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Abstract 

With [RhCl(CO)2]2-amine as catalyst, the reaction of oxetanes with a hydrosilane and carbon monoxide results in ring-open- 
ing silylformylation to give y-siloxy aldehydes in 42-83% yields. Addition of amines is essential for the silylformylation to 
proceed, and 1-methylpyrazole is the most effective additive among the amines examined. The ring-opening of 2-alkyloxetanes 
occurs predominantly at the primary carbon atom with regioselectivity of 95%. 
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1. Introduction 

In the study of the transition metal-catalyzed reac- 
tion using a hydrosilane and carbon monoxide [1], we 
reported ring-opening silylformylation [2] of oxiranes 
leading to /3-siloxy aldehydes in the presence of 
[RhCl(CO)2]z-amine [3], in which the choice of an 
additive was crucial. Among additives examined, 1- 
methylpyrazole was most effective. The ring-opening of 
oxiranes occurred in a trans manner. We had already 
reported that Coz(CO) 8 also catalyzed ring-opening 
silylformylation of cyclic ethers [4]. However, the reac- 
tion required excess amounts of cyclic ethers (5 equiva- 
lents to a hydrosilane) to prevent the product aldehy- 
des from undergoing further reactions such as silyl- 
formylation [2d,5], hydrosilylation [6], and dehydro- 
genative silylation [7]. In contrast, the silylformylation 
of oxiranes by the use of rhodium-amine catalyst can 
be accomplished without using the excess amounts of 
oxiranes. We report herein that the [RhCI(CO)2] 2- 
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amine catalyst also enabled ring-opening silylformyla- 
tion of oxetanes leading to y-siloxy aldehydes (Eq. (1)). 

+ H S i R  3 + C O  ca t .  ~ C H O  

O R3Si O 

(1) 

2. Results and discussion 

The results are summarized in Table 1. To begin 
with, the reaction of oxetane (1) under the same reac- 
tion conditions as in the reaction of oxiranes was 
examined. Thus, the reaction of 1 (2.5 mmol) with 
dimethylphenylsilane (3 mmol) and carbon monoxide 
(50 atm, initial pressure at room temperature) in the 
presence of [RhCI(CO)2] 2 (0.05 mmol) and 1-methyl- 
pyrazole (1 mmol) in CHzC12 (5 ml) at 50°C for 12 h 
gave 4-(dimethylphenylsiloxy)butanal (2) in 81% yield 
(run 1). The use of toluene as the solvent afforded 2 in 
83% yield (run 2). Although EtzO gave a comparable 
yield, CH3CN and hexane were not suitable solvent for 
silylformylation of 1 (runs 3-5). Some other amines 
were moderately effective for the silylformylation of 1 
(Et3N: 63%, TMEDA: 10%, DBU: 3%, pyridine: 17%), 
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Table 1 
Rh-catalyzed ring-opening silylformylation of oxetanes a 

Run Oxetane Solvent Product Yield (%) b 

1 ~ x  2 CH2CI 2 ~ C H O  
2 O toluene 
3 Et20 PhMe2SiO 
4 1 CH 3CN 2 
5 hexane 

6 - - ~  toluene " x ~ / ' ' ~  CHO 

O PhMezSiO 
3 

4a 

7 ~ toluene ~ C H O  

O PhMe2SiO 
5 

6a 

8 ~ / ~  toluene ( . . ~ C H O  

O PhMe2SiO 
7 

8 
Ph Ph 

9 ~ toluene ~ CHO 

O PhMe2SiO 

10 

OHC OSiMe2Ph 

4b 

OHC OSiMe2Ph 

6b 

81 
83 
71 
17 
2 

62 
(95:5) c 

64 

(95:5) " 

80 

42 d 

Reaction conditions: oxetane (2.5 mmol), HSiMe2Ph (3.0 mmol), [RhCI(CO)2] 2 (0.05 mmol), 1-methylpyrazole (1 mmol), CO (50 atm), and 
solvent (5 ml) at 50°C for 12 h. b GLC yields, c The ratio of regioisomers was determined by the integration of their formyl proton resonances in 
I H NMR. d 24 h. 

