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The scope of [(n%-arene)Mn(CO);3]* synthesis is investigated. Methods of preparation involve
abstraction of bromide from [Mn(CO);Br] by AlCl; or Ag(I) or, alternatively, oxidation of
[Mny(CO);0] by strong acid. Arenes which bear the following substituents can be coordi-
nated: alkyl, aryl, alkoxy, chloro, hydroxy, fused heterocycle aromatic rings, and noncon-
jugated carbonyl. The degree of electron donation to the ring is the principal factor in
determining the likelihocod of coordination. Highly electron-deficient aromatics such as nitro,
cyano, and those conjugated to carbonyls will not metalate. The use of aluminum chloride
leads to rearrangements of some alkylbenzenes and substitution reactions of some aryl
halides. In the case of o-dichlorobenzene, this substitution yields the unusual complex [(75-
2-C1CsHMn(CO)5)Mn(CO)3]1*. Other new complexes reported include those of diben-
zothiophene, 1,3-diphenylacetone, deoxybenzoin, and phenol. A crystal structure of [(n®-
CsHsCH,;COCH:Ph)Mn(CO);]BF, is reported: space group P2i/c, a = 12.5429(12) Ab=
12.465(2) A, ¢ = 12.109(2) A, B = 106.128(10)°, V = 1818.8(5) A3, Z = 4, Dot = 1.592 mg

m~3, R = 0.0570, and wR2 = 0.1609 on 2331 reflections with F? > 2.00(F?).

Introduction

n-Arene complexes of transition metals were first
prepared through the work of Hein prior to 1920.!
However, the true nature of Hein’s “polyphenylchro-
mium”? compounds remained a mystery until 1956
when Zeiss® was able to propose m-coordinated struc-
tures based in part on the work of Fischer and Hafner.*
The latter investigators demonstrated that cationic
m-aromatic compounds could be prepared under reduc-
ing conditions in the presence of a strong Lewis acid,
reaction 1. The Fischer—Hafner reaction has since been

CrCl, + Al + AICl, + C.H, —
[(7%-CgHg)oCrl* + ... (1)

found to be of general utility for the preparation of
cationic s-arene complexes. Using this method, [(75-
arene)FeCp]* can be easily synthesized from ferrocene.’
Reduction is not necessary when metal halides of the
desired oxidation state are available; for instance FeCl;
may be used to prepare [(#5-arene),Fel?*,5 and [Mn-
(CO)sBr] to make [(n%-arene)Mn(CO)s]*. Aluminum
chloride serves as a halide ion abstractor as demon-
strated in reaction 2, which occurs upon heating in

® Abstract published in Advance ACS Abstracts, September 1, 1994.

(1) (a) Hein, F. Chem. Ber. 1919, 52, 195. (b) Hein, F. Chem. Ber.
1921, 54, 1905.

(2) An excellent, recent review of polyphenylchromium compounds
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(3) Zeiss, H. H.; Herwig, W. J. Am. Chem. Soc. 1956, 78, 5959.

(4) (a) Fischer, E. O.; Hafner, W. Z. Naturforsch., B 1955, 10, 665.
(b) Fischer, E. O.; Seus, D. Chem. Ber. 1956, 89, 1809. (c) Coffield, T.
H.; Sandel, V.; Closson, R. D. J, Am. Chem. Soc. 19587, 79, 5826.

(5) Astrue, D. Top. Curr. Chem. 1992, 160, 47 and references cited
therein.
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[Mn(CO):Br] + AICl, — [Mn(CO);]* + AICL,Br~ (2)

hydrocarbon solvent. Coordination of an aromatic
molecule to [Mn(CO);5]* is presumably associative in
nature. Papers by Wilkinson® and, later, Pauson,’
Sweigart,® and others® 1! have described Fischer—
Hafner synthesis of several hydrocarbon and halocarbon
(arene)manganese carbonyl cations (see Table 1).

The [Mn(CO)5]* fragment can also be generated via
halide abstraction, using silver(I) ion, reaction 3.2! In

[Mn(CO),Br] + Ag* — [Mn(CO);]" + AgBr (3)

1981, Pauson?? suggested that this route might be
suitable for the preparation of the (arene)manganese
cations. Pearson!? later demonstrated this method,
preparing [(175-0-C¢H4(OMe)s)Mn(CO)31*. Pauson’s fur-
ther claim2?2 that the solvent complex, [Mn(CO)s-
(OCMey)s]*, could react with arenes to produce [(7®-
arene)Mn(CO);]* has remained unsubstantiated. This
route seems dubious since the tris-solvent complex is
known to have greater thermodynamic stability than

(6) Winkhaus, G.; Pratt, L.; Wilkinson, G. J. Chem. Soc. 1961, 3807.

(7) Pauson, P. L.; Segal, J. A. J. Chem. Soc., Dalton Trans. 1975,
1677.

(8) Kane-Maguire, L. A. P.; Sweigart, D. A, Inorg. Chem. 1979, 18,
700.

(9) Stobart, S. R.; Zaworotko, M. J. J. Chem. Soc., Chem. Commun.
1984, 1700.

(10) Gommans, L. H. P.; Main, L.; Nicholson, B. K. J. Organomet.
Chem. 1985, 284, 345.

(11) Alexander, R. P.; Stephenson, G. R. J. Organomet. Chem. 1986,
314, C73.

