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Investigations carried out on the preparation and synthetic
applications  of iron  carbonyl reagents are
reviewed. Reaction of Na,Fe(CO),, prepared by the reduc-
tion of FeCl; in THF with sodium naphthalenide under CO
atmosphere at 25°C, with alkyl bromides gives the corre-
sponding aldehydes, ketones and carboxylic acids under
appropriate conditions. Reaction of NaR(CO)Fe(CO), with
CuCl at 25°C in THF, leads to the formation of 1,2-
diketones. However, in the presence of methylacrylate in
addition to the 1,2-diketones the corresponding acyllac-
tones are also formed. Mechanistic pathways and interme-
diates involved are  discussed. Reactions  of
NaHFe(CO),/RX or [HFe3(CO),;] reagents with alkynes
lead to the formation of the corresponding a,b-unsaturated
carboxylic acids and/or the cyclobutenediones after
CuCl,- 2H,0 oxidation. Possible intermediates and
mechanistic pathways are discussed.

Introduction

IN recent years, the metal carbonyls areincreasingly used in
organic synthesis. Many transition elements form stable
neutral metal carbonyls, anionic metal carbonyls, hydrido
metal carbonyls, and their derivatives'™. These derivatives
display unique reactivities in oxidation, reduction, isomeri-
zation, oligomerization, carbonylation and polymerization
processes>®. They have been also used extensively in C-C
bond formation reactions’®.

Among various transition metal carbonyls, the organo-
iron complexes have potential in all these aspects’. We have
undertaken efforts to prepare readily accessible reactive
iron carbonyl reagents for applicationsin organic synthesis.
We describe the results of these investigations in this arti-
cle

Methods of preparation of Na,Fe(CO),

The super nucleophile Na,Fe(CO), (Collman reagent) has
been demonstrated to be a versatile reagent in several orga-
nic transformations'®. Numerous methods have been rep-
orted for the preparation of this reagent from readily
available starting materials'®**. The Na,Fe(CO), reagent is

*For correspondence. (e-mail: mpsc@uohyd.ernet.in)
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useful as a nucleophile in the conversion of alkyl bromides,
iodides, and tosylates into aldehydes, ketones, carboxylic
acid derivatives, esters and amides'®. It is generally prepared
using Fe(CO)s, sodium and benzophenone. However, use of
polar benzophenone might pose problems during the isola
tion of products. Hence, we have devel oped a method for in
situ generation of NaFe(CO), from Fe(CO)s using
Na/naphthalene'. Naphthalene can be readily separated

from polar products. It was aso
observed that the Na,Fe(CO), can be prepared directly from
FeCl; using Na/naphthalene and CO in THF (eq. 1)™.

Na + Naphthdere Fecly
CO

NaFe(CO), (1)

The formation of Na,Fe(CO), has been confirmed by per-
forming the anticipated reactions with aliphatic halides to
obtain the corresponding adehydes, carboxylic acids
and ketones (Scheme 1). It has been proposed that
NaRCO[Fe(CO),] is the intermediate involved in al these
transformations. We have decided to investigate further
applicatons of thisintermediate species.

—— RCHO

RX/CO - I2/HO
Na,Feg(CO), RCOFe(C0O), ———— RCOOH
[CHel, ceocH
HMPA 5
Scheme 1.

Reaction of NaRCO[Fe(CO),4] with CuCl

The acylmetals such as ‘RCOCU’ are one of the most
sought after intermediates in organometallic chemistry. It
was anticipated that the use of CuCl in the place of H*
(Scheme 1) could lead to the formation of ‘RCOCuU’. How-
ever, it was observed that the reaction of NaRCO [Fe(CO),]
with CuCl gives the corresponding 1,2-diketones (70—
90%)"™. This transformation is a general one and severa
alkyl bromides are converted into the corresponding 1,2-
diketones (eg. 2).
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O