but 1-methylimidazole was not effective as the additive. 
These results showed that 1-methylpyrazole is additive 
of choice. When the reactants and the catalyst were 
mixed without addition of amines, oxetane was imme- 
diately and completely consumed in minutes at room 
temperature even before the reaction vessel was pres- 
surized to 50 atm of carbon monoxide. The products 
were 1-(dimethylphenylsiloxy)propane (40%) and 3-(di- 
methylphenylsiloxy)propene (17%). Although the role 
of 1-methylpyrazole is not clear at the present time, it 
is likely that the amine has not accelerated the rate of 
incorporation of carbon monoxide but has suppressed 
side reactions such as ring-opening hydrosilylation or 
dehydrogenative silylation of oxetane. Trialkylsilanes 
such as triethylsilane (HSiEt 3) and diethylmethylsilane 
(HSiEtzMe) and ethoxydimethylsilane (HSiMe2(OEt)) 
were unreactive in the present silylformylation, the 
starting oxetane being recovered intact. 

High regioselectivity was observed in the reaction of 
2-methyloxetane (3). The ring-opening of 3 occurred 
regioselectively at the primary carbon atom to give a 

[RhCI(CO)2]2/[~N-- Me 

/ ~  HSiMe2Ph, CO 
, CHO + 

O toluene, 50°c, 
50 atm, 12 h 

11 PhMezSiO 

12 42% 

95:5 mixture of 4-(dimethylphenylsiloxy)pentanal (4a) 
and 4-(dimethylphenylsiloxy)-2-methylbutanal (4h) (run 
6). The reaction of 2-ethyloxetane (5) gave the same 
result (run 7). The regioselectivity of the ring-opening 
of 3 or 5 is higher than that in the case of 1,2-epoxybu- 
tane [3]. The reaction of 3-methyloxetane (7) under- 
went ring-opening silylformylation effectively to give 
the corresponding y-siloxy aldehyde 8 in 80% yield 
(run 8). In the reaction of 3-phenyloxetane (9), an 
aldehyde 10 was formed in 42% yield and 40% of the 
starting oxetane 9 was remained even after 24 h (run 
9). 

The reaction of 3,3-dimethyloxetane (11) afforded 
three products, 4-(dimethylphenylsiloxy)-3,3-dimethyl- 
butanal (12), 2-(dimethylphenylsiloxy)-4,4-dimethyl- 
oxolane (13), and 2,5-bis(dimethylphenylsiloxy)-4,4-di- 
methylpentanal (14) which is the product of further 
silylformylation of 12 [2d,4,9] (Eq. (2)). No reaction 
took place when tetrahydrofuran was treated under the 
present reaction conditions. 

In summary, ring-opening silylformylation of oxe- 

OSiMe2Ph 

+ [ / ~ ~ C H O  
~ O S i M e 2 P h  PhMe2SiO 

13 3% 
14 17% 

(2) 
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tanes leading to y-siloxy aldehydes can be achieved in 
the presence of [RhCl(CO)z]e-amine. Only a few exam- 
ples of incorporation of carbon monoxide into oxetanes 
have been reported [4,10], which contrasts with the 
well-known carbonylation of oxiranes [11]. The use of 
1-methylpyrazole as an additive is effective for ring- 
opening silylformylation of oxetanes. 1-Methylpyrazole 
seems to play a role in suppressing side reactions 
rather than accelerating insertion of carbon monoxide. 

hyde, which was purified by MPLC (hexane : AcOEt = 
50:1) to obtain an analytical pure sample. For GLC 
yield, an appropriate hydrocarbon (C15H32 or C16H34) 
calibrated against purified products were added before 
the catalytic reaction. The ratio of the regioisomers 
was determined by the integration of their formyl pro- 
ton resonances for 1H NMR spectra of the reaction 
mixture. 