(12) Pearson, A. J.; Richards, 1. C. J. Organomet. Chem. 1988, 258,
C41.
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Table 1. Previously Reported [(75-arene)Mn(CO)s]*

Complexes”
arene yield (%) veo (em™1) ref
Fischer—Hafner
CsHe N.R. 2080, 2026° 6,8
CsHsMe N.R. 2079, 2021 6,8
1,2-CsHiMe; N.R. 2076, 2019° 6, 8
1,3,5-C¢H3Me; N.R. 2072, 2015 6,8
CsHsOMe 64 2077, 2019¢ 7,8
CeHsCl 64 2085, 2033¢ 7
4-CICsHsMe 70 2083, 2030° 7
CeHsBr N.R. 2085, 2033° 7
tetralin® 10 2060, 19954 9
9,10-dihydroanthracene N.R. 2070, 2010, 1995¢ 9
dodecahydrotriphenylene 52 2050, 1988¢ 10
2,4-Me,C¢H30Me N.R. N.R. 11
Silver(I)
1,2-C¢H4(OMe), 66 N.R. 12
CsHsCMe; 10 2070, 2020% 13
(CeHs),0 NR. NR. 14
Ce¢HsOMe NR. N.R. 14
2,6-(Me0),CsH3Et 78 2069, 2003¢ 15
2,6-(Me0),C¢H5'Pr 61 2069, 20028 15
CsH;sSi(OCH,CH,);3N and 26—90 2070, 20104 16
p-substituted analogs
indole and N-substituted indoles  60—90 2069, 20088 17
benzofuran 60 2080, 2019¢/ 17
aromatic steroids 51-91 2070, 200422 18
TFA Anhydride

CsHs 75 N.R. 19
CsHsMe 50 N.R. 19
1,3,5-C¢H3Me; 67 N.R. 19
CsHsOEt 27 N.R. 19
3-Cl-2-MeCgH3;0Me 77 2081, 2014 20

< All IR bands of strong intensity; N.R. = not reported. ? In acetone.
¢ In CH5CN. ¢ KBr disk. ¢ Produced from naphthalene or tetralin. / Produced
from anthracene. ¢ In CH,Cl, # Film on NaCl. / Unsubstituted analog.
J Dimethylpodocarpic acid complex. * In CHCls.

the arene complex.® Several additional (arene)man-
ganese(I) complexes have been produced via the silver-
(I) method during the last decade.l3-18 For the most
part, those arenes which have been successfully coor-
dinated bear electron-donating alkoxy and alkyl sub-
stituents. A notable exception to this trend is the recent
coordination of a series of phenylsilatranes (4-RCqHy-
Si(OCH;CHy)3N; R = H, Me, Cl, OMe, ¢-Bu) to [Mn-
(CO)31* by Chung and co-workers.1® The silver method
has very recently been employed in the preparation of
indoles!” and aromatic steroids.1®

Yet a third route to [(#%-arene)Mn(CO)3]* first ap-
peared in 1984 in the Soviet literature.!® This method
also apparently makes use of [Mn(CO)s;1*, which is
generated according to reaction 4. Strongly acidic condi-

[Mn,(CO),,] + 2H" + (CF4C0),0 (solvent) —
2[Mn(CO),]* + H, (4)

tions are used, and the reaction may be carried out
starting with [Mna(CO)10], [Mn(CO)sBr], or [Mna(CO)s-

(13) Jeong, E.; Chung, Y. K. J. Organomet. Chem. 1992, 434, 225.

(14) (a) Miles, W. H.; Smiley, P. M,; Brinkman, H. R. J. Chem. Soc.,
Chem. Commun. 1989, 1897. (b) Miles, W. H.; Brinkman, H. R.
Tetrahedron Lett. 1992, 33, 589,

(15) Krow, G. R.; Miles, W, H.; Smiley, P. M.; Lester, W. S.; Kim, Y.
J. J. Org. Chem. 1992, 57, 4040.

(16) (a) Lee, Y.-A,; Chung, Y. K,; Kim, Y.; Jeong, J. H. Organome-
tallics 1990, 9, 2851, (b) Lee, Y.-A.; Chung, Y. K.; Kim, Y.; Jeong, J.
H.; Chung, G.; Lee, D. Organometallics 1991, 10, 3707. (c) Lee, S. S,;
Lee, J.-S.; Chung, Y. K. Oragnometallics 1993, 12, 4640.

(17) Ryan, W. J.; Peterson, P. E.; Cao, Y.; Williard, P. G.; Sweigart,
D. A;; Baer, C. D.; Thompson, C. F.; Chung, Y. K,; Chung, T.-M. Inorg.
Chim. Acta 1993, 211, 1.
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Table 2. Synthesis Results for [(73-arene)Mn(CO);]*

yield (%)
TFA
arene Fischer—Hafner silver(I) anhydride veod (em™Y)
CsHs 85 32 87 2086, 2026
1,3,5-CsH;Me; 57 19 64 2072, 2012
1,2,4,5-CcHoMe, 63% 66 78 2069, 2008
CsHsCH,CHMe; 41 80 75 2082, 2023
(C¢HsCHa), 426 67 76 2081, 2023
(C¢Hs) 39 29 56 2081, 2023
naphthalene c 0 d 2078, 2018
C¢HsCl 64¢ 6 80 2087, 2036
C¢HsBr f 9 778 2089, 2033
1,2-CsHiClL, k 0 0 2089, 2046
4-MeC¢H,OMe 56¢/ 52 60 2076, 2013
(CeHs),0 88 55 72 2081, 2021
CsHsOH 0 69 74¢ 2077, 2017
dibenzothiophene 35 16 89 2077, 2021
(CsHsCH,),CO 49 33 59 2082, 2023, 1724 (w)
CsHsCH,COPh 2 59 77 2082, 2024, 1691 (w)

