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A mixture of £-BuySiCl, (1.1 g, 5 mmol), lithium (0.14 g, 20
mmol) and biphenyl (0.25 mmol, 5 mol % relative to the di-
chlorosilane used) in THF (10 mL) was stirred for 4 h and then
refluxed for 3 h under Ar. The resulting wine red solution was
worked up to give a viscous light yellow liquid. GLC analysis for
the liquid showed that it was a mixture containing many products
from which three products were isolated by a preparative GLC.
The first eluted product was identified by the usual manner to
be tetra-tert-butyldisilane, [H-t-Bu,SiSi-t-Bu,H]:'*** IR (neat,
cm™) 2070 (SiH); NMr (8) 1.03 (s), 1.17 (s, t-Bu, 36 H), 3.58 (s,

(24) Triplett, K.; Curtis, M. D. J. Organomet. Chem. 1980, 107, 23.

SiH, 2 H); MW 286 (M* by MS). The other higher molecular
weight products were found by IR and NMR to contain both SiH
and tert-butyl groups, respectively, but the structures remain
unclear.
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Silicone Industry Co. Ltd. and the Shin-etsu Chemical
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grateful to Mr. M. Yanagisawa and Ms. K. Hiraizumi of
the National Chemical Laboratory for Industry for mea-
surements of the high-resolution NMR (‘H and 3C)
spectra.
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Reactions of (CO);MnSi(CH,); (1) and CO with aldehydes RCHO and cyclic ethers OCH,(CH,),CH,
(n = 0-2) give manganese acyls (CO);MnCOCH(R)OSi(CHj,); and (CO);MnCOCH,(CH,),CH,0Si(CHj;),
(n=0,6n=1,9n=2,10) in 26-72% and 54-87% yields, respectively. Experiments conducted in the
absence of CO show that these transformations proceed via labile alkyl intermediates (CO);MnCH(R)-
OSi(CHj3); and (CO);MnCH,(CH,),CH,08i(CHj);. Reactions of propylene oxide and cyclohexene oxide
with 1 and CO give the manganese acyls expected from Sy2 ring opening. When the reaction of 1 with
aldehydes is conducted in the presence of (CO)sMnH under careful conditions, homologated aldehydes
(CH,)sSiOCHRCHO form in 55-78% yields. Reaction of 1 and (CO);MnH with oxetane gives (CHj)s-

SiOCH,CH,CH,CHO (13, 38%) and (CH,3);SiOCHCH,CH,CH,0 (14, 59%). Reaction of 9 and 10 with
[(CH;CH,),N15S*Si(CHj)3F, yields y-butyrolactone (84~95%) and é-valerolactone (60-85% ), respectively.
The mechanisms of these transformations, and their utility in organic and organometallic synthesis, are

discussed.

Introduction

For some time, we have been engaged in the develop-
ment of new stoichiometric reactions of transition-metal
trialkylsilanes? which are of potential use in organic and
organometallic synthesis.>® Many of these reactions em-
ploy oxygen-containing organic substrates. The subse-
quent formation of a strong silicon—oxygen bond (106-127
kcal/mol)® provides a driving force for the formation of

(1) Address correspondence to this author at the University of Utah;
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Henry Dreyfus Teacher-Scholar Grant Recipient (1980-1985).

(2) (a) Cundy, C. S.; Kingston, B. M.; Lappert, M. F. Adv. Organomet.
Chem. 1973, 11, 263. (b) Ang, H. G.; Lau, P. T. Organomet. Chem. Rev.,
Sect. A 1972, 8, 253. (c) Aylett, B. J. Adv. Inorg. Chem. Radiochem. 1982,
25, 1.
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Scheme I. Proposed Mechanism for the Formation of
Manganese Acyls (CO).MnCOCH(R)OSi(CH;), from
Aldehydes, 1, and CO
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a weak!? metal-carbon bond. The organometallic product
may be isolable or trappable or may readily convert to
organic and inorganic products.

In this paper, we give a full account of our investigation
of the reactions of (CO);MnSi(CHj;); (1)!! with aldehydes

(10) (a) Connor, J. A. Top. Curr. Chem. 1977, 71, 71. (b) Halpern, J.
Acc. Chem. Res. 1982, 15, 238. (c¢) Connor, J. A.; Zafarani-Moattar, M.
T.; Bickerton, J.; El Saied, N. I.; Suradi, S.; Carson, R.; Takhin, G. A,;
Skinner, H. A. Organometallics 1982, 1, 1166.
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and cyclic ethers. With both types of substrates, carbon—
oxygen bond cleavage occurs to give labile manganese
alkyls which can be trapped under CO as stable manganese
acyls. We also describe further transformations of these
manganese acyls which afford lactones and functionalized
aldeh);des. A portion of this study has been communi-
cated. ‘

Results

1. Syntheses of Organometallic Compounds. Silane
(CO)sMnSi(CHjg); (1) was treated with 1.4 equiv of hy-
drocinnamaldehyde in CH;CN under 350 psi of CO. The
reaction was worked up after 36 h to give manganese acyl
(CO)sMnCOCH(CH,CH,C;H;)OSi(CHj); (3; entry 2, Ta-
ble I) in 72% yield!? as an analytically pure white powder.
Similar reactions were conducted with 1 and acetaldehyde,
cyclohexanecarboxaldehyde, and benzaldehyde under
200-350 psi of CO. Acyls of the formula (CO);MnCOCH-
(R)OSi(CH,); were isolated in fair to good yield (2, 4, 5;
entries 1, 3, 4, Table I). Adducts 2-5 were characterized
by IR, 'H NMR, and 3C NMR spectroscopy, as summa-
rized in Table I. One complex, 5, has been synthesized by
us previously by a completely different route.!* The
formation of 2-5 will be interpreted (Discussion) as in-
volving the sequence of intermediates shown in Scheme
L

Several qualitative observations of relevance to Scheme
I were made. Acetaldehyde reacted distinctly faster than
the other aldehydes. Analysis of the reaction of 1 and CO
with cyclohexanecarboxaldehyde by ‘H NMR (CD,;CN)
showed the presence of cyclohexanecarboxaldehyde tri-
methylsilyl enol ether (6 5.75 (s)), a-((trimethylsilyl)-
oxy)-a-cyclohexylacetaldehyde (6 3.50 (d of d); 12¢, Table
II below), and 4 in a ca. 1:2:2 ratio. Acrolein and 1 reacted,
but manganese acyls were not obtained under conditions
which led to 2-5.

