C17-P4-Ru 
82.1(9) C17-P4-Cl8 
83.6(3) c17-P4-Cl9 

176.3(6) C18-P4-Ru 
84.0(7) C18-P4-Cl9 
92.7(7) C19-P4-Ru 
94.50) Cl-Ol-Ru 
97.2(4) Ol-Cl-C2 
96.9(4) Cl-c2-C7 
93.1(4) c3-C2-C7 
90.8(4) Cl-C2-c3 

165.0(3) C2-C3-C4 
122.8(9) c3-c4-c5 
100.7(12) C4-C5-C6 

98.000) C5-C6-C7 
107.9(7) C2-C7-C6 

98.401) C2-C7-Ru 
124.4(7) C6-C7-Ru 
117.201) 02-c20-c21 

99.102) C22-C21-(326 
97.406) c20-c21-c22 

118.901) C20-CX-C26 
97.7(16) C21-C22-C23 

121.8(5) C22-C23-C24 
121.6(11) C23-C24-C25 
104.2(15) C24-C25-C26 
97.4(15) C21-C26-C25 

1.78(3) 
1.92(3) 
1.85(l) 
1.99(4) 
1.73(3) 
1.77(3) 
2.01(2) 
1.90(3) 
1.78(3) 
1.40(3) 
1.53(3) 
1.37(3) 
1.45(4) 
1.32(4) 
1.42(4) 
1.40(4) 
1.43(4) 

116.6(10) 
95.2(14) 

117.2(9) 
110.8(7) 
107.8(12) 
90.4(13) 

113.8(9) 
103.805) 
126.9(11) 
117.8(7) 
109.4(10) 
120.001) 
120.7(12) 
116.4(H) 
120.9(12) 
117.1(13) 
118.704) 
120.3(13) 
117.700) 
112.9(8) 
129.3(9) 
111.808) 
120.6(21) 
119.109) 
120.3(19) 
118.4(23) 
122.0(26) 
120.3(25) 
120.2(25) 
118.4(23) 

directly to ruthenium (C4 and Cl’). In the ‘H NMR 
spectrum, the four protons (H6, H’, H8 and H9) of the 
phenyl ring were observed non-equivalently at 6 6.88, 
7.02, 7.47 and 7.61, respectively. Among them the 
signal of the lowest chemical shift (H9) showed appar- 
ent coupling toward the phosphorus nuclei, though the 
detailed coupling pattern was obscure owing to broad- 
ening of the peak. 

2.3. Reactions of complexes 2 and 3 
Treatment of 2 with 6 equivalents of benzyl alcohol 

in benzene-d, at room temperature for 1 day gave the 
dihydridoruthenium complex 1 in 65% yield (eqn. (3)). 
Also found in the reaction solution by 31P{‘H) NMR 
spectroscopy were complex 3 (6%), unidentified Ru- 
PMe, species (5%) and unreacted complex 2 (24%). 
‘H NMR analysis of the solution revealed formation of 
benzyl benzoate (71% yield based on 2 employed) and 
benzaldehyde (trace). 

IfOCH,Ph 

+ PhCH,OH 

(0.17 mm00 
- 1+ 2 +3 in C,D, 
a’r;r-&w. (65%) (24%) (6%) 

2 (0.028 mmol) 

+ other Ru species + PhCO,CH,Ph + PhCHO (3) 

(5%) (71%) (trace) 

On the other hand, complex 3 was fairly stable at 
room temperature in solution in the presence or ab- 
sence of benzaldehyde and benzyl alcohol. Thus, no 
ester formation was observed with 3 at room tempera- 
ture, while the complex decomposed gradually at 100°C 
to give unidentified ruthenium species. 

3. Discussion 

We isolated the novel oxaruthenacycle complex 2 
and the ruthenacycloketone complex 3 from the cat- 
alytic reaction system of the Tishchenko-type dimeriza- 
tion of benzaldehyde into benzyl benzoate. As shown 
in Scheme 2, the structures of 2 and 3 are well related 
to those of the intermediates proposed in Scheme 1. 