O —
NapFe(CO), ~2- €O E—Q—Fe(coﬂ Qe R%R
25°C
0
1
@)
RX 1

& CHa-(CH,)s-Br 78%
b) CHy~(CHy)o-Br 80%
¢) CH;-(CH,);-Br 85%
d) CHa-(CH,),-Br 79%
€) CH;-(CH,)s-Br 90%
) (CH,=CH)-(CH,),-Br 74%

g) CHs;OCO-(CH,)-Br 73%

It was thought that the intermediate should be characte-
ristic of ‘RCOCuU’ species and hence, would be expected to
undergo 1,4-addition with ab-unsaturated compounds.
However, it was found that addition of methylacrylate to the
NaRCO[Fe(C0O),])/CuCl system leads to the formation of 1,2-
diketones (20-28%) and the acyllactones (35-52%) (eg. 3)™°.

1. CHy=CHCOOMe

NaRCO[Fe(CO
OlFe(CO)] 2. CuCl, 25°C
(@]
00 [ ®
RCCR R_C>D:0
+ = Yo
1 2
RX 1 2
&) CH3-(CHy),-Br 20% 50%
b) CHz-(CH,),-Br 28% 45%
€) CH3~(CHy)15-Br 25% 35%
d) CH3-(CH,),-Br 23% 44%
€) CH3-(CH,)s-Br 22% 49%
f) CHs-(CH,)s-Br 20% 52%
g) (CH,=CH)-(CH,),-Br 21% 40%

It was also observed that RCO[Fe(CO),]~ generated
in situ using RMgX (R = n-butyl) with Fe(CO)s in THF after
treatment with CuCl gives the corresponding 1,2-diketone
(45-50%) (eq. 4)*.

o

RMgX + Fe(CO), <~ R\’X\R
) @)
1
RX 1
a) CH4(CH,)s-Br 45%
b) CHs(CH,);-Br 48%
c¢) Ph-Br 50%

The 1,2-diketone is also formed (32% vyield) in the reac-
tion of NaRCO[Fg(CO),] (R =n-octyl) with I, in THF besides
the corresponding 1,2-diketone (32%), dialkyl ketone (8%)
and 1-nonoic acid (29%) (eq. 5)*.
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1. 19/THF, 00C
NaRCO[FE(CO)] 2 %/’)h om0

1. I,/THF, 0°C
(R=n-octyl) ©

S TR
RCCR + RCR + RCOH
32% 8% 29%
Also, the reaction of NaRCO[Fe(CQO),] with |, in the pre-

sence of methylacrylate produces acyllactone along with
other products (eq. 6)*°.

1. 15,00C, 2h
2.CHp=CHCOOMe

>
>

CH3(CH2)2CO[Fe(CO)4]~

o

[l
CH,(CH,).C
3 2)2>07 . ©

CHyCH,CH;~ YO
21%

00 (@] (@]

I y: _II_ | i
RCCR + RCR + RCOH
18% 5% 7%

R= '(CH2)2CH3

It seems likely that, the RCO Re(CO), species is res-
ponsible for the formation of 1,2-diketones (20-28%) and
acyllactones (35-52%). It may be formed through either the
homolysis of I(RCO)Fe(CO), and Cu(RCO)Fe(CO), or more
likely through one-electron oxidation by CuCl or I, (Scheme
2).

We have also examined the photochemical reaction of a
mixture of Fg(CO)s, RCOCOR (R=n-octyl) and methyl-

h) RCOFe(COJ4
RC,
F(CO), 2 or qud
cf o
h) RCOFe(CO); —» R—Q/—\Fe(CO)4 —
RC,
| Fe(CO),
A\ O
R-C—Fe(CO), R C/—\Fe(CO)4 @f’:
— [Fe(CO)4ln + -RCCH
R-C—Fe(CO) " R'é=0 R R
\/ 4
+[F(CO)4ln
0
R-C—Fe(cO) R
| 4 CHp=CHCOsMe (|: Fe(CO)3(“)
RC=0 R C=0 COCH3
1
. o)
RC>— 1
Feco, . R >D_o
R O
OCHg
Scheme 2.
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acrylate using a 450vwmedium pressure mercury lamp for 5 h
to examine whether the anticipated co-ordinatively unsatu-
rated ‘Fe(CO), species could react with the 1,2-diketone
and methylacrylate to give acyllactone. Indeed,
the corresponding acyllactone was obtained in 28%

yield (eq. 7).