2In CH,Cly; all band intensities strong except as noted. ® Mixture of
isomers due to rearrangement. ¢ Tetralin complex isolated in 10% yield;
see ref 9. 4 Trace (by IR). ¢ Reference 7. / Benzene complex isolated in 66%
yield. & Product contaminated with [Mn(CO)}*. # [(2-CICeHsMn(CO)s)-
Mn(CO)s]™* isolated in 29% yield.  In 0-CsH4Cl. / Anisole product.

Table 3. Aromatic Substrates Which Did Not Coordinate
to [Mn(CO);]*

acetophenone ethylene glycol ketal (4)

benzaldehyde benzoic acid
coumarine (5) 4-cyanotoluene N,N-dimethylaniline
1-indanone 4-methoxyacetophenone  4-nitroanisole
phenoxytrimethylsilane  phenyl acetate phenylacetylene
safrole tropolone

benzyl alcohol

(u-Cl)2]. The simple homoleptic carbonyl is preferable,
since a separate oxidative addition step (and the as-
sociated yield loss) is thus avoided. Despite the harsh
reaction conditions, the Soviet workers isolated several
complexes in good yield (Table 1). Recently, Pearson
has also used this trifluoroacetic (TFA) anhydride
reaction to produce the 3-chloro-2-methylanisole com-
plex,20

Finally it should be noted that an indirect method is
also available for the synthesis of certain arene com-
plexes. Cationic chloroarene complexes are known to
undergo nucleophilic substitution reactions.® Thus the
reaction of [(#5-CsHsCl)Mn(CO)s]* with alcohols in the
presence of base affords aromatic ether complexes.”16¢20.23
Similarly its reaction with amines produces aniline
complexes. The latter fact is especially significant as
no direct route has yet provided the coordinated aniline
products. Nevertheless, being an indirect route, the
substitution reaction lies outside the scope of the current
study.

The cationic arene complexes of manganese are of
synthetic interest. The reaction of carbon-based nu-
cleophiles with these species occurs in high yield with

(18) (a) Woo, K.; Carpenter, G. B.; Sweigart, D. A. Inorg. Chim. Acta,
in press. (b) Woo, K.; Williard, P. G.; Sweigart, D. A.; Duffy, N. W,;
Robinson, B. H.; Simpsen, J. Submitted for publication.

(19) Rybinskaya, M. I.; Kaganovich, V. S.; Kydinov, A. R. Izv. Akad.
Nauk SSR, Ser. A Khim. 1984, 885.

(20) Pearson, A. J.; Shin, H. Tetrahedron 1992, 48, 7527.

(21) (a) Mews, R. Angew. Chem., Int. Ed. Engl. 1975, 14, 640. (b)
Wimmer, F. L.; Snow, M. R. Aust. J. Chem. 1978, 31, 267. (c) Uson,
R.; Riera, V.; Gimeno, J.; Laguna, M.; Gamasa, M. P. J. Chem. Soc.,
Dalton Trans. 1974, 966. (d) Cotton, F. A.; Darensbourg, D. J.;
Kolthammer, W. 8. Inorg. Chem. 1981, 20, 1287. (e) Schmidt, S. P,;
Nitschze, J.; Trogler, W. C. Inorg. Synth. 1989, 26, 113.

(22) Basin, K. K.; Balkeen, W. G.; Pauson, P. L. J. Organomet. Chem.
1981, 204, C25.

(23) Pearson, A. J.; Bruhn, P. R. J. Org. Chem. 1991, 56, 7092.
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Table 4. 'H-NMR Data for New [(%-arene)Mn(CO)s]* Table 5. 13C-NMR Data for New [(77°-arene)Mn(CO);]*
Complexes Complexes
arene 'H-NMR#* arene 13C_.NMR##

1,2,4,5-CH,Mes 6.79 (s, 2 H, Hay), 2.50 (s, 12 H, Me)