Silane 1 was treated with 1.9 equiv of oxetane in ether
under 320 psi of CO. The reaction was worked up after
3 h to give manganese acyl (CO);MnCOCH,CH,CH,0Si-
(CHy); (9; entry 8, Table I) in 83% yield as an analytically
pure waxy white solid. Adduct 9 was characterized by IR,
IH NMR, and 3C NMR spectroscopy, as summarized in
Table I.

Similar reactions were conducted with 1 and other cyclic
ethers under 200250 psi of CO. Epoxides ethylene oxide,
propylene oxide, and cyclohexene oxide reacted to give
acyls 6-8 (entries 57, Table I) in good yield. These sub-
strates were somewhat less reactive than oxetane, so they
were used in greater excess.!?> The propylene oxide adduct
was principally one regioisomer, (CO)sMnCOCH,CH(C-
H;)0Si(CHjy); (7). However, a ca. 5% impurity, believed
to be (CO;)MnCOCH(CH,)CH,08i(CHj);, was detectable
by ¥C NMR (69.9, 65.3, 12.3 ppm). The cyclohexene oxide
adduct 8 was assigned trans stereochemistry on the basis
of the characteristic'* vicinal coupling, 9.5 Hz, of the two
methine hydrogens. The reaction of 1 with isobutylene
oxide under CO afforded a solid, presumably polymeric,
product from which no organometallic complexes could be
extracted.

(11) (a) Berry, A. D.; MacDiarmid, A. G. Inorg. Nucl. Chem. Lett.
1969, 5, 601. (b) Malisch, W.; Kuhn, M. Chem. Ber. 1974, 107, 979. (c)
Gladysz, J. A.; Williams, G. M.; Tam, W.; Johnson, D. L.; Parker, D. W.;
Selover, J. C. Inorg. Chem. 1979, 18, 553.

(12) Unless noted otherwise, all yields are based upon the limiting
reactant.

(13) Gladysz, J. A.; Selover, J. C.; Strouse, C. E. J. Am. Chem. Soc.
1978, 100, 6766.

(14) (a) Murata, S.; Suzuki, M.; Noyori, R. J. Am. Chem. Soc. 1979,
101, 2738. (b) Kricheldorf, H. R.; Mérber, G.; Regel, W. Synthesis 1981,
383.
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Scheme II. Proposed Mechanism for the Formation of
Manganese Acyls (CO),MnCO(CH,),,CH,0Si(CH,), from
Cyclic Ethers, 1, and CO
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Reaction of 1 with neat THF under 250 psi of CO gave
the acyl (CO);MnCOCH,CH,CH,CH,08Si(CHj,); (10; entry
9, Table I) in 54% yield. This reaction was markedly
slower than the previous ones and gave more byproducts.
When THF was treated first with (CHj,);SiI to generate
alkyl iodide ICH,CH,CH,CH,08i(CH;);'® and then (C-
0);Mn~ K*/CO, acyl 10 was obtained in 81% yield. No
reaction was observed between 1 and neat tetrahydropyran
under 150 psi of CO. When this mixture was heated to
80 °C, a reaction occurred, but no manganese acyl product
was found by IR spectroscopy.

The reaction of 1 and oxetane in the absence of CO was
'H NMR monitored at 2 °C in CD;CN. A new complex,
11, with resonances at § 3.53 (t,J = 7 Hz, 2 H), 2.94 (t, J
=7 Hz, 2 H), 1.64 (m, 2 H), and 0.07 (s, 9 H) formed in
55-80% spectroscopic yield over the course of 0.5 h. A
nonvolatile, presumably polymeric product (6 3.3-3.9 (m)),
was also detected in some reactions. An IR spectrum of
an aliquot (hexanes) showed absorptions at 2107 (w), 2010
(s), and 1990 (m) em™. The CD,CN solution of 11 was
then treated with 250 psi of CO. Conversion of 11 to acyl
9 was observed by IR. When a separate solution of 11 was
heated to 45 °C, rapid decomposition occurred. On the
basis of these data, 11 was assigned the structure (CO);-
MnCH,CH,CH,08i(CH,);. Hence, the formation of 6-10
will be interpreted (Discussion) as involving the sequence
of intermediates shown in Scheme II.

2. Syntheses of Functionalized Aldehydes. Man-
ganese acyls have been shown to be reduced by (CO);MnH
to the corresponding aldehydes.’® However, when a-(si-
lyloxy)acyls 2-5 were treated with (CO);MnH at room
temperature, only a very slow reaction took place. Upon
heating, many byproducts formed in addition to the de-
sired a-silyloxy aldehydes.

Interestingly, optimum yields of a-silyloxy aldehydes
were obtained when 1 and the precursor aldehydes were
reacted in the presence of (CO);MnH, as shown in eq 1.
Identical yields were obtained in both the presence and
absence of CO. Hence, reactions were conducted under
a nitrogen atmosphere. The 1/(CO);MnH mixture could
be conveniently generated, if desired, by the partial alco-
holysis of 1.16e

Considerable effort was invested in optimizing the
conditions for eq 1. The reaction of acetaldehyde was
complete within 0.5 h at room temperature and afforded
12a (eq 1) in 76% yield. The other reactions were con-
ducted at 5-13 °C for 1.5-10 days to minimize HMn(CO);
reduction of the starting aldehydes to alcohols aid other

(15) (a) Voronkov, M. G.; Khudobin, Y. L. Izv. Akad. Nauk SSSR, Otd.
Khim. Nauk. 1956, 713; Zh. Obsh. Khim. 1956, 26, 584. (b) Krierke, U.
Chem. Ber. 1962, 95, 174. (c¢) Jung, M. E.; Lyster, M. A, J. Org. Chem.
1977, 42, 3761.