I
RC-CR + Fe(CO)5 + CHp=CHCOOMe

(R= n-octyl)
@)
q
5h R~ O

This result illustrates the ability of the co-ordinatively un-
saturatd iron carbonyl species to react with 1,2-diketone
and methylacrylate to give acyllactone (Scheme 3).

N
hu R—ti—lre(CO)4
FE(CO)s + RCOCOR —*=  \__

i
Cc—OMe
’( R-

—_—

=0

A=

X,
Q,

Scheme 3.

Preparation of ‘Fe(CO),’

The co-ordinatively unsaturated species ‘:Fe(CO), is iso-
lobal with carbene and henceit is expected to have interest-
ing reactivities. It has been previously prepared by the
methods outlined in Scheme 4 (refs 17-21).

FCO)s Fe,(CO),

C02 Fe(CO)s
“:Fe(CO),
CO

Fe(CO)s Fes(CO) 12
Scheme 4.
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The ‘Fe(CO),; forms addition complexes with CH;CN,
acetone, amines and phosphines. During our efforts on the
synthetic applications of NaFe(CO),, we became inte-
rested in the preparation and applications of these species.

Whitmire et al.?? previously reported the formation

of FeCO)4(CHCN) and CH, in the reaction of
[Et,;N]JHFe(CO), with CH3l in CHCN (eg. 8).
CH3CN
[Et,NJHFe(CO), + CHyl ——» ®

Fe(CO),(CH,CN) + CH4T_

Since HFe(CO); can be readily prepared through the reac-
tion of NaFe(CO), with CH;COOH, we have examined this
method of generation of ‘Fe(CO), as it would serve as a
simple alternative procedure.

Double carbonylation of alkynes

It was observed that the NaHFe(CO),/CHsl reagent combi-
nation reacts with alkynes at 60°C followed by CuCl,.2H,0O
oxidation giving the corresponding cyclobutenediones (27—
42%) and the abunsaturated carboxylic acids (10-22%)
(eq. 9%

o
NaHFe(CO)4 —>1'CH3I 1ot ; R\C=c’ R + °
2R—C=C—R pooc” H jzio
3.60 C R
4.CuCl».2H,0 3 4
©)
R R¢ 3 4
a) -Ph -Ph 2% 4%
b)-CGHu  -SiMe, 2% 3%
c) -CHy7 -SiMe, 12% 31%
d) CsHyy -CH,CH=CH, 10% 32%
& CHy  -CiHy-CH(OH) 2%
f)CHy  -CPh(OH)(CH,) 31%

The transformation has been found to be general. Several
substituted alkynes, propargyl acohol derivatives and
enynes were converted to the corresponding cyclobu-
tenediones and a,b-unsaturated carboxylic acids. We have
investigated these transformations further to standardize
conditions to obtain cyclobutenediones or a,bb-unsaturated
carboxylic acids from alkynes in acceptable yields. The re-
sults are described here.

Reaction of NaHFe(CO)4/CH,Cl, system with
alkynes

It has been reported by Whitmire and Lee* that the
HFe(CO), slowly decomposes to [HFe;(CO).4]” in CH,Cl,
through the ‘ Fe(CO),/ intermediate (eq. 10)**.
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CH.CI
2 HFg(CO); ——=2> 2'Fe(CO),

(10

m) HFe(CO)7;

We have carried out experiments using CH,Cl, in the
place of CHjl to examine any difference in reactivity. It was
observed that the species generated in situ by treating Na-
HFe(CO), (1 equiv.) with CH,Cl, (13 equiv.) in THF on reac-
tion with termina and internal akynes give the
hydrocarboxylated products in aregio and stereocontrolled
fashion (42—60%) after CuCl,.2H,O oxidation (eg. 11)*. The
reaction proceeds satisfactorily under mild conditions
at 25°C.