CeHsCH:.CHMe,  6.84 (mult, 3 H, Hy,,), 6.66 (d, J = 5.4, 2 H, Hy),
2.69 (d, J = 6.6, 2 H, CHy), 2.00 (m, 1 H, CH),
098 (d.J = 6.2, 6 H, Me)
(CeH:CH), 7.28 (mult, 5H, Hy), 6.90 (t, J = 6.4, 2 H, Hy),
6.69 (mult, 3 H, H,), 3.14 (mult, 4 H, CH,CH,)
(CéHs); 8.03 (mult, 2 H, Ho), 7.65 (mult, 3 H, Hy o),
729(d,J=67 2H, Hy), 7.16 (t, ] = 6.5, 2 H, Hy),
6.82(t,7=631H Hy
(2-CICSHMn(CO)s)Y* 7.20 (d, J = 6.6, 1 H, Hy), 6.99 (d, J = 6.8, 1 H, Hy),
6.86 (t, J = 6.2, | H, Hs), 6.46 (1, J = 6.3, 1 H, Hy)
4-CH,CH,OMe 698 (d,J =56, 2 H, Huy, 6.43 (d, J = 5.6, 2 H, Hy),
4.10 (s, 3 H, OM&), 2.45 (s, 3 H, Me)
(CsHs)0 7.64(t, J=7.8,2 H, Hpp), 7.49 (1, J = 7.5, 1 H, Hyy),
742(d,J =83, 2 H, Hy), 7.10 (1, J = 6.7, 2H Hm)
645(d, J=70,2H Hy), 6.38 (t, J = 63,1 H, H,)
CeHsOH 6.94 (t,J = 6.3, 2 H, Hy), 6.01 (mult, 3 H, Ho)
dibenzothiophene! 872 (4, /=178, 1 H. Hy) 831 (6. =0, | K, Ho)
8.16(d,J =69, 1 H,Hy), 8.04 (d, / = 1 H, H),
792 (t,7=17.5,1H, He), 7.83 (t, J = 7.6, | H, Hy),
707 (€ 7=6.5. 1H. Hs), 6.88 (1. J = 6.5, | H, Hy)
(CsHsCH2),CO 728 (m. S, H), 686 (. =602 H. Ha).
6795,/ =60, 1 H. By, 669,/ =50, 2 H. Ho.
430 (s, 2 H, CH,), 4.04 (s, 2 H, CH,
CeHsCH,COPh 8.12(d, J=7.2, 2 H, Hay), 7.69 (t, / = 7.0, 1 H, Hyp),
7.58 (t, 7= 6.7, 2 H, Hup), 6.88 (m, 5 H, Homy),

4.82 (s, 2 H, CHp)

2 All spectra in CD3COCDs; J values given in Hz. ® Subscript f refers
to noncoordinated ring. ¢ Relative positions of Cl and Mn(CO)s to Hz—¢
unknown. 4 For numbering scheme, see text.

the formation of new carbon—carbon bonds.11:13,16,17,24
With a choice of three direct synthetic routes to the
metalated arene, it appeared desirable to explore the
strengths and limitations of each. Therefore in the
current study, a variety of aromatic compounds have
been subjected to each set of reaction conditions. The
scope of arene coordination to [Mn(CO);]* is discussed
below.

Results

A list of the tested arenes which were found to
coordinate to [Mn(CO);]* is presented in Table 2. It
may be noted that most of the arenes which could be
coordinated yielded a measurable amount of product via
each of the three methods. This is reasonable given the
common intermediate ((Mn(CO)5]*) for all three routes.
Table 3 lists those aromatics tested which gave no clear
indication of the desired product under any circum-
stances. Tables 4—6 contain characterization data for
all new [(n%-arene)Mn(CO)3]* species. All of the [(#5-
arene)Mn(CO);3]* salts are pale yellow powders. They
are soluble in polar organic solvents. They are air- and
moisture-stable in the solid state and in solution
decompose only slowly under air.

As expected, coordination of alkyl-substituted aro-
matics was uniformly successful. The tested arenes
were benzene, mesitylene, durene, isobutylbenzene, and
bibenzyl. Yields were variable but were usually best
using the TFA anhydride method. The surprisingly low
yield value for mesitylene by silver could not be im-
proved. The preparation of the durene complex was
accompanied by rearrangements of the methyl groups
when Fischer—Hafner conditions were employed. Pro-
ton NMR of the durene Fischer—Hafner product re-
vealed that about 52% consisted of the unrearranged
1,2,4,5-tetramethylbenzene complex. The other two

(24) Pike, R. D.; Sweigart, D. A. Synlett 1990, 565 and references
cited therein.

1,2,4,5-CeHMeq (218), 115.7, 103.8, 18.0

CsHsCH,CHMe: (216), 123.7, 103.8, 101.1, 99.0,
435,315,221
(CsHsCHa), (216), 140.4, 129.7, 129.6, 127.6,
123.8,103.3, 101.4, 99.6, 37.2, 36.8
(CeHs)z (216), 133.0, 132.3, 130.6, 128.9,

120.9,103.9,99.3,98.3
(217, 208), 143.3, 131.2, 116.3,
101.5, 101.3,98.9

(2-CICeHsMn(CO)s)

4-CH;C¢H,OMe (218), 148.6, 108.3, 105.4, 84.3,
58.9,19.1

(C¢Hs),0 152.7, 149.0, 132.0, 128.5, 121.5,
105.9, 92.6, 86.2

CsHsOH (218), 154.2, 107.0, 86.7, 86.1

dibenzothiophene 143.2, 140.1, 136.4, 132.9, 131.5,
128.2, 125.6,125.1, 124.2, 123.7,
122.9,122.3

(CsHsCH,),CO (216), 203.2, 134.9, 130.8, 129.4,
127.9, 116.0, 103.3, 102.2, 100.6,
499, 46.0