(16) (a) Gladysz, J. A.; Tam, W.; Williams, G. M.; Johnson, D. L.;
Parker, D. W. Inorg. Chem. 1979, 18, 1163. (b) Halpern, J. Pure Appl.
Chem. 1979, 51, 2171. (c) Halpern, J. Acc. Chem. Res. 1982, 15, 332.
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side reactions. Because of the water and slight air sen-
sitivity of aldehydes 12a—d, yields were determined in situ
by 'H NMR (Experimental Section). Product identities
were confirmed, following preparative GLC isolation, by
H NMR, *C NMR, IR, and mass spectroscopy (Table II).

The manganese-containing products were isolated from
a preparative-scale synthesis of 12a by column chroma-
tography. Thus obtained were Mny(CO),, and Mn,-
(CO)y(CD,CN)317 (IR (cm™), hexanes): 2092 (w), 2025 (s),
2005 (s), 1989 (vs), 1965 (s), 1948 (m)) in 8% and 88%
yields, respectively.

In order to test a logical mechanism for eq 1, the isolable
manganese a-(silyloxy)alkyl (CO);MnCH,08i(CH;);!® was
treated with (CO)sMnH (eq 2). The reaction was complete
within 4.5 h at room temperature. Analysis by '<H NMR
indicated a 98% yield of aldehyde (CH,);SiOCH,CHO
(12e).? Product 12e was subsequently isolated by prep-
arative GLC and characterized as summarized in Table
1L

ﬁ ?Si(CH3)3
(CO)SMn—CHZOSi(CH3)3 + (CO)sMnH H;EN» H-——C—(Ii—H
H
12e (2)

Since eq 1 homologates an aldehyde to a new, a-silyloxy,
aldehyde containing one additional carbon, we considered
the possibility that additional, possibly catalytic, iterations
might convert simple aldehydes into silylated carbohy-
drates. Unfortunately, all attempts to homologate a-si-
lyloxy aldehydes such as 12a or 12e gave a myriad of or-
ganic products, as assayed by GLC and 'H NMR, of which
aldehydes were a very minor component.

A reaction analogous to eq 1 was attempted with oxetane
as the organic substrate (eq 3). As shown, vy-silyloxy al-
dehyde 13 and the corresponding cyclic acetal 14 formed
in a combined yield of 97%. When a possible intermediate
in eq 3, alkyl 11, was treated with (CO);MnH, 13 formed
in 96% yield (eq 4).12 This reaction mixture was allowed
to stand several days before workup. During this period,
13 remained unchanged. No reaction took place between
(CO)sMnH and oxetane over the course of 12 h at 5 °C or
6 h at room temperature.

Finally, attempts were made to convert the manganese
acyls derived from cyclic ethers (6-10) into lactones.
Treatment of 9 with the fluoride ion source2%?!
[(CH,CH,),N],S*Si(CH,),F;" in THF gave vy-butyrolactone
in 84-95% yields. A similar reaction of 10 in THF or

+ MnZ(CO)9(6D3CN)

(17) Ziegler, M. L.; Haas, H.; Sheline, R. K. Chem. Ber. 1965, 98, 2454.

(18) Brinkman, K. C,; Vaughn, G. D.; Gladysz, J. A. Organometallics
1982, 1, 1056.

(19) Sweeley, C. C.; Bentley, R.; Makita, M. Wells, W. W. J. Am.
Chem. Soc. 1963, 85, 2497.

(20) Noyori, R.; Nishida, L; Sakata, J. J. Am. Chem. Soc. 1983, 105,
1598

(21) Middleton, W. J. U.S. Patent 3940402, 1976.
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CH,CN gave é-valerolactone in 60-85% yields. IR spectra
of both of these reactions showed characteristic lactone and
(CO)sMn™ absorptions. These transformations will be in-
terpreted (Discussion) as involving the sequence of in-
termediates shown in Scheme III. Little or no S-lactone
was obtained when acyls 6 and 7 were reacted under
comparable conditions. Other commonly utilized fluoride
ion sources gave lower lactone yields.

Discussion

The reactions summarized in Table I establish that
(CO)sMnSi(CHy); (1) is a versatile and useful reagent for
the synthesis of manganese acyls from aldehydes and CO
and cyclic ethers and CO. As discussed in our previous
full papers,®>8 it is highly probable that both types of
reactions proceed via initial attack of the organic substrate
oxygen upon the trimethylsilyl group of 1. As shown in
step a of Schemes I and II, this generates ion pairs which
contain strong? silicon oxygen bonds. Such transforma-
tions are precedented: the reaction of 1 with (CH,);N
yields the isolable ion pair [(CHj);NSi(CHg)s]H(CO)Mn~.112

We have previously studied the reaction of 1 with al-
dehydes in the absence of CO.>'® Aromatic aldehydes
ArCHO are converted, in most cases, to detectable man-
ganese alkyls (CO);MnCH(Ar)OSi(CH,); which homolyze
at or below room temperature (Scheme I). Aliphatic al-
dehydes RCHO give, as the first detectable product, tri-
methylsilyl enol ethers which are net 3-hydride elimination
products of manganese alkyls (CO);MnCH(R)OSi(CH,)s.
The trapping of these alkyls as acyls (CO);MnCOCH-
(R)OSi(CHj); (Scheme I, step ¢) constitutes important
evidence for their intermediacy. The reaction of 1, bu-
tyraldehyde, and *CO gives the acyl cis-(CO),(**CO)-
MnCOCH(CH,CH,CH;)0Si(CHj3),.2 Hence, acyls 2-5 are
likely formed via a conventional Calderazzo? mechanism
(see Scheme IV).

. In Scheme I, the best yields of manganese acyls would
be expected from aldehydes which (1) undergo facile
carbonyl addition reactions (steps a and b) and (2) do not
contain alkyl groups -R which would retard the CO in-
sertion step ¢. Accordingly, acetaldehyde, which hydrates
more readily than other aliphatic aldehydes,? is converted
to acyl 2 in good yield. Phenyl substituents at C, have
been shown to retard the rate of carbonylation of man-
ganese and other metal alkyls.”* Hence, benzaldehyde
gives acyl 5 in only fair yield. It should be also noted that,
with a single exception,'® a-silyloxy, a-alkoxy, and other
electron-withdrawing substituents have been found to
retard the carbonylation rate of manganese alkyls.!82¢

(22) (a) Calderazzo, F. Angew. Chem., Int. Ed. Engl. 1977, 16, 299. (b)
Flood, T. C.; Jensen, dJ. E.; Statler, J. A. J. Am. Chem. Soc. 1981, 103,
4410,

(23) Lowry, T. H.; Richardson, K. S. “Mechanism and Theory in Or-
ganic Chemistry”, 2nd ed.; Harper & Row: New York, 1981; Table 8.1.