1. CHoCl R R
NaHFe(CO)q ~— 22 > =<

3. CuwClx>-2Ho0 3
R R¢ 3

a) -Ph -Ph 60%

b) -CHy; -SiMe; 41%

c) -CgHy7 -SiMe; 37%

d) CsHyy -H 50%

e) CgHy7 -H 42%

The presence of CH,Cl, as a co-reactant is required for
this transformation. It was observed that the reaction leads
to low yield of carboxylic acid (< 10%) without CH,Cl,. As
mentioned earlier, the reaction of [Et,;N]JHFe(CO), with
CH,Cl, affords [HFe;(CO),4] . Presumably, the reactive spe-
cies responsible for the formation of both cyclobu-
tenediones and carboxylic acids may be derived from these
Species.

It is well-known that acylferrate anion [RCOF(CO),]”
reacts with 1, in the presence of nucleophiles such as
CH;30H and R;NH to give the corresponding carboxylic acid
derivatives'®. A similar type of reactivity may be
anticipated for the intermediate formed here. Regio- and
stereosel ective synthesis of a,b-unsaturated carboxylic acid
derivatives could be achieved if such generalizations could
be made. Indeed, this has been observed (eg. 12)%.

Ph o
Ph Ph
NaHFe(CO)q L-CHCl2 Se=c(, +
2.PhC==CPh MeOOC H o
3. 15/M eOH Ph
55% 20%

(12)

The intermediate generated in situ in the reaction (eg. 11)
upon |, treatment in the presence of methanol, gives the
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methy| ester besides the corresponding cyclobutenedione.
The corresponding amide (50%) was obtained when di-
ethylamine was used instead of CH;OH. Similar transforma-
tions were also observed with 1-heptyne.

Reaction of NaHFe(CO)4/Me;SiCl system with
alkynes

We have also examined the reactivity of the species
generated using NaHFe(CO),/Me;SiCl combination to com-
pare the results obtained using akyl halides. It was
observed that the intermediate complex, generated in situ
by treating NaHFe(CO), (3 equiv.) with Me;SCl (3equiv.)
reacts with terminal and internal alkynes (1 equiv.) at 25°C
to yield abunsaturated carboxylic acids (45-54%) with
excellent regio- and stereosel ectivities (eq. 13)*.

: 1.R—Cc=Cc—R R R
NaHFg(co) MBS [ } = . Ne=c’
4 25%C 2. CCIp2HO  Hooc”  H
3
13
R R¢ 3
a) -Ph -Ph 54%
b)-CHy  -SiMe;  50%
d-CH,  -H 49%
dCHy  -H 45%

The reaction was found to be general and various
alkynes were converted to (E)-alkenoic acids. This reactivity
pattern is similar to that realized using the NaHFe
(CO),/CH.Cl, reagent system. In all these cases, the corres-
ponding cyclobutenediones were obtained in very low
yields (< 5%).

An interesting temperature effect was noted for this reac-
tion. It was found that the reagent, prepared using Na-
HFe(CO),/Me;SICl a 60°C, on reaction with diphenyl-
acetylene followed by CuCl,.2H,0O oxidation produced
cyclobutenedione (51-63%) as the only product (eq. 14)%.

