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The reactions of CsHsFe(COYL)R (L = P(CsHs)s,
AS(C6H5)3 or P(H—C4H9)3,' R = CH3 or CHzCaHs) with
refluxing sulfur dioxide or with SO, in chloroform
proceed very rapidly to yield the corresponding S-sul-
finates, CsHsFe(CO)YL)YSO;R). The monocarbonyls
CsHsFe(CO)[ P(CsHs); 1R (R = CH; or CH,CsHs) react
with gaseous SO; also in the solid. This remarkable
reactivity of CsHsFe(COXL)R toward SO; is discussed
and compared with that found for carbon monoxide
insertions. Ultraviolet irradiation of CsHsFe(CO)r
(SO;CH,CH=CH,) and P(CsHs); affords CsHsFe(CO)-
[ P(CsH5); 1(SO.CH,CH=CH;) and provides the alter-
native synthetic method for CsHsFe(CO)(L)(SO:R). At-

tempts at desulfurylation of CsHsFe(CO) LYSO:R) pro-

ved unsuccessful; however, protonation of CsHsFe-
(CO)[ P(n—C,H/);](SO,CH;) with HCI in benzene yiel-
ded CsHsFe(CO)[ P(n—C,H»); I(SO.HCH:)*, isolated
as the tetraphenylborate(I1l) salt. The infrared spec-
trum of the cation indicates structure with an = S(O)-
OH moiety.

Introduction

Investigations on the reactions of sulfur dioxide
with Mn(CO)[P/C¢Hs); JCH3 2 or Mn(CO)sCH;* di-
sclosed that the former carbonyl undergoes much more
rapid insertion in solution. Similarly, qualitative ob-
servations indicate that the reactivity of CsHsMo-
(CO)[P(CeHs); ]CHs toward SO; to form the corre-
sponding sulfinate exceeds that of the parent tricar-
bonyl, C5H5MO(CO)3CH3.4
~ In order to explore more completely the effect of
replacement of CO in metal carbonyl alkyl complexes
with a neutral ligand such as a phosphine or an
arsine (L) on (1) the rate of sulfur dioxide insertion
and (2) the properties of the resultant products we
conducted a study on cyclopentadienyliron sulfinato
monocarbonyls, CsHsFe(CO)L)SO:R). Reported in
this paper are the results of cur investigation.

Experimental Section

Materials. The carbonyls CsHsFe(CO),CH;,®> CsHs
Fe(CO )zCI‘IzCe,I‘Is,6 CsHsFC(CO):(SOzCHzCH = CHZ)y7

(1) For part XI of this series, see M. R. Churchill, J. Wormald,
D. A. Ross, J. E. Thomasson, and A. Wojcicki, J. Am. Chem. Soc.,
92, 1797 (1970).

(19&; F. A. Hartman and A. Wojcicki, Inorg. Chim. Acta., 2, 351

and CsHsFe(CO)[P(CsHs); JCH3 ® were prepared accor-
ding to the literature methods. The following were
purchased from Metal and Thermit Co. and used as
received: P(CsHs)s, As(CeHs)s, and P(n—CiHs).  An-
hydrous grade SO,, from Matheson, was passed
through concentrated H;SO, and a P:Oy0—CaCl; co-
lumn before condensation. Tetrahydrofuran was di-
stilled from LiAlHs under a nitrogen atmosphere im-
mediately before use. Technical grade pentane and
hexane and petroleum ether (b.p., 30-60°) were used
without further purification. All other chemicals and
solvents were of reagent grade or equivalent. Ven-
tron alumina (neutral, grade I1I) was employed in all
chromatographic separations and purifications.

Three new complexes of the type CsHsFe(CO)(L)R
were prepared by a general procedure of Treichel,
et al® Equimolar amounts of the corresponding
CsHsFe(CO):R and L in petroleum ether and under
nitrogen were irradiated at room temperature with a
Hanovia 450-w high-pressure quartz mercury vapor
lamp, Model 679- A-36.° Given below are reaction
times and other pertinent data on the three mono-
carbonyls.