(24) Cawse, J. N.; Fiato, R. A,; Pruett, R. L. J. Organomet. Chem.
1979, 172, 405.
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Scheme IIl. Proposed Mechanism of Lactone Formation
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Scheme IV. Proposed Mechanism of
Aldehyde Homologation
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Thus the a-silyloxy substituents adversely affect the rate
of step ¢ in Scheme L

The formation of alkyl (CO);MnCH,CH,CH,0Si(CHj);
(11) from 1 and oxetane, and its subsequent conversion
to acyl 9, constitutes excellent evidence for the interme-
diacy of manganese alkyls in Scheme II. The ring opening
step b has abundant precedent in the reaction of other
(CH,)4Si-X (X = I, Br, CF3;S0;, CN) reagents with cyclic
ethers.!*?® Since the resulting manganese alkyls have
a-silyloxy substituents at positions more remote from the
metal (8, v, 8) than in Scheme I, the carbonylation step
¢ should not be significantly retarded.

The superior reactivity of oxetane in Scheme II can be
rationalized. Oxetane has the greatest solution basicity
of the simple cyclic ethers,? and its strain energy is com-
parable to that of ethylene oxide.”” Hence steps a and b
of Scheme II should occur rapidly. Tetrahydrofuran is
more basic than ethylene oxide.?® Its lower reactivity is
likely attributable to a less rapid ring opening step b. The
regiochemistry observed in the reaction with propylene
oxide (Table I, entry 6), and the trans ring opening of

(25) (a) Sakurai, H.; Sasaki, K.; Hosomi, A, Tetrahedron Lett. 1980,
21,2329, (b) Detty, M. R.; Seidler, M. D. Ibid. 1982, 23, 2543. (c) Mullis,
J. C.; Weber, W. P. J. Org. Chem. 1982, 47, 2873.

(26) Gritter, R. J. In “Chemistry of the Ether Linkage”; Patai, S., Ed,;
Interscience: New York, 1967; pp 378-380.

(27) Eigenmann, H. K.; Golden, D. M.; Benson, S. W. J. Phys. Chem.
1973, 77, 1687.
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cyclohexene oxide, indicate that step b generally follows
a Sn2 mechanism.

Together, 1 and (CO);MnH effect the novel reductive
aldehyde homologation show in eq 1. Normally several
steps, utilizing an “acyl anion” equivalent,® would be
needed to accomplish this transformation. The reaction
of (CO)sMnCH,08i(CHj); and (CO);MnH to give (C-
H.,);SiOCH,CHO (eq 2) provides good evidence that eq 1
proceeds via initial formation of an a-silyloxy manganese
alkyl.

The question remains as to why homologated aldehydes
are obtained in lower yields and at reduced rates from the
reactions of acyls 2-5 with (CO);MnH. We rationalize
these results as outlined in Scheme IV. Studies of Norton,
Bergman, and Halpern have shown that metal hydrides
are exceptionally reactive toward transition-metal alkyls
and acyls with vacant or weakly solvated coordination
sites.!8¢?® For instance, evidence has been obtained that
the binuclear reductive elimination of aldehydes RCHO
from (n-CsH;)Mo(CO);R and (n-CsH;)Mo(CO);H involves
initial formation of the coordinatively unsaturated acyl
(1-CsH5)Mo(CO),(COR).2%® A mechanistically similar re-
action occurs between (C0O);MnCH,-p-CcH,OCH; and
{CO);MnH in CH;CN.*¥¢ We therefore suggest that alkyls
(CO);MnCH(R)OSi(CHjg); are likewise in equilibrium with
coordinatively unsaturated manganese acyls (16, Scheme
IV) and that subsequent rapid aldehyde elimination occurs
in the presence of (CO);MnH. Our data further indicate
that the vacant (or weakly solvated) coordination site in
16 is more rapidly scavanged by (CO);MnH than the CO
dissolved under 300 psi in CH;CN. When 16 is generated
in the presence of CO alone, manganese acyls form as in
Scheme I. However, these acyls apparently do not readily
dissociate CO. Their reaction with (CO);MnH is therefore
sluggish, and side reactions have a greater opportunity to
occur.

We attribute the reluctance of a-silyloxy aldehydes to
undergo further homologation to the combined inhibiting
effect of both «- and $-silyloxy groups on the rate of step
a of Scheme IV. Precedented types of side reactions which
can then compete include manganese—carbon bond hom-
olysis,>!® CO dissociation from the intermediate manganese
alkyl,'®c and reduction of the aldehyde starting material
or product by (CO);MnH to the corresponding alcohol.®

The reactions of 1 and (CO);MnH with oxetane (eq 3)
gives a high overall yield of the acyclic (13) and hemiacetal
(14) forms of silylated v-hydroxybutanal. The control
experiment in eq 4 shows that 14 does not arise from alkyl
11 and that 13 does not equilibrate with 14. Since (C-
0);MnH is a strong enough acid to open aziridine rings®
and (CO),CoH has been shown cleave epoxide carbon-
oxygen bonds,?? we had thought that 14 might arise via the
initial reaction of (CO);MnH with oxetane. However,
(CO);MnH and oxetane do not react under the conditions
of eq 3, so we are at present unable to mechanistically
account for the formation of 14.

The conversion of acyls 9 and 10 to lactones (Scheme
III) constitutes, when combined with Scheme II, a net ring
expansion/carbonylation of cyclic ethers. Similar overall
transformations, including the Rh(C1)(CO)(PPh,),-cata-

(28) Hase, T. A.; Koskimies, J. K. Aldrichim. Acta 1982, 15, 35.