CsHsCH,COPh (216), 195.5, 136.8, 134.8, 129.7,

129.2,116.1, 103.7, 102.0,
100.9, 43.2

4 All spectra in CD;COCD;. » Mn—CO peaks, where observed, indicated
in parentheses.

Table 6. Analysis Results (%) for New
[(n®-arene)Mn(CO);]*X~ Complexes

arene X~ decomp pt? (°C) theory found
1,2,4,5-CsHsMey BF.~ 217 C 4337 C 4340
H 393 H 3.91
CsHsCH,CHMe; PF¢~ 131 C 3734 C 36135
H 338 H 3.16
(CeHsCHa), BF4~ 161 C 5003 C 4946
H 347 H 343
(CeHs)2 BF4~ 166 C 4741 C 4611
H 266 H 2.80
(2-CICsHsMn(CO)s) PFs~ 117 C 2848 C 2805
H 068 H 0.69
Mn 18.61 Mn 18.60
4-CH;3CsH4OMe BF4~ 126 c 3797 C 3773
H 290 H 2.78
(CsHs),0 PFg™ 200 C 3967 C 3959
H 222 H 2.26
CsHsOH BF,~ 223 C 3379 C 3381
H 1.89 H 1.85
dibenzothiophene BF:~ 155 C 4393 C 4150
H 197 H 1.90
(CsHsCH,),CO BF,~ 132 C 4957 C 49.02
H 324 H 3.56
C¢HsCH,COPh BF4~ 134 C 4838 C 4775
H 287 H 2.95

¢ All complexes decomposed before melting with darkening of color and/
or evolution of gas.

tetramethylbenzene isomers gave complexes comprising
about 30 and 18% of the total product. No rearrange-
ments were found for mesitylene or isobutylbenzene.
The bibenzyl Fischer—Hafner product also appeared to
be a mixture but could not be further characterized.

Biphenyl could be metalated in fair yield. However,
attempted coordination of naphthalene was unsuccess-
ful, although TFA anhydride gave a trace yield of a
product exhibiting the expected IR bands. This product
was too unstable to characterize further.

Haloarene coordination resulted in low yields using
the silver(I) synthesis. Chlorobenzene was easily at-
tached to [Mn(CO)s]* via the other methods, however.
Fischer—Hafner reaction of bromobenzene produced the
benzene complex (in 66% yield), despite evidence of
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Figure 1. Infrared spectra of (A) the Fischer—Hafner
reaction in situ [(78-2-CeHCl,)Mn(CO);]AICI:Br in 0-CeHy-
Cl; solvent and (B) the isolated product [(#%-2-C1C¢HMn-
(CO)5)Mn(CO)3]PFg in acetone solvent.

initial CgHsBr coordination. Since the halobenzene may
be used as the reaction solvent and since the product
[(#8-CeH5X)Mn(CO)3]AICI3Br is soluble in it, infrared
spectra were recorded before aqueous workup. These
spectra clearly indicated the haloarene complexes: X
= Cl, 2087, 2036 cm™1; X = Br, 2083, 2031 cm™!. The
appearance of the lower frequency band (E symmetry
in Cs,) above 2030 cm~! was indicative of the electron-
poor haloarene complex. While the chlorobenzene com-
plex showed no change in the IR (2087, 2036 cm™1) after
aqueous workup, the product of the bromobenzene
synthesis showed bands at 2085 and 2025 cm™!, This
indicated that the benzene complex had been formed.
The identities of the isolated products were further
confirmed by 'H-NMR. Only the TFA anhydride method
give an acceptable yield of [(#5-CsHsBr)Mn(CO)sl™.
However this product was slightly contaminated with
[Mn(CO)¢]".

o-Dichlorobenzene yielded no product by silver or TFA
anhydride. Nevertheless an unusual transformation
occurred in the Fischer—Hafner reaction. Following IR
identification of the desired dihalogenated arene com-
plex in o-dichlorobenzene solvent (2089, 2046 cm™};
Figure 1A), workup afforded a product with a more
complicated IR pattern (Figure 1B). The infrared
spectrum in Figure 1B suggests the presence of both
[Mn(CO)3]} (2076, 2028 cm 1) and [Mn(CO)s] (2137, 2047,
2014 cm™1) fragments. No change in the spectrum was
evident after the product was carefully recrystallized,
supporting the conclusion that it represented a single
substance. Data from 'H- and 3C-NMR indicated an
n8-0-disubstituted-arene. Elemental analysis (C, H, Mn)
supported the formula C14H4OsCIPFgMn,. Structure 1
(Chart 1) is proposed for this bimetallic complex.
Unfortunately, this unusual compound has thus far
proved resistant to growth of crystals suitable for X-ray
diffraction. Compound 1 reacts with nucleophiles such
as hydride and trimethylphosphine, giving cyclohexa-
dienyl products which continue to exhibit both sets of
metal carbonyl bands.

Aromatics bearing an oxygen atom on the ring were
generally found to metalate. Phenyl ether and p-
methylanisole provided yields similar to those for alky-
Ibenzenes. Phenol however did not coordinate using the
Fischer—Hafner method. The phenol complex was
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A B
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Figure 2. Infrared spectra of (A) the silver(I) reaction in
situ mixture of [(75-CsH;OH)Mn(CQO)3]1BF and [(#5-CsH50)-

Mn(CO)sl, 2, in CH3Cl; and (B) the same mixture after
addition of a drop of HBF,OEt,, which protonates 2.