3.3. 4- (Dimethylphenylsiloxy )butanal (2) 

3. Experimental details 

3.1. General comments 

Boiling points were uncorrected. 1H NMR and 13C 
NMR were recorded on a JEOL JNM-EX270 spec- 
trometer in CDC13 with tetramethylsilane as an inter- 
nal standard. Data are recorded as follows: chemical 
shift in ppm (6), mutiplicity (s = singlet, d = doublet, 
t = triplet, q = quartet, quint = quintet, sext = sextet, 
m = multiplet, c = complex), coupling constant (Hz), 
integration, and interpretation. Infrared spectra (IR) 
were obtained on a HITACHI 270-50 spectrometer; 
absorptions are reported in reciprocal centimeters 
(cm-1). Mass spectra (MS) were obtained on a Shi- 
madzu GCMS-QP 1000 with ionization voltages of 70 
eV. High resolution mass spectra (HRMS) were per- 
formed by Elemental Analyses Section of Osaka Uni- 
versity. Analytical GLC was carried out on a Shimadzu 
GC-14A gas chromatography, equipped with a flame 
ionization detector. Medium-pressure liquid chro- 
matography (MPLC) was performed using 30-mm × 
300-mm silica gel column (Yamazen YFLC Gel 7024) 
with a YAMAZEN FFLC-540 pumping system. Oxe- 
tane (1) and 3,3-dimethyloxetane (11) were purchased 
from Aldrich Chemical Co. and 1-methylpyrazole from 
Tokyo Kasei Kogyo Co. 2-Methyloxetane (3) [12], 2- 
ethyloxetane (5) [13], 3-methyloxetane (7) [14], and 
3-phenyloxetane (9) [15] were prepared according to 
described methods. 

3.2. General procedure for the rhodium-catalyzed ring- 
opening silylformylation of oxetanes 

In a carbon monoxide purged glass vessel containing 
[RhCI(CO)2] 2 (19.5 mg, 0.05 mmol) were placed 
HSiMe2Ph (0.46 ml, 3 mmol), 1-methylpyrazole (85 
~L, 1 mmol), oxetane (2.5 mmol), and toluene (5 ml) in 
this order and the glass vessel was placed in a 50 ml 
stainless steel autoclave. The autoclave was charged 
with carbon monoxide to 50 atm at 25°C and then 
heated in an oil bath at 50°C for 12 h. The solvent was 
removed under reduced pressure. Column chromatog- 
raphy on Florisil (100-200 mesh) of the residue 
(hexane:AcOEt = 20: 1) gave a crude product aide- 

lH NMR (CDCI3): 6 0.38 (s, 6H, SiCH3), 1.86 
(quint, J = 6.5 Hz, 2H, CH2), 2.48 (dt, J = 1.6, 6.5 Hz, 
2H, CH2CHO), 3.63 (t, J =  6.5 Hz, 2H, CHzOSi), 
7.38-7.58 (m, 5H, Ph), 9.75 (t, J = 1.6 Hz, 1H, CHO). 
13C NMR (CDC13): 6 -2.01 (SiCH3), 25.16 (CH2), 
40.61 (CH2CHO), 61.87 (CH2OSi), 127.87, 129.67, 
133.39, 137.56 (Ph), 202.37 (CHO). IR (neat) 3142w, 
3066w, 3008w, 2952m, 2904m, 2818m, 2730w, 1722s, 
1604w, 1478w, 1429m, 1411m, 1391m, 1250s, l180w, 
l l l0s,  1087s, 1013m, 944m, 832s, 783s, 737s, 697m, 
632w cm-k MS (70 eV): m / z  (relative intensity, %) 
221 (1, M+-H), 207 (14, M+-CH3), 145 (38), 138 (13), 
137 (100), 135 (31), 131 (23), 129 (20), 121 (11), 105 
(12), 99 (19), 91 (20), 77 (32), 75 (21), 61 (12). HRMS 
Calc. for C 12 H 1sO2 Si (M + ): 222.1076, Found: 222.1059. 