(a) CsHsFe(CO)[P(CsHs); |ICH.CeHss: ® Reaction time,
3 hr; purified by chromatography; red solid; yield,
65%; m.p., 130°; vco(CHCI; soln), 1905 cm~!. Anal.
Calcd. for C3HzOPFe: C, 74.1; H, 54. Found: C,
73.8; H, 5.2.

(b) CsHsFe(CO)[ P(n—C4H,); ICH3: Reaction time, 6
hr; purified by chromatography; red oil; vco(CS: soln),
1901 cm~'; characterized by conversion to the corre-
sponding sulfinate (vide infra).

(c) CsHsFe(CO)[ As(CsHs); JCH>C4Hs: Reaction time,
6 hr; purified by chromatography; red oil; vco(CHCI;
soln), 1910 cm™!; attempts at isolation and purification
failed; converted to the corresponding sulfinate (vide
infra).

(3) F. A. Hartman and A. Wojcicki, Inorg. Chem., 7, 1504 (1968).

(4) M. Graziani, ]. P. Bibler, R. M. Montesano, and A. Wojcicki,
J. Organometal. Chem., 16, 507 (1969).

(5) T. S. Piper and G. Wilkinson, J. Inorg. Nucl. Chem., 3,
104 (1956).

6

) J. P. Bibler and A. Woijcicki, J. Am. Chem. Soc., 88, 4862

(1966).

(7) R. L. Downs, Ph. D. Thesis, The Ohio State University, 1968;
R. L. Downs and A. Wojcicki, to be submitted for publication.

(8) P. M. Treichel, R. L. Shubkin, K. W. Barnett, and D. Rei-
chard, Inorg. Chem., 5, 1177 (1966).

(9) This compound was recently reported, but without preparative
details: J. W. Faller and A. S. Anderson, J. Am. Chem. Soc., 91,
1550 (1969).
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Reactions of CsHsFe(COYL)R with SO;. (a) In
Refluxing SO;. Sulfur dioxide was condensed onto
ca. 1g of CsHsFe(CO)L)R (L = P(C¢Hs);, R = CHj;
L = P(C¢Hs), R = CH;C¢Hs; L = P(n—CsHo)s, R =
CHs) and the mixture was allowed to reflux for about
1 hr. Excess SO; was then removed, the residue was
dissolved in CHCl; (10 ml), and the solution was
chromatographed eluting with chloroform. The
eluate was concentrated; addition of pentane with
stirring afforded orange crystals, which were washed
with pentane. The yields were around 90%. The
analytical data and the melting points for these and
other new complexes prepared herein are presented
in Table I.

(b) In Chloroform Solution. CsHsFe(CO)L)R
(0.5 g) was dissolved in 50 ml of CHCl; and SO, was
bubbled slowly through the solution at 27°, the reac-
tion being monitored by infrared spectroscopy. After
ca. 10 min, solvent was evaporated off and the
residue chromatographed as described earlier. Yields,
80-90%.

To synthesize CsHsFe(CO)[ As(CsHs)s J(SO,CH»-
C¢Hs), petroleum ether was removed from a solution
Of freshly prepared CsHsFe(CO)[AS(C(,Hs)g]CHzC(,Hs,
the residue was dissolved in CHCls, and the resulting
solution was then treated with gaseous SO, as for
the other complexes.

(¢) Solid-Gas Reaction. Gaseuos SO; was intro-
duced to an evacuated round-bottom flask containing
a thin layer of finely ground CsHsFe(CO)[P(Ce¢Hs);]-
CHs. After ca. 5 min, the infrared spectrum of the
solid showed both CsHsFe(CO)[P(CsHs);]JCHs and
CsH;sFe(CO)[P(CsHs); J(SO.CH3); after 2 days, only
the sulfinate was detected. The reaction of CsHsFe-
(CO)[P(CaHs)g]CHzCaHs with SO, is slower and al-
ways vielded a mixture of the unreacted alkyl and the
sulfinate.