Chart 1
3
4
cl ° 5 12
Mn(CO)s 6 / S
7
Mn(CO)3* Mn(CO), Mn(CO)3*
1 2 3

4 5

successfully prepared by both silver and TFA anhydride
methods. However the latter was complicated by byprod-
uct formation of [Mn(CO)]*. When preparation was
attempted using silver(I) in nonacidified CHyCly, a
nearly equal mixture of the phenol complex (2073, 2018
cm~?) and its conjugate base, 2 (2048, 1981 cm™1), was
noted by infrared spectroscopy, as shown in Figure 2A.
Acidification of the mixture led to complete reprotona-
tion at the ketone oxygen, Figure 2B. Several 7°-
oxocyclohexadienyl complexes, similar to 2, for various
metals are known.%

The novel dibenzothiophene (DBT) complex (3) was
synthesized in high yield by TFA anhydride and in low
yields by the other methods. It is a bright yellow solid
and shows NMR behavior indicating the coordination
of a single fused benzene ring to manganese. A variety
of transition metal complexes bearing S-bound DBT are

(25) (a) Cole-Hamilton, D. J.; Young, R. J.; Wilkinson, G. J. Chem.
Soc., Dalton Trans. 1976, 1995. (b) Cetinkaya, B.; Hitchcock, P. B;
Lappert, M. F.; Torroni, S.; Atwood, J. L.; Hunter, W. E.; Zaworotko,
M. J. J. Organomet. Chem. 1980, 188, C31. (c) Dahlenburg, L.; Hock,
N. J. Organomet. Chem. 1985, 284, 129. (d) Heppert, J. A.; Boyle, T.
J.; Takusagawa, F. Organometallics 1989, 8, 461. (e) Piorko, A.; Zhang,
C. H.; Reid, R. S.; Lee, C. C.; Sutherland, R. G. J. Organomet. Chem.
1990, 395, 293. (f) Koelle, U.; Wang, M. H.; Raabe, G. Organometallics
1991, 10, 2573.
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known.26 However only two other 7%-complexes have
been reported.?’” The 75-mode is unknown for DBT,
although thiophene itself has been coordinated in #5-
fashion to [Mn(CO)s]* using the silver(I) method.28
Comparison of the proton NMR data for 3 and the
previously reported [(36-DBT)RuCpl* and [(#5-DBT)Rh-
(n*-norbornadiene)]* yielded an interesting observation.
Proton chemical shifts for the uncomplexed ring in each
DBT complex were readily identified, being shifted very
little from that of free DBT. In the ruthenium and
rhodium cations, the protons in the coordinated ring
showed an upfield shift relative to their noncoordinated
counterparts of about 0.8 ppm. By contrast 3 exhibited
a downfield shift of roughly 0.7 ppm. The DBT ligand
was unique among the arenes in this study in displaying
this downfield shift upon coordination. This deshielding
effect can perhaps be attributed to a combination of the
very strong electron-withdrawing ability of the [Mn-
(CO)s]* moiety and resonance deshielding. The coor-
dinated ring protons of [(7%-indole)Mn(CO)s]* and [(5¢-
benzofuran)Mn(CO)31™ both show a mixture of upfield
and downfield shifts, while protons on the heterocycle
ring are shifted sharply downfield.!

New complexes were also formed using the 3-ketoaro-
matics 1,3-diphenylacetone and deoxybenzoin. Both of
these species gave NMR spectra which indicated a single
arene ring coordinated to the metal. In the case of the
deoxybenzoin product, protons on the ring which is out
of conjugation with the carbonyl underwent the upfield
shift indicative of coordination. The protons on the
conjugated ring were essentially unshifted. A single
crystal X-ray structure was obtained for the 1,3-diphe-
nylacetone complex and is discussed below.

Two substrates, phenoxytrimethylsilane and phenyl
acetate, did not provide the expected products due to a
hydrolysis reaction, which must be attributed to the
presence of adventitious water in the case of the silver
method. The product obtained in both of these cases
was [(CsHs0H)Mn(CO)3]*, along with its conjugate base,
2. These complexes were readily identified by infrared
spectroscopy and by their distinctive acid/base behavior.
Several of the arenes tested reacted to such an extent
with TFA anhydride/HBF, as to render them useless.
The latter group included the following: tropolone,
benzyl alcohol, and phenyl acetylene. Neither could
these arenes be affixed to [Mn(CO)s]* via the Fischer—
Hafner or silver routes.

Discussion

Scope of the Metalation Reaction. Comparison
of Tables 2 and 3 provides, for the first time, a
moderately comprehensive summary of the scope of
metalation. Three factors are of potential significance
in determining the relative coordinating abilities of
various aromatic molecules. These are the acid-
sensitivity, the electronic character, and the presence

(26) (a) Goodrich, J. D.; Nickias, P. N.; Selegue, J. P. Inorg. Chem.
1987, 26, 3424. (b) Choi, M.-G.; Angelici, R. J. Organometallics 1991,
10, 2436. (c) Benson, J. W.; Angelici, R. J. Organometallics 1992, 11,
922. (d) Sanchez-Delgado, R. A.; Herrera, V.; Bianchini, C.; Masi, D,;
Mealli, C. Inorg. Chem. 1998, 32, 3766.

(27) (a) Hachgenei, J. W.; Angelici, R. J. Organometallics 1989, 8,
14. (b) Polam, J. R.; Porter, L. C. Organometallics 1998, 12, 3504,

(28) (a) Lesch, D. A.; Richardson, J. W.; Jacobson, R. A.; Angelici,
R. J.J.Am. Chem. Soc. 1984, 106, 2901. (b) Huckett, S. C.; Sauer, N.
N.; Angelici, R. J. Organometallics 1987, 6, 591.