3.4. 4- (Dimethylphenylsiloxy )pentanal (4a) 

The reaction mixture consisted of two regioisomers, 
4a and 4b (95 : 5), the ratio of which was determined by 
the integration of their formyl proton resonances in the 
1H NMR spectrum of the reaction mixture (3 9.68 4a, 
9.62 4b). Purification by MPLC gave pure 4a as a 
colorless oil. IH NMR (CDC13): 6 0.38 (s, 6H, SiCH3) , 
1.12 (d, J = 5.9 Hz, 3H, CH3) , 1.74-1.78 (m, 2H, CH2) , 
2.42 (dt, J =  1.6, 7.3 Hz, 2H, CH2CHO) , 3.85 (sext, 
J = 5.9 Hz, 1H, CHOSi), 7.37-7.59 (m, 5H, Ph), 9.68 (t, 
J =  1.6 Hz, 1H, CHO). J3C NMR (CDC13): 6 - 1.31, 
-1.27 (SiCH3), 23.56 (CH3) , 31.52 (CH2), 40.16 
(CH2CHO) , 67.89 (CHOSi), 127.82, 129.61, 133.46, 
137.93 (Ph), 202.60 (CHO). IR (neat): 3072m, 3052m, 
2958s, 2868m, 2728m, 2302m, 1726s, 1429m, 1394m, 
1249s, 1138s, ll14s, 1036s, 965m, 824s, 781s, 736m, 
699m cm-1. MS (70 eV): m / z  (relative intensity, %) 
235 (1, M+-H), 221 (4, M+-CH3 ), 159 (37), 143 (12), 
138 (12), 137 (100), 136 (10), 135 (66), 105 (12), 91 (11), 
77 (24), 75 (42). HRMS Calc. for C13H2002Si (M+): 
236.1233, Found: 236.1218. 

3.5. 4- (Dimethylphenylsiloxy )hexanal (6a) 

The reaction mixture consisted of two regioisomers, 
6a and 6b (95 : 5), the ratio of which was determined by 
the integration of their formyl proton resonances in the 
1H NMR spectrum of the reaction mixture (3 9.67 6a, 
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9.61 6b). Purification by MPLC gave pure 6a as a 
colorless oil. 1H NMR (CDC13): 6 0.39 (s, 6H, SiCH3), 
0.84 (t, J = 7.5 Hz, 3H, CH3), 1.38-1.51 (m, 2H, CH2) , 
1.61-1.87 (m, 2H, CH2), 2.41 (dt, J = 1.6, 5.4 Hz, 2H, 
CH2CHO), 3.58-3.71 (m, 1H, CH2OSi), 7.37-7.59 (m, 
5H, Ph), 9.67 (t, J =  1.6 Hz, 1H, CHO). 13C NMR 
(CDC13): ~ -1.20 (SiCH3), 9.65 (CH3) , 28.47 (CH2) , 
29.76 (CH2), 39.91 (CH2CHO), 72.96 (CHOSi), 127.82, 
129.61, 133.46, 138.04 (Ph), 202.60 (CHO). IR (neat): 
3056m, 3018m, 2956s, 2926s, 2878s, 2830m, 2718m, 
1725s, 1591w, 1462m, 1429s, 1411m, 1383m, 1251s, 
ll12s, 1057s, 1010s, 825s, 780s, 736s, 697s, 636w cm -1. 
MS (70 eV): m / z  (relative intensity, %) 235 (22, M +- 
CH3) , 173 (28), 137 (75), 136 (16), 135 (100), 105 (11), 
91 (11), 77 (19), 75 (48). HRMS Calc. for C14H22OzSi 
(M+): 250.1389, Found: 250.1407. 