A similar experiment using CsHsFe(CO)[P(CsHs); 1-
CH; and CO revealed no reaction

Reaction of CsHFe(CO)ASO,CH,CH=CH;) with
P(C6H5)3. A solution of both CsHsFe(CO)z(SOzCHz-
CH = CHy) (1.4 g, 5 mmoles) and P(CeHs); (1.3 g,
5 mmoles) in benzene was irradiated for 2 hr with
the Hanovia lamp described earlier. Extensive de-
composition was noted. The solvent was removed,
the residue extracted with CHCl;, and the extract
chromatographed using CHCl; eluent. Concentration
of the eluate and addition of pentane yielded 0.25 g
(10%) of orange CsHsFe(CO)[P(C¢Hs);1(SO,CH,-
CH=CHa).

Protonation of CsHsFe(CO)[ P(n—C.Hs);1(SO.CH3).
The sulfinate (1.08 g, 2.5 mmoles) was dissolved in
a minimum amount of benzene; hydrogen chloride
was then bubbled slowly through the solution, resul-
ting in the formation of a red-brown oil. The oil was
dissolved in acetone and treated with a solution of
NaB(CsHs): in the same solvent. The mixture was
filtered; addition of pentane to the filtrate gave a
pale yellow precipitate. Recrystallization from ace-
tone-pentane yielded 0.7 .g (35%) of {CsHsFe(CO)-
[ P(n—C4Hs): ](SO,HCH;){B(CsHs)s.
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A similar reaction between CsHsFe(CO)[P(CsHs)s]-
(SO,CH;3) and HCI, followed by addition of NaB-
(CsHs),, afforded a product which, however, could not
be isolated in a sufficiently pure state for characteri-
zation. It appears to have a lower stability in solu-
tion than {CsHsFe(CO)[P(n—CsHs);:1(SO;HCH3)B-
(CsHs)s.

Attempted Desulfurylation Reactions. Attempts at
thermal or photolytic desulfurylation of CsHsFe(CO)-
(L)SO;R) were made using conditions similar to
those employed previously for CsHsFe(CO)(SO:R).
In all cases, only the starting materials and/or intrac-
table decomposition products were obtained after
work-up of the reaction mixtures.

Infrared Spectra. Spectra were recorded using a
Perkin-Elmer Model 337 spectrophotometer. A pair
of matched 0.05-mm KBr cells was emploved for
solution measurements.

Proton Magnetic Resonance Spectra. Nmr spectra
were recorded on a Varian Associates A-60 spectro-
meter. Tetramethylsilane (TMS) was used as a re-
ference.

Analyses. Carbon and hydrogen analyses were
performed by Galbraith Laboratories, Inc., Knoxville,
Tenn., and by Mr. P. J. Kovi of these laboratories
using a Coleman Model 29 analyzer.

Results and Discussion

Complexes of a general formula CsHsFe(CO)L)R
react rapidly either with refluxing sulfur dioxide or
with SO, in chloroform to yield orange solids which
are stable to air and which analyze as CsHsFe(CO)L)-
(SOzR) (equation (1)).

CsHsFe(COXL)R +50, —— C;HsFe(CO)(L)(SO.R) (9))]

These products have been assigned S-sulfinato struc-
tures from their infrared and proton magnetic reso-
nance spectra, given in Table II. The former show
SO stretching frequencies at 1166-1152 c¢cm~! and
1036-1022 c¢m™!, a single CO stretching absorption at
1968-1956 cm~!, and no carbonyl bands attributable
to metal acyl groups. The SO stretching frequencies
are considerably (40-15 ¢cm™!) lower than those found
for the corresponding dicarbonyls, CsHsFe(CQ):(SO,-
R),® but comparable to those for substituted manga-
nese(I) sulfinatocarbonyls, Mn(CQO)(L)(SO:R) or Mn-
(COx(L)ASO:R) (L. = a phosphine or an N-donor neu-
tral ligand).? Since preliminary crystallographic data
have shown Mn(CO)(CiH:N,)(SO,CHs;) to contain an
Mn-S(0O),CH; moiety,”° there is little doubt that
CsHsFe(CO)(L)(SO;R) possess similar S-sulfinato lin-
kages. Infrared SO stretching frequency shifts to
lower energy may be attributed to an increased amount
of M=SO;R = bonding caused by a greater negative
charge at the metal resulting from replacement of CO
with a more basic L. Although strong ® bonding bet-
ween the RSO, group and the metal in the iridium(I1!)