Jackson et al.

of lone pair-bearing heteroatoms on the arene. Al-
though the three are interrelated, the electronic char-
acter of the arene substrate is apparently the most
important. The [Mn(CO)3]* fragment is recognized as
being highly electron-deficient.?? Therefore electron
donation to the ring via resonance or induction is
expected to activate the arene, stabilizing the desired
product. Consequently, electron-donating substituents,
such as alkyl and ether groups, are readily tolerated.
Aromatic rings bearing one or more electronegative
atoms are subject to electron donation via induction.
Therefore it was reasonable that phenol and diben-
zothiophene should join indole and benzofuran!” as
usable substrates. [(#%-C¢H;OH)Mn(CO)s]™ had been
tentatively identified by Pauson,”?2 who asserted that
it was highly acidic. It has also been prepared very
recently by Chung.?? In the current study, its high
acidity has been confirmed. The DBT complex was
prepared in high yield by TFA anhydride. In contrast
to the behavior of other heterocycles, such as indole and
benzofuran, DBT coordination using the silver(I) method
occurred in low yield. A possible explanation is that the
soft heteroatom sulfur coordinates more effectively with
the silver ion than does nitrogen or oxygen.

Electron-deficient arenes were expected to coordinate
only very weakly, if at all, to [Mn(CO)3]*. Nevertheless,
aryl substituents, e.g. in biphenyl, are not sufficiently
electron-withdrawing to prevent coordination, although
the yields were low to moderate for all methods.
Naphthalene was chosen as a representative fused-ring
aromatic hydrocarbon. Resonance electron withdrawal
occurs to a large extent for naphthalene. Although the
[(n8-C10Hg)Mn(CO)s]* complex was reported in 1961
through Fischer—Hafner synthesis, no spectroscopic
data were given.® More recently Stobart and Zaworotko
demonstrated that, in the presence of AlCls, naphtha-
lene and anthracene are reduced, providing the #%-
complexes of tetralin and 9,10-dihydroanthracene.’
These authors further claimed that they could synthe-
size the naphthalene complex via another (unspecified)
route but found it to be highly sensitive to arene
displacement reactions. This is consistent with the
known lability of naphthalene in the iscelectronic [(75-
C10Hg)Cr(CO)3].3t In the present study, the (naphtha-
lene)manganese(I) complex was identified in trace
amounts by infrared only.

The activated substrate N,N-dimethylaniline failed to
coordinate. However the likely protonation of this
compound. under the acidic reaction conditions would
produce the highly electron-deficient anilinium ion.
Electron deficiency also prevented metalation of arenes
bearing cyano, nitro, and a-carbonyl groups. Due to the
pervasiveness of the carbonyl group in organic synthe-
sis, a variety of carbonyl aromatics were examined.
Repositioning of the carbonyl carbon from a to 8 with
respect to the phenyl was found to allow coordination.
In the case of deoxybenzoin, metalation was completely
regioselective favoring the nonconjugated ring. This
provided strong evidence that it is conjugation of the
carbonyl that precludes arene coordination. The failure

(29) Kane-Maguire, L. A, P.; Honig, E. D.; Sweigart, D. A. Chem.
Rev. 1984, 84, 525.

(30) Chung, Y. K. Personal communication.

(31) (a) Connor, J. A.; Martinho-Simoes, J. A.; Skinner, H. A,;
Zafaranai-Moattar, M. T. J. Organomet. Chem. 1979, 179, 331. (b)
Kundig, E. P.; Spichiger, S.; Bernardinelli, G. J. Organomet. Chem.
1985, 286, 183.
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of such conjugated rings to coordinate to [Mn(CO)3]* is
almost certainly due to the electron deficiency of the
ring, rather than competitive o-coordination (vide infra).
Resonance electron withdrawal can be disrupted by the
formation of a ketal, such as the ethylene glycol ketal
of acetophenone (4). The electron density at the ring
in 4 is still low due to induction, however. Only the
mildly acidic silver method was employed in an attempt
to coordinate this acid-sensitive ketal. No coordinated
product was found. Mass spectrometry showed the
ketal to be intact after the failed coordination attempt.
Coumarin (5) also failed to form a m-complex. The
carbonyl in coumarin lies at a remote position from the
fused benzene but is in conjugation with it, facilitating
electron withdrawal. Finally, despite its lesser degree
of inductive deactivation, p-methoxyacetophenone also
failed to coordinate.

The chemistry of halogenated aromatics with [Mn-
(CO)3]*™ has proved to be interesting. Aryl halides are
electron-donating via resonance but are electron-
withdrawing through induction. Overall they are de-
activating toward Friedel—Crafts chemistry and may
be expected to coordinate only with difficulty. Their
Fischer—Hafner chemistry was previously investigated
by Pauson.”?2 He found that chlorobenzene could be
coordinated in 64% yield, but bromobenzene underwent
significant debromination to give a mixture of [(#8-CgHs-
Br)Mn(CO)3]™ and [(#5-CsHe)Mn(CO)3]*. In the current
study, it was shown that substitution of the bromine
occurs during the hydrolysis step of the Fischer—Hafner
synthesis. The mechanism involved is rather obscure.
Conditions during the hydrolysis step are highly acidic
given the excess of aluminum chloride. However, elec-
trophilic attack on the complex by H* (liberating “Br*”)
would be very surprising since the complex is highly
electron deficient. A free radical mechanism cannot be
ruled out. A similar electrophilic substitution appears
to occur during the hydrolysis of the o-dichlorobenzene
cation, resulting in the formation of 1. For both chlo-
robenzene and bromobenzene, yields were reproducibly
under 10% via silver(I). This may be due to the high
affinity of silver for complexation with halogens, result-
ing in a deactivated Ph—X—Ag" complex.