3. 6. 4- (Dimethylphenylsiloxy )-3-methylbutanal (8) 

1H NMR (CDCI3): ~ 0.36 (s, 6H, SiCH3), 0.91 (d, 
J =  6.5 Hz, 3H, CH3), 2.14-2.36 (c, 2H, CH and 
CH2CHO), 2.44-2.58 (m, 1H, CH2CHO), 3.34 (dd, 
J = 7.6, 10.0 Hz, 1H, CH2OSi), 3.53 (dd, J = 4.9, 10.0 
Hz, 1H, CHeOSi), 7.28-7.60 (m, 5H, Ph), 9.74 (t, 
J =  2.2 Hz, 1H, CHO). 13C NMR (CDC13): fi -2.08, 
-2.05 (SiCH3), 16.59 (CH3), 31.18 (CH), 48.12 
(CH2CHO), 67.46 (CH2OSi), 127.84, 129.61, 133.37, 
137.52 (Ph), 202.53 (CHO). IR (neat): 3072m, 3020w, 
2960s, 2886m, 2720m, 1724s, 1592w, 1459m, 1428m, 
1390m, 1251s, ll12s, 1086s, 1040m, 827s, 784s, 738s, 
698s, 639w cm-l .  MS (70 eV): m / z  (relative intensity, 
%) 221 (14, M+-CH3), 159 (40), 145 (17), 143 (13), 138 
(13), 137 (100), 136 (10), 135 (70), 121 (16), 113 (14), 
105 (15), 91 (19), 77 (26), 75 (41). HRMS Calc. for 
C13H2002Si (M÷): 236.1232, Found: 236.1236. 

3. 7. 4-(Dimethylphenylsiloxy )-3-phenylbutanal (10) 

IH NMR (CDCI3): 6 0.31 (s, 6H, SiCH3), 2.68 (ddd, 
J = 2.2, 7.3, 16.5 Hz, 1H, CH2CHO), 2.93 (ddd, J = 2.2, 
7.3, 16.5 Hz, 1H, CH2CHO), 3.34-3.66 (m, 1H, CH), 
3.60 (dd, J =  8.4, 10.0 Hz, 1H, CH2OSi), 3.75 (dd, 
J = 5.1, 10.0 Hz, 1H, CH2OSi), 7.15-7.52 (c, 10H, Ph), 
9.72 (t, J = 2.2 Hz, 1H, CHO). 13C NMR (CDC13): 
-2.15 (SiCH3), 42.70 (CH), 46.56 (CH2CHO), 67.28 
(CHzOSi), 126.99, 127.76, 127.87, 128.57, 129.70, 
133.39, 137.25, 140.77 (Ph), 201.72 (CHO). IR (neat): 
3184w, 3030s, 2956m, 2904m, 2864m, 2726m, 1775m, 
1725s, 1605m, 1554m, 1495m, 1454m, 1428s, 1416m, 
1321m, 1249s, ll12s, 1089s, 957m, 828s, 784s, 762s, 
737s, 696s, 640m cm -1. MS (70 eV): m / z  (relative 
intensity, %) 298 (1, M÷), 283 (1, M+-CH3 ), 268 (21), 
254 (18), 221 (15), 190 (17), 165 (60), 163 (14), 137 (17), 
136 (17), 135 (100), 121 (11), 91 (10). HRMS Calc. for 
C18H2202Si (M+): 298.1389, Found: 298.1389. 

3.8. 4- (Dimethylphenylsiloxy )-3,3-dimethylbutanal (12) 

1H NMR (CDC13): 6 0.35 (s, 6H, SiCH3) , 1.01 (s, 
6H, CH3) , 2.27 (d, J = 3.0 Hz, 2H, CH2CHO), 3.34 (s, 
2H, CH2OSi), 7.37-7.57 (m, 5H, Ph), 9.82 (t, J =  3.0 
Hz, 1H, CHO). 13C NMR (CDC13): 6 -2.06 (SiCH3), 
24.58 (CH3), 36.12 (C), 52.78 (CH2CHO) , 71.59 
(CHeOSi), 127.85, 129.63, 133.41, 137.61 (Ph), 203.25 
(CHO). IR (neat): 3056w, 2952m, 2886m, 1722s, 1475w, 
1448w, 1428s, 1398m, 1250s, 1087s, 852s, 828s, 782s, 
735m, 697s cm -1. MS: m / z  (relative intensity, %) 249 
(1, M÷-H), 235 (16, M+-CH3), 206 (15), 173 (28), 165 
(19), 163 (29), 137 (46), 135 (100), 121 (29), 107 (10), 
105 (15), 103 (10), 91 (17), 77 (13), 75 (31), 70 (19), 59 
(11). HRMS Calc. for C14He202Si (M+): 250.1389, 
Found: 250.1375. 