1

, R 0
1. R—C=C—R =
NaHFe(co) M3 [ } ~ |
4 600C 2. 600C No
3.CuCly-2H,0 R
4
(14)
R R¢ 4
a) -Ph -Ph 63%
b) -CsHy, -SiMe; 51%
C) -CgHy7 -SiMe; 53%
d) -CsHyy -CH,-CH=CH, 60%
€) -CsHyy -H 56%
f) -CgHy7 -H 57%
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The reaction was found to be general. The corresponding
cyclobutenediones were obtained in relatively good yields
using representative terminal, internal and substituted al-
kynes. It has been reported that the R;Si(H) Fe(CO), on
heating gives ‘Fe(CO), species which readily undergoes
trimerization to Fe;(CO),, (refs 27—29).

Reaction of the [HFe3(CO)11]” reagent with
alkynes

Since the reaction of CH,Cl, with NaHFe(CO), was reported
to give HFex(CO)1,, we decided to investigate the reactivity
of these species with alkynes. The [HFe;(CO).1]” species
has been previously prepared using Fe(CO)s-
NaBH,/CH;OH/CH;COOH in THF and isolated as PPN salt
in 73% yidd (eq. 15)%.

1. CH30H

NaBH4 + Fe(CO)5 ——— >
4+ FelCO)s 2. CH3COOH

HFe3(CO)11 (19

It was observed that the [HFe;(CO),,]” species, prepared
in situ using Fe(CO)s/NaBH,/CH;COOH reacts with alkynes
to give the corresponding cyclobutenediones in good yield
(60-73%) after CuCl,.2H,0 oxidation (eg. 16)*'. Severa al-
kynes were converted to the corresponding cyclobu-

tenediones.

Fe(COyg LNBH4 |: :| CuCh.2Ho0
2.CH3COOH CH3COOH l
3.RC=CR

(16)
R R¢ 4
) -GHu -H 2%
b) -CeH1s -H 69%
€) -CeHyy -H 70%
d) -CioHz -H 68%
€) -Ph -H 65%
f) -CsHy -CH,-CH=CH, 60%
9) -GHu -CH(CHyu)(OH)  61%
h) CsHyy -CPh(CH5)(OH) 63%

The UV-spectra recorded for the reaction mixture in all
these reagent combi nations described above exhibit charac-
teristic absorptions reported for [HFey(CO)y]™ in solution®.
If the reactive species is derived from this reagent, then the
reactivity difference between the species generated using
Fe(CO)s—NaBH,~CH;COOH in THF and the reagent pre-
pared using NaHFe(CO),/CH,Cl, in THF is difficult to ra
tionalize. The reaction of the former combination with
akynes leads to cyclobutenediones (eq. 16)
and the latter results in the formation of ab-unsaturated
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carboxylic acid (eg. 11). Presumably, the CH;COOH used to
destroy the excess NaBH, may play a role in the
formation of the reactive species from [HFe;(CO).q]”

(eq. 17).

HFe3(CO)11 + CH3COOH — HpFe3(CO)11

n
——» ‘F&(CO)11" + Ho

If this is the case, use of an additional amounts of
CH;3COOH in the reaction using NaHFe(CO),/CH,Cl, should
also give similar results. Indeed, this was observed. The
corresponding cyclobutenedione was obtained in 33% yield
and the ab-unsaturated carboxylic acid was not formed
under these conditions (eq. 18)*.

R o)
1.CH,Cl, Z
NaHFe(CO), |
2.CH;COOH (4 equiv) \ @
3.RC =CH I 0
4.CUCl,2H 0 4

An interesting acylation-cyclization was observed when
RCO[Fe(CO),4]” was treated with CuCl in the presence of
alkynes and CH5CN in THF at room temperature. The corre-
sponding butenolides (26—32%) besides cyclobutenediones
(10-13%) were formed. Control reactions indicated that the
CuCl is necessary for thistransformation (eg. 19)%.