The formation of 2 having a benzyloxoruthenium 
structure at low temperature indicates the occurrence 
of insertion of benzaldehyde into the Ru-H bond(s) in 
1, giving benzyloxoruthenium species F and G. Or- 
thometallation of one of the phenyl groups in G and 
the subsequent reductive elimination of benzyl alcohol 
forms 2. This complex is stable in solution at -20°C 
whereas at room temperature complex 2 reacted with 
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benzyl alcohol to regenerate dihydride complex 1 (eqn. Ru(O) species @I) that is active in the catalytic ester 
(3)). Under such conditions where complexes 1 and 2 formation is generated from one of the intervening 
are reversibly interconverted, the formation of benzyl intermediates in the interconversion between 1 and 2, 
benzoate was observed. Therefore, it is likely that a probably from the benzyloxo-hydrido species F. 

TABLE 3. NMR and IR data for complexes 2 and 3 a 

(13) (14) 

(11) (1) 

(15) 

(1) 

(3) 

(2) 

Complex ‘H NMR b ‘3C(1H) NMR = 31P(1H) NMR d IR data ’ 

6 JPH JHH Assignment 6 JPC Assignment g km-‘) 

2 1.10 (vt, 18H) 
1.42 (d, 9H) 
1.43 (d, 9H) 
4.66 (s, 2H) 
4.83 (brq, 2H) 
6.72 (m, 3H) 
7.21 (t, 1H) 
7.32 (t, 2H) 
7.39 (d, 2H) 
7.47 (m, 2H) 

3 0.99 (vt, 18H) 

P+~CH,OH 1.45 1.44 (d, (d, 9H) 9H) 
4.34 (t, 1H) 
4.66 (d, 2H) 
6.88 (t, 1H) 
7.02 (t, 1H) 
7.22 (t, 1H) 
7.31 (t, 2H) 
7.36 (d, 2H) 
7.47 (d, 1H) 
7.61 (brt, 1H) 

3.0 
6.8 
6.0 

2.6 
- 

f 

3.0 
7.9 
6.4 

1 
2 or 3 
2 or 3 

11 
4 

f 6,7 and 8 
7.0 15 
7.0 14 
7.0 13 
f 9 and OH 

- 1 
2 or 3 
3 or 2 

5.5 OH 
5.5 11 
7.0 8 
7.0 7 
7.3 15 
7.3 14 
7.3 13 
7.0 6 
f 9 

19.6 (vt) 
23.0 (d) 
25.3 (d) 
64.3 (s) 
77.6 (d) 

117.3 (s) 
120.2 (s) 
123.0 (s) 
126.7 (s) 
127.1 (s) 
128.3 (s) 
140.7 (s) 
144.0 (s) 
160.2 (s) 
174.7 (dd) 

18.8 (vt, d) 
22.3 (d) 
25.0 (dt) 
64.7 (s) 

121.0 (s) 
127.1 (s) 
127.2 (s) 
128.5 (s) 
128.5 (s) 
129.0 (s) 
141.1 (s) 
142.8 (s) 
143.1 (s) 
179.4 (dd) 
182.0 (d) 

13 
18 
26 

11 

- 

- 
- 

67, 9 

13,2 
19 
27, 2 

- 
64,8 

8 

1 
2 or 3 
2 or 3 

11 
4 
7 or 8 
7 or 8 
6 

15 
13 
14 
9 

12 
5 

10 

1 
2 or 3 
2or3 

11 
7 

13 
15 
6 

14 
8 
9 

12 
5 

10 
4 

[A,MX pattern] 
- 1.4(A,XP’) 
6&MXP* or P3) 
- 14.7(XXP2 or P3) 
[IAM = 33 Hz] 
[JAx = 25 Hz] 
[J,, = 17 Hz] 

274o(vo,) 
2664(vo,) 

[A,MX pattern] 1581 (I+,) 
-3.l(A,xP’) 
9.5(MXP2 or P3) 
- 14.5(XXP2 or P3) 
[Jm = 35 Hz] 
[ JM = 26 Hz] 
[J,, = 18 Hz] 