(10) D. R. Swift, personal communication to A. W.
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Table I. Melting Points and Analytical Data for CsHsFe(CO)(L)(SO,R) Complexes.

Analyses, %

Compound M.p., °Ce Calcd. Found
C H C H

C:H:Fe(CO)[ P(CsH;): ](SO.CHsy) 158 61.2 4.7 61.0 4.5
CsHsFe(CO)[ P(CsHs); [(SO,CH.C.Hs) 147 65.8 4.8 65.7 49
CsHsFe(CO) P(CeHs)s (SOICHZCH::CHI) 85 62.8 49 63.2 49
CsHsFe(CO)[ As(C¢Hs); J(SO,CH.C.Hs) 115 61.0 45 61.0 43
C;HFe(CO)[ P(n—C.H,);](SO,CH,) 108 53.2 8.2 534 8.4
{CSHSFe(CO)[P(n'—CAHQ)J](SOIHCHS)!B(CGHs)I 118 (dec.) 68.8 7.5 67.0 7.7

a Uncorrected.

Table M. Infrared (IR) and Proton Magnetic Resonance (PM R) Spectra of CsHsFe(CO)(L)SO:R) Complexes.

IR spectrum (cm™') PMR spectrum ¢
Compound CO stretch @ SO stretches ? Other prominent Chem. Rel.
bands ¢ shift (1) intens.  Assignment
C:H,Fe(CO)[ P(CH5); ]|(SO.CH,) 1956 1152's, 1025 s 7455 3 CH,
535d¢ 5 CsHs
» 267 15 CeHs
CsHFe(CO)[ P(CeHs); ](SO.CH,C:Hy) 1957 1166, 1035 s 6.06\8 2 CH
5.74f 2
5.58d-¢ 5 CsH;
251 20 C.H;
CsH;Fe(CO) [ P(CHs); ](SO.CH.CH=CH,) 1968 1157 s, 1022s
CsH;Fe(CO)[ As(CsH5); ](SO.CH.CHy) 1962 1166, 1035s 5.85\¢
5.56/ CH.
5.52s 5 CsH;
23f 20 CsHs
CsHFe(CO)[ P(n—C.H,); ](SO.CH;) 1962(1946) ¢ 1156's, 1036 s
§C5H5Fe(CO)[ P(n—CAHg)g:I(SOzHCHg)}B(CQHs)t (1962) ¢ 1115s, 985 m 3600 w

3100-2850 br

2 CHC; solution, all bands very strong. % Nujol mull. ¢Hexachlorobutadiene mull. ¢ CDCIl; solution. ¢J~1 Hz. 7Complex
pattern. € An AB spectrum (J=13.5 Hz), analyzed as in L.M. Jackman, «Applications of Nuclear Magnetic Resonance Spectro-
scopy in Organic Chemistry», Pergamon Press, New York, 1959, pp. 89-90. IR abbreviations: s, strong; m, medium; w, weak;
br, broad. PMR abbreviations: s, singlet; d, doublet.

and palladium(II) complexes has been recently que- tes>** and appears to be a general phenomenon.

stioned," evidence presented elsewhere?® sugests that The relative rates of insertion of various CsHsFe-
such bonding is of importance in metal sulfinatocar- (COXL)R with SO; in CHCIl; solution at 27° increase
bonyls. The CO stretching frequency in CsHsFe- in the following order (an approximate time requi-

(COXLXSO:R) is ca. 50-60 cm~! higher than that of red for completion of the reaction is given in pa-
the corresponding alkyl, in agreement with a similar rentheses): CsHsFe(CO),CH; (=10 hr) "< CsH;sFe-
shift observed for CsHsFe(CO)R and their SOxinser- (CO)[P(CsHs); ICH,CsHs (=3  min) < CsHsFe(CO)-

tion products.® [P(C¢H:s); ICH; (<3 min) < CsHsFe(CO)[ P(n—CsHo)3]1-

The salient feature in the proton magnetic resonance CH; (virtually instantaneous). This sequence indicates
spectra of CsHsFe(CO)[E(C¢Hs):1(SO,CH,CsHs) (E = that (1) as the basicity of L increases the rate of the
P or As) is magnetic nonequivalence of the CH: pro- reaction of its CsHsFe(CO)(L)R complex with SO:
tons; this gives rise to an AB type pattern in each also increases and (2) other factors being equal, me-
case. A similar phenomenon has been recently repor- thyl compounds are more reactive than their benzyl
ted for the methylene hydrogens of CsHsFe[P- analogs. The great affinity of CsHsFe(COXL)R for