— Fe(CO)s RCOl A COLT PhC=CPh
E— E—
9 THF, 1t [F(CO)d] CuCl
. . Ph Ph (19
K
o o O O R
4 5
R 4 5
a) CH3CH,Br 13%  26%
b) CHa(CH,)4Br 10%  32%
€) CH3(CH,)sBr 10%  35%

Mechanism and intermediates

The reactive species formed in all these seems to be
co-ordinatively unsaturated, fluxional, polymeric iron carbo-
nyl species. A tentative mechanistic pathway for the
formation of cyclobutenediones can be visualized as shown
in Scheme 5.
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0
o I1
O\\c c// ? O\\Cﬁ
N 7 I Fed’
] G
7 A
//c c | 0" R R
\\ U
o 5 R
(@] /o
R I//c/ R 0o
CuCly. 2H,0
' | Fe\\?Ln —>» |l o || —=—> )(O
< .
R O| o R
Scheme 5.

The intermediates involved may be of the type 1 or Il. The
species Il has been reported to give cyclobutenediones on

oxidation using FeCl; (ref. 34).
O OH
R R
—
| Fe(CO); R Fe(CO)4
R \ R \
o Fe(CO) OH “FgCO),

The formation of ab-unsaturated carboxylic acids may
take place through hydrometallation of the alkynes by
[HFey(CO)yy]” produced under the reaction conditions
(Scheme6).

1 RI g
- R—Cc=Cc—R R R R
HFe3(CO)yp ————— o, >=<
H <|3=0 H c—0
Fe(CO)y OH
-)
Scheme 6.

Conclusion

The Na,Fe(CO), reagent prepared using Fe(CO)s/Na/ naph-
thalene and FeCl; /Na/naphthalene and CO was used for the
synthesis of NaRCOFeg(CO),. The reaction of NaR-
COFeg(CO), with CuCl or I, leads to the formation of 1,2-
diketones RCOCOR, RCOR and RCOOH. It was found that
the reaction of NaRCOFe(CO), with CuCl or I, in the pres-
ence of methyl acrylate leadsto the formation of acyllactone
besdes  RCOCOR, RCOR and  RCOOH. It
appears that theRCORe(CO), species formed, either from
Cu(RCO)F(CO), and I(RCO)Fe(CO), through homolysis of
Fe-Cu and Fe-l bonds or through one-electron oxida-
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tion of NglRCOFe(CO),] by CuCl or I,, may be responsible
for the formation of 1,2-diketones and acyllactones via the
intermediacy of h2-type complexes. It was also observed
that the reagent generated using RMgBr and Fe(CO)s on
treatment with CuCl gives the corresponding 1,2-diketones.

A new double carbonylation of alkynes has been obser-
ved using the NaHFe(CO),—~CHsl reagent system to obtain
the corresponding cyclobutenediones besides ab
unsaturated carboxylic acids. The reaction of the reagent
generated using NaHFe(CO), and CH,Cl, with alkynes gave
abunsaturated carboxylic acids [(E)-isomer] (37-60%
yields) in a regio- and stereoselective manner after
CuCl,.2H,0O oxidation. This reagent system was also dem-
onstrated to be useful in the synthesis of certain ab
unsaturated carboxylic esters and amides albeit in moderate
yields. The reaction of NaHFe(CO),/Me;SiCl and alkynes at
25°C, followed by CuCl,.2H,O oxidation gave the
corresponding a,b-unsaturated carboxylic acids (45-54%
yields) with good regio- and stereoselectivity. The yields
are slightly better than that obtained using the NaHFe(CO) 4/
CH,Cl, system in some cases. However, the latter method
requires the use of the inexpensive CH,Cl, and hence is
advantageous for synthetic applications. It was also obser-
ved that addition of alkynes to the species generated in the
reaction of NaHFe(CO)/Me;SICI a 60°C followed by
CuCl,.2H,0 oxidation leads to the corresponding cyclobu-
tenediones which have been obtained in 60-73%
yields in the reaction of alkynes with Fe(CO)s—NaBH,~
CH;COOH system. This method using NaBH, is more con-
venient for application than using NaHFe(CO),~Me;SCl
system and the yields are al so better in some cases.
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