’ Ah NMR data were collected in CD@, at room temperature. Chemical shifts are reported in ppm and coupling constants in Hz Multiplicity 
abbreviations: s, singlet; d, doublet; t, triplet; m, multiplet; vt, virtual triplet; brt, broad triplet; brq, broad quartet; dd, doublet of doublets; dt, 
doublet of triplets. 
b At 270.05 MHz. Chemical shifts are referred to Me,Si as an external standard. 
’ At 67.80 MHz Chemical shifts are referred to Me& as an external standard. 
d At 40.26 MHz Chemical shifts are referred to 85% H,PO, as an external standard. 
’ KBr disc. 
f Coupling constant was obscure owing to broadening of the signal. 
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When the catalytic ester formation proceeded, the NMR spectra were measured on JEOL FX-100 and 
formation of the ruthenacycloketone 3 was observed. GX-270 spectrometers. ‘H and 13C signals are referred 
This observation indicates that complex 3 may be de- to Me,Si as an external standard and 31P NMR signals 
rived from an intermediate in the catalytic ester forma- to 85% H,PO, as an external reference. IR spectra 
tion. The benzoylruthenium structure of 3 suggests the were recorded on a Jasco IR-810 spectrometer. Ele- 
involvement of its precursor, the benzoyl(benzyl- mental analysis was carried out by using a Yanagimoto 
oxo)ruthenium J. Thus, orthometallation of the ben- CHN Autocorder type MT-2. Solvents were dried in 
zoyl group in J and the subsequent reductive elimina- the usual manners, distilled and stored under an argon 
tion of benzyl alcohol gives 3 [12*]. Complex J in the atmosphere. Benzaldehyde was obtained from Tokyo 
catalytic cycle, on the other hand, forms benzyl ben- Chemical Industry and used without further purifica- 
zoate on reductive elimination. tion. 

In conclusion, complex 1 having the strongly coordi- 
nating PMe, ligands showed much weaker catalytic 
activity than that of RuH,(PPh,),, but the observa- 
tions obtained with 1 are fairly consistent with the 
previously proposed mechanism for the RuH,(PPh,),- 
catalysed dimerization of aldehydes (Scheme 1). How- 
ever, we cannot exclude at the present stage the possi- 
bility of a conventional mechanism for the 
Tishchenko-type dimerization of aldehydes [2aj], be- 
cause in catalytic systems a minor amount of a catalytic 
species having a high activity is sometimes responsible 
for the real catalysis rather than an identifiable cat- 
alytic species having less activity [13]. 

RuH,(PMe,), (1) was prepared according to the 
literature method [6] and identified by NMR and IR 
spectroscopy and elemental analysis. Anal. Calc. for 
C,,H,,P,Ru: C, 35.38; H, 9.40. Found: C, 35.12; H, 
9.55%. ‘H NMR (C,D,), 6 - 9.90 (dt, J = 52 and 31 
Hz, lH), 1.24 (brd, 18H), 1.34 (brt, 18H); 31P{‘H) NMR 
(C,D,), 6 - 1.0 (t, J = 26 Hz, 2P), -8.5 (t, J= 26 Hz, 
2P); IR (KBr disc), 1806 cm-’ (~~~~1. 

4.2. Preparation of 2 

4. Experimental details 

4.1. General and materials 
All manipulations were carried out under an atmos- 

phere of argon or nitrogen or in uacuo. ‘H, 13C and 31P 

To a toluene solution (2 ml) of RuH,(PMe,), (1) 
(0.30 g, 0.74 mm011 was added benzaldehyde (0.75 ml, 
7.4 mmol) at - 78°C. The solution was stirred at - 20°C 
for 16 days and then allowed to stand at the same 
temperature overnight to give a white precipitate, which 
was filtered and dried under vacuum. The crude prod- 
uct was dissolved in a minimum amount of toluene at 
room temperature and cooled to -20°C to form 

0” - + PhCHO 

mJ1 \ 
,0CH2Ph + PhCHO 

H 
c--- WI, E [W 

,0CH2Ph 

- PhCHO H 
1 F 

- PhCHO 
G 

‘OCH,Ph 

1 - PhCH20H 
(at -20 “C) 

PhCiiO y ‘; y PhCOOCHePh 

(> mom temp.) 