(CeHs):R][COCH,Si(CH3);] (R == C¢Hs, C,Hs, or SO, is further manifested by the reaction between so-
.CH3)12 and CsI'IsFC(C())[P(Cél‘ls,);g](C()CI‘IzCsI‘Is),13 the lid C5H<F6(CO)[P(C6H5)3]CH3 and gaseous sulfur dio-

geminal coupling constant Jas being 12-13.5 Hz com- xide which proceeds to completion at 27°. In agree-
pared to Jaz = 13.5 Hz for the sulfinates. The non- ment with the lower reactivity of analogous benzyl com-
equivalence observed undoubtedly stems from the pre- plexes, solid CsHsFe(CO)[P(CsHs); ]JCH:CsHs does not
sence of an asymmetric iron atom in these complexes. completely insert sulfur dioxide.

Also worth noting is a deshielding of the CH; and CH: It is of interest to compare and contrast the effect

protons in CsHsFe(CO)[ P(C¢Hs); (SO.CH3) and CsHs- of replacement of CO with L on the rates of CO
Fe(CO)[P(Ce¢Hs); 1(SO:CH;C¢Hs), respectively, when and SO, insertion into transition metal-alkyl bonds.
compared to the corersponding resonances for the Treichel has reported® that CsHsFe(CO)[P(C¢Hs);1CH;

parent monocarbonyl alkyls®® Such deshielding has undergoes carbon monoxide insertion when CO is
been reported for other transition metal S-sulfina- bubbled through its solution in petroleum ether for
18 hr at 90-100°; under similar conditions there is no
(11) J. Chatt and D. M. P. Mingos, J. Chem. Soc (A) 1770 (1969).
(12) K. H. Pannell, Chem. Commun., 1346 (196
(13) H. Brunner and E. Schmidt, Angew Chem 81, 570 (1969). (14) D. A. Ross, unpublished results.
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reacticn between CsHsFe(CO),CH; and CO. Thus
both the CO and SO, insertions are promoted by re-
placement of carbon monoxide with a stronger base;
however, the relative rates of reaction with CsHsFe-
(CO)L)R are much greater for SO, than for CO.
On the other hand, when the external reagent effect-
ing carbon monoxide insertion is a phosphine (L),
the reactions of the dicarbonyls (equation (2)) but
not of the monocarbonyls (equation (3)) are known
to occur.

CsHs(CO)R+L —— C;H:;Fe(CO)L)(COR) (2)
C:H;Fe(CO}L)R+L —H———> CsHsFe(L).(COR) 3

We believe that an increase in reactivity toward
SO; of CsHsFe(CO)L)R as L becomes a stronger
base (and a weaker m-accéptor) may be ascribed to
stabilization of the activated complex by the presence
of sulfur dioxide, Accordingly, the ability of SO: to
receive T electrons from the metal into its vacant d
orbitals will lower the activation energy for the reac-
tion; such an interaction will be particularly signifi-
cant when electron density at the metal is high as,
for example, in CsHsFe(CO)(L)R containing very ba-
sic and poorly © bonding ligands L. The analogous
reactions of carbon monoxide may be expected also
to be influenced by & bonding in the transition state;
however, the situation is somewhat complicated by
variations in the mechanism.'® When CO interacts
directly with the alkyl complex as, for example, it
almost certainly does when reacting with CsHsFe(CO)-
[P(CsHs);]CH; in petroleum ether, then stabilization
by m bonding in the transition state should be im-
portant, although the available data (vide supra) sug-
gest that SO, is more effective in this respect. By
way of contrast, when the more basic ligands such
as the phosphines or phosphites or when coordinat-
ing solvents such as tetrahydrofuran assume the role
of a nucleophile in carbon monoxide insertion, then
retardation in the rate may be expected as CO is
replaced with L in the alkyl complex.