(29) (a) Norton, J. R. Acc. Chem. Res. 1979, 12, 139. (b) Jones, W.D.;
Bergman, R. G. J. Am. Chem. Soc. 1979, 101, 5447.

(30) Vaughn, G. D., unpublished results, UCLA and University of
Utah; corresponding reduction with (CO),CoH: Orchin, M. Acc. Chem.
Res. 1981, 14, 259.

(31) Beck, W.; Danzer, W.; Hofer, R. Angew. Chem., Int. Ed. Engl.
1973, 12, 77.

(32) Heck, R. F. J. Am. Chem. Soc. 1963, 85, 1460.

(33) Kamiya, Y.; Kawato, K.; Ohta, H. Chem. Lett. 1980, 1549.
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lyzed carbonylation of epoxides to 5-lactones,? have been
previously reported. We suggest that the reagent
[(CH,CH,),N1,S*Si(CH,),F, first effects the precedented®
conversion of 9 and 10 to alkoxides 15 as shown in step
a of Scheme III. Alkoxides R’O~ have been previously
shown to react with acyls (CO);MnCOR to give esters
RCO,R’.3* Hence, we propose that lactones are generated
via the subsequent addition—-elimination steps b and c.

Several observations of other researchers are particularly
relevant to this study. First, Orchin has shown that
formaldehyde reacts with (CO),CoH and CO at 0 °C to
give HOCH,CHO in 60-90% vyields based upon (CO),CoH
consumed.?® This transformation was proposed to occur
via a Scheme IV type mechanism. However, most aldeh-
ydes are reduced to the corresponding alcohols when
treated with (CO),CoH.®* Second, Heck has reported that
ethylene oxide and oxetane react with (CO),CoH and CO
at 0 °C to give labile hydroxyacyls (C0),CoCOCH,-
(CH,),CH,0H (n = 0, 1).32 These reactions are logically
interpreted as proceeding via a Scheme II type mechanism.
Our methodology has the advantages of utilizing an easily
handled, shelf-stable reagent which gives, under CO,
readily isolated organometallic products. ‘

Finally, elegant Co,(CO)g-catalyzed reactions of aldeh-
ydes and cyclic ethers with CO and HSi(CH,CH;),CH,4
have been developed by Murai.® Two representative
transformations are given in eq 5 and 6. Although the
reaction conditions are harsher than those employed in this
study, obvious benefits accrue from the catalytic use of
metal. The stoichiometric reactions described above
provide excellent precedent for the mechanisms which
have been proposed?®® for eq 5 and 6.

¢}
i cat. Con{COlg/ PPhy

H—C—0-CH + CO  + HSH{CH,CHg),CH 5
Tee 2rseTs benzene,I00°C ( )
{50 atm)
ﬁ (\)SJ(CHZCHS)ZCH3
H—C—C—H 50%
L
cat. Co,{(CO)
2 8
Q. - co 4+ HSi(CHZCH3)2 CH:‘: N (6)
{60atm) benzene,40°C

[o}
Il
H/c\/\/OS'(CHZCHB)ZCHB
40%

Conclusion

The reactions of 1 and CO with aldehydes and cyclic
ethers provide, respectively, new and improved metho-
dologies for the incorporation of these organic substrates
into organometallic molecules. To our knowledge, there
exists only one other general means for synthesizing or-
ganometalic complexes from aldehydes.” The function-
alized manganese acyls which are obtained from 1 can be
further transformed into useful homologated organic
molecules. Additional applications of metal silane reagents
in organic and organometallic synthesis are under active
investigation.

Experimental Section
General Data. All reactions and manipulations were carried

out under an atmosphere of dry N, or CO. THF and ether were
purified by distillation from benzophenone ketyl. Hexane, CH,CN
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and CD3;CN, and ethyl acetate were distilled from potassium,
CaH,, and CaSO,, respectively. Other deuterated solvents and
CO were used without purification. Silica gel and florisil were
flame heated and vacuum dried before use.

IR spectra were recorded on a Perkin-Elmer Model 521 or 1500
(FT) spectrometer. 'H and 3C NMR spectra were recorded at
200 and 50 MHz, respectively, on a Britkker WP-200 spectrometer
or at 300 and 75 MHz, respec.ively, on a Varian SC 300 spec-
trometer. They were referenced to the deuterated solvent em-
ployed. Mass spectra were obtained on AEI MS-9, MS-25, or VG
Micromass 7070 spectrometer. Analytical gas chromatography
was conducted with a Hewlett-Packard 5720A chromatograph and
3380A integrator. Microanalyses were conducted by Galbraith
Laboratories or Schwarzkopf Microanalytical Laboratories.

Starting Materials. Silane (CO);MnSi(CHj); (1) was prepared
as previously described.&!'>¢ Hydride (CO);MnH was synthesized
from (CO)sMn"K* (Mn,(CO),o/NaK/ether)*” and 85% H,PO,*®
or generated in situ in CH4CN from (CO);MnSi(CHjy); and ¢-
C4H90H.15‘ Alkyl (CO)sMUCHzOSl(CH3)3 and
[(CH;CH,),N]3S*Si(CH;)sF, were prepared by literature meth-
0ds.'#20 Silane (CH,);Sil was obtained from Petrarch Systems
and was distilled from CaH, and stored over fine granular copper
under N,.

Ethylene oxide, propylene oxide, isobutylene oxide, cyclohexene
oxide, and oxetane were stirred with lithium wire and distilled
prior to use. Tetrahydropyran, acrolein, and benzaldehyde were
stirred with and (vacuum) distilled from CaH,. Hydrocinnam-
aldehyde and cyclohexane carboxaldehyde were vacuum distilled
from anhydrous CaS0,. Acetaldehyde was twice distilled from
CaSO,. 2-Methyltetrahydrofuran was distilled from benzophenone
ketyl.