3. 9. 2- (Dimethylphenylsiloxy )-4, 4-dimethyloxolane (13) 

1H NMR (CDC13): ~ 0.41 (s, 3H, SiCH3), 0.43 (s, 
3H, SiCH3), 1.04 (s, 3H, CH3) , 1.16 (s, 3H, CH3), 1.69 
(dd, J = 3.0, 13.0 Hz, 1H, CH2), 1.89 (dd, J = 5.4, 13.0 
Hz, 1H, CH2), 3.47 (d, J = 8.1 Hz, 1H, CH20), 3.69 (d, 
J = 8.1 Hz, 1H, CH20), 5.54 (dd, J =  3.0, 5.4 Hz, 1H, 
CHOSi), 7.36-7.62 (m, 5H, Ph). 13C NMR (CDC13): 
-1.29, -0.82 (SiCH3) , 26.20, 27.82 (CH3), 38.98 (C), 
49.97 (CH2), 79.21 (CHeO), 100.25 (CHOSi), 127.75, 
129.47, 133,50, 137.99 (Ph). IR (neat): 3052w, 2960s, 
2866m, 2698w, 2320w, 1428m, 1367m, 1318m, 1240s, 
1152s, ll13s, 1091s, 1017s, 912m, 822s, 783s, 725m, 
696m, 632w cm-1. MS: m / z  (relative intensity, %) 250 
(9, M+), 249 (18, M÷-H), 236 (11), 235 (57, M+-CH3), 
205 (15), 191 (10), 173 (13), 172 (10), 165 (37), 163 (47), 
157 (12): 138 (11), 137 (85), 136 (12), 135 (84), 121 (25), 
107 (11), 105 (16), 104 (10), 103 (100), 91 (16), 77 (17), 
75 (34), 70 (60), 55 (50). HRMS Calc. for C14H22OzSi 
(M+): 250.1389, Found: 250.1371. 

3.10. 2, 5-Bis(dimethylphenylsiloxy )-4, 4-dimethylpentanal 
(14) 

1H NMR (CDC13): ~ 0.32 (s, 6H, SiCH3), 0.41 (s, 
6H, SiCH3), 0.83 (s, 3H, CH3) , 0.86 (s, 3H, CH3) , 1.49 
(dd, J = 7.6, 14.5 Hz, 1H, CH2), 1.69 (dd, J = 4.6, 14.5 
Hz, 1H, CH2), 3.23 (s, 2H, CH2OSi), 4.11 (ddd, J = 1.6, 
4.6, 7.6 Hz, 1H, CHOSi), 7.35-7.55 (m, 10H, Ph), 9.42 
(d, J = 1.6 Hz, 1H, CHO). 13C NMR (CDCls): 6 - 1.96, 
-1.92, -1.31, -1.22 (SiCH3), 24.32, 25.02 (CH3), 
35.04 (C), 40.15 (CH2), 71.61 (CH 2OSi), 76.52 (CHOSi), 
127.76, 127.91, 129.49, 129.90, 133.42, 133.57, 136.80, 
138.01 (Ph), 202.62 (CHO). IR (neat): 2954s, 1733s, 
1591m, 1474s, 1420m, 1252s, 1085s, 823s, 781s, 727s, 
697s, 639m cm-1. MS: m / z  (relative intensity, %) 399 
(3, M+-CH3 ), 385 (14), 315 (16), 234 (10), 233 (43), 219 
(21), 206 (19), 178 (41), 165 (18), 163 (19), 137 (30), 136 
(15), 135 (100), 104 (15), 75 (20). HRMS Calc. for 
C23H34035i2 (M+): 414.2046, Found: 414.2051. 
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