Although CsHsFe(CO)(SO;R) fail to react with
the phosphines or phosphites (L) on heating,” they
do so upon ultraviolet irradiation. These reactions
then provide the alternative method of synthesis for
the substituted sulfinatocarbonyls CsHsFe(CO)(L)-
(SO:R).

The above behavior of CsHsFe(CO)(SO;R) places
it closer to CsHsMn(CO); than to other CsHsFe(CO)X
complexes (X=CIl, Br, I, CO;R, etc.) as far as sub-
stitution reactions are concerned. The ability of both
CsHsMn(CO):® and CsHs;Fe(CO)(SO;R) to undergo
photolytic but not thermal reactions with Lewis bases
may reflect on similarities in bonding properties of
the « soft » ligands® CO and RSO,. In this context
it is of interest to note that another sulfinate system,
Mn(CO)s(SOzR), resembles Cr(CO)s in its relative
reactivity toward various ligands??®

(15) J. P. Bibler and A. Wojcicki, Inorg. Chem., 5, 889 (1966).
(16) I. S. Butler, F. Basolo, and R. G. Pearson, Inorg. Chem., 6,
2074 (1967), and references therein.
(17) F. A. Hartman, unpublished results.
(19(12)3) E. O. Fischer and M. Herberhold, Experientia, Suppl. 9, 259
64).
(199 R. G. Pearson, J. Am. Chem. Soc., 85, 3533 (1963).
(20) R. J. Angelici, Organometal. Chem. Rev., 3, 173 (1968).
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Attempts at desulfurylation of CsHsFe(CO)(L)-
(SO:R) invariably afforded the starting materials and/
or noncarbonyl decomposition products. Our lack
of success in effecting extrusion of SO, from these
sulfinatocarbonyls may perhaps be related to prefe-
rential occurrence of decarbonylation followed by a
rapid decomposition of the resulting species. It is
pertinent that in the reaction of CsHsFe(CO)(SO;R)
with Rh[P(C¢Hs);15Cl abstraction of CO from the
iron carbonyl by the rhodium(I) complex leads to
formation of ill-defined decomposition products.?

The lowering of the SO stretching frequencies in
going from CsHsFe(CO)(SO:R) to CsHsFe(CO)L)-
(SO;R) is indicative of a reduction in S~O bond or-
der and may reflect greater basicity of the sulfinate
oxygens in the latter complexes. To elucidate pos-
sible basic properties of the sulfinate moiety in
CsHsFe(CO)[ P(#-CsHq); 1(SO,CH3), the compound was
allowed to interact with HCI; subsequent addition of
NaB(C¢Hs)s resulted in isolation of the tetraphenyl-
borate(III) salt of the protonated sulfinatocarbonyl
ion. From the infrared spectral data we favor for
the cation a structure in which the proton is attached
to one of the sulfinate oxygens, viz,

COo O
ay;
/Fe —S—'CH3
\

P(”"C.in);OH

+

This preference is based on (1) the lowering of the
SO stretching frequencies and a slight increase in the
CO stretching frequency (as one would expect from
acquisition of a positive charge but not from proton-
ation of the carbonyl oxygen) upon protonation and
(2) appearance of absorption bands at 3600 cm~' and
3100-2850 cm™! in the salt; these bands are probably
due to the OH stretches of free and hydrogen-bonded
hydroxy groups® A similar reaction of CsHsFe(CO)-
[P(CsHs); 1(SO,CH;) and HCl afforded a product
which manifested much lower stability, especially in
solution, than the protonated CsHsFe(CO)[ P(x-CsHo); 1-
(SO:CH3s). This difference may be a result of the
lower basicity (or greater © bonding ability) of P(C¢Hs)s
compared to that of P(n-CiHs); which would reduce
electron density at the sulfinate oxygens making them
less basic. It is of interest to note that the acyl coun-
terpart of CsHsFC(CO)[P(CeHs)}](SOzCH3), CsHsFe-
(CO)[P(C¢Hs): ]J(COCH3), can however be protonated
under similar conditions.”
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