Standards (C¢Hg);CH, biphenyl, and 2-methylnaphthalene were
obtained from Aldrich and recrystallized from methanol before
use. In addition, the latter compound was sublimed. Silane
(CgH3)3SiCH; was prepared from (CgH;)sSiCl and CH;MgBr
analogously to the literature procedure.®

Reaction of 1 with Acetaldehyde and CO. A mixture of 0.11
mL (2.0 mmol) of acetaldehyde and 0.90 mL of CH;CN was
syringed into a Fischer-Porter bottle which had been charged with
a stir bar and 134 mg (0.50 mmol) of 1. The bottle was pressurized
with 200 psi of CO, and the reaction was stirred for 12 h. The
volatiles were removed under vacuum. The resulting yellow oil
was chromatographed on silica gel in hexane (to remove Mn,-
(CO),y) followed by 90:10 hexane/ethyl acetate. This gave 115
mg (0.34 mmol, 68%) of (CO);sMnCOCH(CH,;)O8i(CHj); (2) as
a colorless liquid which solidified upon cooling (mp 16.5-18 °C).
Anal. Caled for C;;H,,0,MnSi: C, 38.95; H, 3.57. Found: C,
39.00; H, 3.69. '

Reaction of 1 with Hydrocinnamaldehyde and CO. A
mixture of 0.240 mL (1.83 mmol) of hydrocinnamaldehyde and
0.70 mL of CH3;CN was syringed into a Fischer-Porter bottle which
had been charged with a stir bar and 350 mg (1.31 mmol) of 1.
The bottle was pressurized with 350 psi of CO, and the reaction
was stirred for 36 h; an IR specltrum of an aliquot taken after
12 h showed the reaction to be not quite complete. The solvent
was removed under vacuum. The resulting yellow oil was chro-
matographed on Florisil in hexane followed by 90:10 hexane/ethyl
acetate. This gave 402 mg (0.94 mmol, 72%) of (CO);MnCOC-
H(CH,CH,C4H;)OS8i(CHj); (3) as a white powoder, mp 58.5-62
°C. Anal. Caled for C;gH;uMnO,Si: C, 50.26; H, 4.45; Mn, 12.76,
Si, 6.53. Found: C, 50.37, H, 4.53; Mn, 12.68; Si, 6.65.

Reaction of 1 with Cyclohexanecarboxaldehyde and CO.
A solution of 112 mg (1.00 mmol) of cyclohexanecarboxaldehyde
in 0.30 mL of CD3CN was syringed into a Fischer-Porter bottle
which had been charged with a stir bar and 268 mg (1.00 mmol)
of 1. The bottle was pressurized with 350 psi of CO, and the
reaction was stirred for 20 h. The reaction was then transferred
to a NMR tube, and a 'H NMR spectrum was recorded (data and
analysis: see text). The solvent was removed under vacuum. The
resulting residue was chromatographed on silica gel in hexane

(84) (a) Johnson, R. W.; Pearson, R. G. Inorg. Chem. 1971, 10, 2091.
(b) Selover, J. C.; Marsi, M.; Parker, D. W.; Gladysz, J. A. J. Organomet.
Chem. 1981, 206, 317.

(35) Roth, J. A.; Orchin, M. J. Organomet. Chem. 1979, 172, C27.

(36) Murai, S.; Sonoda, N. Angew. Chem., Int. Ed. Engl. 1979, 18, 837.

(37) Ellis, J. E.; Flom, E. A. J. Organomet. Chem. 1975, 99, 263.

(38) King, R. B. In “Organometallic Syntheses”; Eisch, J. J., King, R.
B., Eds.; Academic Press: New York, 1965; Vol. 1, pp 158-160.

(39) Marsden, H.; Kipping, F. S. J. Chem. Soc. 1908, 93, 198. We
thank W. E. Burho for the sample employed.
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followed by 90:10 hexane/ethyl acetate. This gave 107 mg (0.26

mmol, 26%) of (CO);MnCOCH(CH(CH,),CH,)0Si(CH;);3 (4) as
a white powder, mp 75-77 °C. Anal. Caled for C;gHyMnO,Si:
C, 47.06; H, 5.18. Found: C, 47.44; H, 5.27.

Reaction of ! with Benzaldehyde and CO. Benzaldehyde
(53 mg, 0.50 mmol) was added to a Fischer-Porter bottle which
had been charged with a stir bar, 134 mg (0.50 mmol) of 1, and
0.5 mL of CH;CN. The bottle was pressurized to 300 psi of CO,
and the reaction was stirred for 20 h. The solvent was removed
under vacuum. The resulting yellow oil was flash chromato-
graphed on silica gel in hexane followed by 90:10 hexane/ethyl
acetate. This gave 73 mg (0.18 mmol, 39%) of (CO);MnCOCH-
(CeH;)OSi(CH;); (5) as a white powder, mp 55-56 °C.1

Reaction of 1 with Ethylene Oxide and CO. Dry ethylene
oxide (3.0 mL, 60 mmol) was vacuum transferred into a Fisch-
er-Porter bottle which had been charged wth a stir bar and 500
mg (1.87 mmol) of 1. The bottle was pressurized with 250 psi
of CO, and the reaction was stirred for 20 h. The excess ethylene
oxide was then evaporated leaving 620 mg of a light yellow powder.
The powder was chromatographed on silica gel in 95:5 hexane-
/ethyl acetate and vacuum sublimed to give 487 mg (1.43 mmol,
77%) of (CO);MnCOCH,CH,08i(CHj); (6) as a white powder,
mp 53-57 °C.

Reaction of 1 with Propylene Oxide and CO. A mixture
of 1.0 mL (15 mmol) of propylene oxide and 1 mL of ether was
vacuum transferred into a Fischer-Porter bottle which had been
charged with a stir bar and 400 mg (1.49 mmol) of 1. The bottle
was pressurized with 250 psi of CO, and the reaction was stirred
for 18 h. The volatiles were evaporated, and the light yellow oily
residue was chromatographed on silica gel in 95:5 hexane/ethyl
acetate. The product was collected and vacuum sublimed to give
449 mg (1.27 mmol, 85%) of (CO)sMnCOCH,CH(CH;)0Si(CHj)s
(7) as a white powder, mp 48-50 °C. A manganese acyl byproduct
{ca. 5%) was observed in the sublimate by 'H and '*C NMR; see
text.