IW 
,C-Ph 

‘OCH,R 

J 

I 

PhCHO 

- PhCH20H 

t 
+ PhCH20H 

- PhCH20H 

Me,P 

M%%,. ..a I 
[Ru] = 

Me,P,Rub I 
Me,P 

Scheme 2. 
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colourless crystals of 2 (0.18 g, 40% yield). Anal. Calc. 
for C,,H,,OP,Ru - C,H,O: C, 50.40; H, 8.13. Found: 
C, 50.87; H, 7.99%. 

4.3. Preparation of 3 
To a toluene solution (3 ml) of 1 (0.24 g, 0.59 mmol) 

was added benzaldehyde (0.6 ml, 5.9 mmol). The solu- 
tion was stirred at room temperature for 4 days and 
then at the reflux temperature for 5 h. Cooling the 
reaction solution to - 20°C formed yellow needles of 3, 
which were filtered, washed with toluene at -30°C 
and dried under vacuum (0.12 g, 33% yield). The 
product contained 1 equivalent of benzyl alcohol in the 
crystal. Anal. Calc. for C,,H,,OP,Ru - C,H,O: C, 
50.56; H, 7.83. Found: C, 50.62; H, 7.81%. 

4.4. NMR examination of the reaction of I with ben- 
zaldehyde 

A typical procedure (Table 1, entry 1) is as follows. 
Complex l(138 mg, 0.34 mmol) was placed in an NMR 
sample tube (10 mm i.d.) equipped with a rubber 
septum cap and the system was replaced with nitrogen 
gas. The sample tube was cooled to -70°C and 
toluene-d, (2 ml) and benzaldehyde (0.135 ml, 1.33 
mm00 were added. The sample tube was placed in a 
freezer maintained at -20°C and the reaction system 
was analysed at intervals by 31P{1H} and ‘H NMR 
spectroscopy. The results are given in Table 1. The 
ratio of ruthenium complexes in the reaction system 
was determined based on peak integration in the 
31P{‘H} NMR spectrum. The amounts of organics in 
the reaction solution were calculated based on the 
relative intensities of, the following peaks with respect 
to the signals of phenyl protons: PhCHO (6 9.62), 
PhCO,CH,Ph (6 5.12) and PhCH,OH (S 4.73). 

4.5. X-ray diffraction study of complex 2 
Crystal data: formula C,,H,,O,P,Ru, FW = 619.606, 

orthorhombic, space group Pnb2,, a = 13.5800) A, 
b = 18.220(2) ii, c = 12.5400) A, V= 3102.7(5) A3, 0, 
= 1.326 g cme3, 2 = 4, p (MO Ka) = 7.18 cm-‘. 

A single crystal of dimensions of 0.4 x 0.4 x 0.3 mm 
was sealed in a glass-made capillary tube and subjected 
to X-ray diffraction study. Intensity data were collected 
on a Rigaku AFCS four-circle diffractometer using 
graphite-monochromated MO KCZ radiation (A = 
0.71068 A). Unit cell dimensions and an orientation 
matrix were obtained by a least-squares calculation for 
25 automatically centred reflections in the range 20 I 
28 I 25”. Diffraction intensities were measured at 19°C 
in the range 3 I 20160” (+h, +k, +I) using the 
w-20 scan technique at a scan rate of 4” min-’ in w. 
Three standard reflections, measured at every 100 re- 
flection measurements, showed no appreciable de- 