Reaction of 1 with Cyclohexene Oxide and CO. A mixture
of cyclohexene oxide (0.220 mL, 2.17 mmol) and ether (1.5 mL)
was syringed into a Fischer-Porter bottle which had been charged
with a stir bar and 250 mg (0.93 mmol) of 1. The bottle was
pressurized with 200 psi of CO, and the reaction was stirred for
. 22 h. The volatiles were then removed under vacuum, and the
residue was taken up in heptane and the crude yellow product
precipitated at 78 °C. After a second heptane extraction/pre-
cipitation, the residue was vacuum sublimed to give 318 mg (0.81

mmol, 87%) of trans-(CO);MnCOCHCH,CH,CH,CH,CHOSi-
(CHj;); (8) as a white powder, mp 47-48 °C.

Reaction of 1 with Oxetane and CO. A mixture of oxetane
(0.270 mL, 4.15 mmol) and ether (1.73 mL) was syringed into a
Fischer-Porter bottle which had been charged with a stir bar and
600 mg (2.24 mmol) of 1. The bottle was pressurized with 320
psi of CO, and the reaction was stirred for 3 h. The volatiles were
evaporated to give a light yellow solid. The solid was taken up
in heptane and precipitated at —29 °C (CHz;NO,/liquid N, bath).
After two additional heptane extractions/precipitations, the
residue was vacuum sublimed to give 658 mg (1.86 mmol, 83%)
of (C0);MnCOCH,CH,CH,08i(CHj;); (9) as a waxy white solid,
mp 31-33 °C. Anal. Caled for C;;H;:MnO,Si: C, 40.68; H, 4.27;
Mn, 15.51. Found: C, 40.69; H, 4.52; Mn, 15.76.

Reaction of 1 with THF and CO. THF (5.0 mL, 62 mmol)
was syringed into a Fischer-Porter bottle which had been charged
with a stir bar and 250 mg (0.93 mmol) of 1. The bottle was
pressurized with 250 psi of CO, and the reaction was stirred for
21 h. The volatiles were evaporated to give a yellow oil. The oil
was taken up in heptane and cooled to —29 °C; a solid precipitated.
The solid was collected, and the heptane precipitation was re-
peated. The solid was vacuum sublimed to give 195 mg (0.50
mmol, 54%) of (CO);MnCOCH,CH,CH,CH,08i(CHj,); (10) as
an off-white powder, mp 46-48 °C. Anal. Caled for
CsH;;MnO;Si: C, 42.40; H, 4.67. Found: C, 42.44; H, 4.58.

Reaction of THF with (CH;);Sil, (CO);Mn"K*, and CO.
A Fischer-Porter bottle was charged with 3 mL of THF and a stir
bar and was cooled to =78 °C. Then 0.40 mL (2.94 mmol) of
(CH,);Sil was added by syringe, and the solution was stirred and
allowed to warm to room temperature over the course of 20 min.
The solution was cooled to —78 °C and 468 mg (2.00 mmol) of
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(CO)sMnK* in 4.0 mL of THF was added via cannula. The bottle
was pressurized with 240 psi of CO. The reaction was stirred as
it was allowed to warm to room temperature. After 10 h, the
reaction was filtered. Solvent was removed from the filtrate to
give an orange solid. The solid was taken up in heptane and cooled
to =78 °C, whereupon 10 precipitated as a light yellow powoder
which was collected and dried (593 mg, 1.61 mmol, 81%).

Reaction of 1 with Oxetane. A 5-mm NMR tube was charged
with 27 mg (0.10 mmol) of 1 and cooled to -196 °C (liquid ni-
trogen). Then 12 mg (0.21 mmol) of oxetane in 0.4 mL of CD;CN
was vacuum transferred into the tube. The tube was capped with
a septum, and the reaction was allowed to proceed for 0.5 h at
2 °C, whereupon 'H NMR and IR spectra indicated the presence
of 11 as described in the results section. An analogous experiment
with an internal standard is described below (reaction of (C-
0);MnCH,CH,CH,08i(CHj); with (CO);MnH). The contents
of the tube were transferred to a Fischer-Porter bottle containing
a stir bar. The bottle was pressurized with 250 psi of CO, and
the reaction was stirred for 4 h. The solvent was removed under
vacuum. An IR spectrum of the residue (hexanes) showed
characteristic absorptions of 9 (Table I) at 2114 (w), 2049 (w),
2011 (vs), 2002 (s, sh), 1657 (m, br).

Reaction of 1 and (CO);MnH with Acetaldehyde. A 5-mm
septum-capped NMR tube was charged with 268 mg (1.00 mmol)
of 1, 196 mg (1.00 mmol) of (CO);MnH, and 1.0 mL of CD,CN.
Then 57 uL. (45 mg, 1.02 mmol) of cold acetaldehyde was added
via syringe. The tube was allowed to stand at room temperature
for 0.5 h, after which time 'H NMR analysis showed the reaction
to be complete. The volatiles were vacuum transferred to a second
NMR tube containing 49 mg (0.20 mmol) of (C¢H;);CH standard.
Integration of the methine proton resonance of (CgH;);CH (6 5.63)
vs. the methine proton resonance of 12a (5 4.18) indicated a 76 %
yield of 12a. A sample of 12a was isolated by preprarative GLC
for additional characterization (Table II).

Reaction of 1 and (CO);MnH with Hydrocinnamaldehyde.
A 5-mm septum-capped NMR tube was charged with 268 mg (1.00
mmol) of 1, 37 mg (0.50 mmol) of tert-butyl alcohol, 28 mg (0.10
mmol) of (C4Hz);SiCHj, standard, and 1.0 mL of CD;CN. The
tube was allowed to stand at room temperature for 0.5 h, after
which time TH NMR analysis showed the formation of 0.50 mmol
of (CO)sMnH."® Then 66 uL (68 mg, 0.51 mmol) of hydro-
cinnamaldehyde was syringed in, and the tube was placed in a
5 °C refrigerator for 1 week. Subsequent integration of the methyl
'H NMR resonance of (CgH;)sSiCHj (6 0.81) vs. the methine
proton resonance of 12b (8 4.10) indicated a 78% yield of 12b.
A sample of 12b was isolated by preparative GLC for additional
characterization (Table II).

Reaction of 1 and (CO);MnH with Cyclohexanecarbox-
aldehyde. A 5-mm septum-capped NMR tube was charged with
54 mg (0.20 mmol) of 1, 40 mg (0.20 mmol) of (CO);MnH, 24 mg
{0.21 mmol) of cyclohexanecarboxaldehyde, 14 mg (0.10 mmol)
of 2-methylnaphthalene standard, and 0.5 mL of CD,CN. The
tube was kept in a 13 °C water bath for 35 h. Subsequent in-
tegration of the methyl 'H NMR resonance of 2-methyl-
naphthalene (5 2.46) and the C, methine proton resonance of 12¢
(6 3.50) indicated a 55% yield of 12¢c. A sample of 12¢ was isolated
by preparative GLC for additional characterization (Table II).

Reaction of 1 and (CO);MnH with Benzaldehyde. A 5-mm
septum-capped NMR tube was charged with 255 mg (0.95 mmol)
of 1, 186 mg (0.95 mmol) of (CO);MnH, 106 mg (1.00 mmol) of
benzaldehyde, 28 mg (0.20 inmol) of 2-methylnaphthalene
standard, and 0.6 mL of CD4CN. The tube was placed ina 5 °C
refrigerator. After 2 days, 'H NMR analysis showed
(CO);MnCH(CzH;)0Si(CH3);*'2 to be the major species present
(8 6.07). Over an additional 10 days at 5 °C, 12d (6 9.50 (s), 5.09
(s)) formed in 60% yield vs. the standard. Two additional
products appeared in 21% (6 4.67) and 6% (6 4.71 (t, 1 H), 3.60
(d, 2 H)) yields. On the basis of GLC comparison with an au-
thentic sample, the former was identified as C;Hs;CH;0Si(CH,)a.
Also, 14% of benzaldehyde remained. A sample of 12d was
isolated by preprarative GLC for additional characterization
(Table II).

Reaction of (CO);MnCH,08i(CH,); with (CO);:MnH. A
5-mm septum-capped NMR tube was charged with 106 mg (0.36
mmol) of (CO);MnCH,08i(CHj,);, 77 mg (0.39 mmol) of (CO);-
MnH, 26 mg (0.18 mmol) of 2-methylnaphthalene standard, and



Syntheses of Pentacarbonylmanganese Acyls

0.7 mL of CDsCN. The tube was allowed to stand at room
temperature for 0.5 h, after which time 'H NMR analysis showed
the reaction to be 80% complete. After 4.5 h, 2e was present in
97% yield as determined by integrating its aldehydic proton (8
9.59) vs. the methyl resonance of the standard (6 2.46). A sample
of 12e was isolated by preparative GLC for additional charac-
terization (Table II).??

Reaction of 1 and (CO);MnH with Oxetane. A 5-mm NMR
tube was charged with 134 mg (0.50 mmol) of 1, 98 mg (0.50 mmol)
of (CO)sMnH, and 8 mg (0.05 mmol) of biphenyl internal standard.
Then 70 mg (1.21 mmol) of oxetane in 0.40 mL of CD;CN was
vacuum transferred into the tube. The tube was capped with a
septum and stored at 2 °C for 24 h. Subsequent 'H NMR analysis
showed 13 (6 9.71 (t, J = 2 Hz, 1 H)) and 14 (4 5.52 (m, 1 H)) to
be present in 38% and 59% yields relative to the standard.
Samples of 13 and 14 were isolated by preparative GLC for
additional characterization (Table II).

Reaction of (CO);MnCH,CH,CH,08i(CH;); (11) with
(CO);MnH. A 5-mm NMR tube was charged with 134 mg (0.50
mmol) of 1 and 9.2 mg (0.060 mmol) of biphenyl internal standard
and cooled to —196 °C (liquid nitrogen). Then 49 mg (0.84 mmol)
of oxetane in 0.40 mL of CD3;CN was vacuum transferred into
the tube. The reaction was allowed to stand for 2 h at 0 °C.
Subsequent !H NMR analysis indicated a 56% yield of 11. Then
98 mg (0.50 mmol) of (CO);MnH was vacuum transferred into
the tube. The reaction was allowed to stand for 0.5 h at 5 °C.
Subsequent 'H NMR analysis showed 13 (5 9.71) to be present
in 54% yield based upon 1 (96% based upon 11). This yield
remained constant over a 3-day period. Vacuum distillation
afforded a CD3CN solution of 13 and oxetane.

Reaction of 9 with [(CH;CH,),N1;*Si(CH;);F,~. A 10-mL
Schlenk flask was charged with 36 mg (0.10 mmol) of 9, 43 mg
(0.12 mmol) of [(CH;CH,),N]3S*Si(CHy)sFy, 5.2 mg (ca. 7 uL,
0.023 mmol) of n-C,¢Hj, standard, and a stir bar. The reaction

(40) Miyoshi, M.; Inoue, K.; Matsumoto, K.; Iwasaki, T.; Horikawa,
H. Jpn. Kokai, Tokkyo Koho 7979287 (patent), 1979; Chem. Abstr. 1980,
92, 6550a.
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was stirred for 10 min. Subsequent GLC analysis, including
coinjection with an authentic sample, indicated a 93% yield of
v-butyrolactone. An IR spectrum of the reaction mixture showed
the lactone vo—g at 1783 cm™ (w).

Reaction of 10 with [(CH;CH,),N],S*Si(CH;);F,. A 10-mL
Schlenk flask was charged with 36 mg (0.10 mmol) of
[(CHsCHz)QN]3S+Si(CH3)3F2_, 5.7 mg (0037 mmol) of blphenyl
standard, 2.0 mL of THF, and a stir bar. Then 24.5 mg (0.067
mmol) of 10 in 0.65 mL of THF was added dropwise over 0.5 h
with vigorous stirring. The reaction was stirred for an additional
2 h. Subsequent GLC analysis, including coinjection with an
authentic sample, indicated an 85% yield of §-valerolactone. An
IR spectrum of the reaction mixture showed (CO);Mn-
[(CH3CH,),N]3S* (1896 (s), 1864 (vs) cm™) and §-valerolactone
(1741 (w) cm™),
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