TABLE 4. Atomic coordinates with equivalent isotropic temperature 

factors for the oxaruthenacycle complex 2 

Atom x Y z B a =I 

Ru 
Pl 
P2 
P3 
P4 
01 
Cl 
c2 
c3 
c4 
C5 
C6 
c7 
C8 
C9 
Cl0 
Cl1 
Cl2 
Cl3 
Cl4 
Cl5 
Cl6 
Cl7 
Cl8 
Cl9 
02 
C20 
C21 
C22 
C23 
C24 
c25 
C26 

0.04520(O) 
0.0489(10) 
0.0432(9) 

-0.1243(7) 
0.2204f6) 
0.038(2) 
0.048(3) 
0.058(l) 
0.051(3) 
0.03X2) 
0.048(2) 
0.037(2) 
0.045(2) 
0.162(2) 

- 0.029(2) 
- 0.005(2) 
- OMOf2) 

0.147(2) 
0.044(3) 

- 0.216(3) 
- 0.170(2) 
-0.178(2) 

0.271(2) 
0.262(2) 
0.313(2) 
0.174(l) 
0.135(2) 
0.209(2) 
0.201(2) 
0.270(2) 
0.341(2) 
0.353(2) 
0.2842) 

0.42567(3) 
0.5315(2) 
0.4909(2) 
O/%093(6) 
0.4096(5) 
0.3678(5) 
0.2X99(7) 
0.2648(6) 
0.1876(6) 
0.1597(7) 
0.2090(7) 
0.2864(7) 
0.3151(6) 
0.565(l) 
0.512(l) 
0.62X(9) 
0.549(l) 
0.5600) 
0.4451(8) 
0.493(2) 
0.342(2) 
0.373(2) 
0.344(l) 
0.369(2) 
0.476(2) 
0.3948(7) 
0.360(l) 
0.3060) 
0.2890) 
0.237(2) 
0.207(l) 
0.227(2) 
0.275(l) 

0.26714(6) 
0.3783(3) 
0.1121(3) 
0.2669(7) 
0.2532(7) 
0.4159(7) 
0.4130) 
0.299(l) 
0.281(l) 
0.178(l) 
0.091(l) 
0.110(l) 
0.2153(9) 
0.441(2) 
0.500(Z) 
0.342(2) 
0.089(2) 
0.0850) 

-0.020(l) 
0.286(3) 
0.351(2) 
0.149(2) 
0.370(2) 
0.120(2) 
0.284(3) 
0.573(l) 
0.663(2) 
0.713(2) 
0.819(2) 
0.864(2) 
0.807(2) 
0.699f2) 
0.649(2) 

2.150) 
3.91(9) 
3.18(8) 

3.42) 
3.3(2) 

3.9(3) 
4.6(4) 
2.2(3) 

3.6(3) 
3.7(5) 
4.5(4) 
3.2(4) 

3.0(3) 
9.200) 
7.3(7) 

7.6(8) 
3.9(7) 
5.3(8) 
5.5(5) 
6.1(9) 

5.0(9) 
3.6(6) 
7.6(6) 
5.6(7) 
4.7(7) 
6.7* 
5.8* 
4.8* 
6.2* 
7.7* 
5.9* 
7.0* 
5.9* 

a B,, = (8~2/3)~j~j[~ja~a~(aj.aj)]. Asterisks denote B values that 
are isotropic. 

crease in the intensities during the data collection. No 
absorption correction was made. Of the 4675 unique 
reflections measured, 2715 were classed as observed 
(F, > 3a(F,)) and these were used for the solution and 
refinement of the structure. 

Calculations were performed on a FACOM A70 
computer using the R-CRYSTAN program. The structure 
was solved by a combination of direct methods 
(SAP1851 and Fourier techniques. Hydrogen atoms 
were not located. The structure was refined by full-ma- 
trix least-squares calculations with anisotropic thermal 
parameters for the oxaruthenacycle moiety and with 
isotropic thermal parameters for the benzyl alcohol 
moiety. The final R value was 0.070 (R, = 0.066). The 
bond distances and angles are listed in Table 2. Atomic 
coordinates and equivalent isotropic and isotropic ther- 
mal parameters are given in Table 4. 
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