A second factor which affected coordination to [Mn-
(CO)3]™ was the acid sensitivity of the aromatic sub-
strates. All three methods which produce [(#8-arene)-
Mn(CO)3]* operate under acidic conditions. Only the
silver(I) synthesis employs stoichiometric amounts of a
mild and highly halide-specific Lewis acid which is
unlikely to react with most arenes. The other methods
require an excess of strong Lewis or Bronsted acid,
which will destabilize some arenes. Moreover, lone pair-
bearing functionalities can form complexes with strong
Lewis acids (such as aluminum chloride), leading to a
lessening of electron density in the s-system. One
serious difficulty caused by the use of strong acid was
the decomposition of substrates such as tropolone,
benzyl aleohol, and phenyl acetylene. However none of
these substrates coordinated via the milder silver(I)
method. Acid-promoted reactions were also evident
with aromatic ketones. These substrates were observed
to produce brightly colored solutions within several
minutes in the TFA anhydride/HBF4 mixture, even in
the absence of [Mns(CO)10]. Nevertheless, metalation
was usually able to compete with these side reactions
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in the case of nonconjugated ketones. An acid reaction
product was evident in the case of p-methoxyacetophe-
none. Upon reaction via the TFA anhydride method,
deacylation occurred, resulting in a 17% yield of [(5-
anisole)Mn(CO);]BF 4.

Another acid-induced problem was that of alkyl
rearrangement under Fischer—Hafner conditions. Alkyl
group rearrangements have previously been found in
connection with the synthesis of [(n%-arene),Fe]*2.32
During a Fischer—Hafner synthesis of [(5-C¢HsCMes)-
Mn(CO)s1*, Chung!® noted byproduct formation of the
1,3-di-tert-butylbenzene complex. Such rearrangements
in the presence of Lewis acids proceed by a retro
Friedel—Crafts mechanism.?® Durene is especially prone
to this, as evidenced in the Jacobsen rearrangement.34
This fact can be understood since the meta arrangement
is recognized as the thermodynamically preferred for
polyalkylated aromatics.33

A final factor which may influence coordination must
be considered for aromatics with heteroatom substitu-
ents. Lone pair-bearing heteroatoms attached to the
arene could preferentially coordinate to the metal in a
o-fashion, yielding products analogous to the known
[Mn(CO)s(solvent)s]*, solvent = acetone, CH3CN, or
THEF.821¢35 This phenomenon was not observed in the
current study, however. In fact a number of substrates,
such as phenol, DBT, and the 3-ketoarenes, which have
accessible lone pairs, were successfully coordinated in
an nS-fashion.

Comments on the Individual Methods. No one
of the three coordination methods is clearly the reaction
of choice in all cases, although the TFA anhydride
technique usually gives the best product yields for acid-
insensitive substrates. The comments which follow
address the pros and cons of each technique.

The Fischer—Hafner synthesis is conveniently carried
out and does not require inert atmosphere. Yields are
high for most hydrocarbon substrates. This method is
not recommended for polyalkylated arenes, however,
due to retro Friedel—Crafts rearrangements. In fact
other investigators have noted rearrangements of even
monoalkylated aromatics.1332 The method is useful for
ethers and nonconjugated carbonyl arenes but not for
phenol. A general difficulty inherent with this reaction
stems from the formation of the product as an insoluble
oil beneath the cyclohexane solvent. This makes it
impossible to monitor the progress of the reaction by
infrared spectroscopy, although the visible formation of
this layer is a qualitative indicator. An exception occurs
in the use of haloaromatic solvent.

The TFA anhydride method utilizes the harshest
conditions. Trifluoroacetic anhydride is not a particu-
larly convenient solvent, as it is both moderately
expensive and produces irritating fumes. Particular
caution must be exercised during the evaporation of this
liquid. Many arenes are unstable under the strongly
Bronsted acidic conditions. Efforts were made to modify
the method, reducing the amount of TFA anhydride by
adding CHyCly solvent. Unfortunately, the desired
reaction did not occur under these conditions.

(32) Mandon, D.; Astruc, D. J. Organomet. Chem. 1989, 369, 383.

(33) Olah, G. A. In Friedel Crafts and Related Reactions; Olah, G.
A, Ed.; Wiley Interscience: New York, 1963; Vol. 1, p 69.

(34) Hart, H.; Janssen, J. F. J. Org. Chem. 1970, 35, 3637.

(35) Drew, D.; Darensbourg, D. J.; Darensbourg, M. Y. Inorg. Chem.
1975, 14, 1579.
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Table 7. Crystal and Structure Refinement Data for
[(#%-CsHsCH,COCH,Ph)Mn(CO):]BF,

empirical formula C1sH14BF4MnOy4

fw 436.04

temp 298(2) K

wavelength 071073 A

cryst system monoclinic

space group P2y/c

unit cell dimens = 12.5429(12) A
b=12.465(2) A

=12.1092) A

B =106.128(10)°

1% 1818.8(5) A?

V4 4

D(calcd) 1.592 mgm™3

abs coeff 0.787 mm~!

F(000) 330

cryst size 0.52 x 0.46 x 0.45 mm

6 range for data collcn 2.35-25.01°

index ranges ~14<h=<14,—-14<k=<1l,-1=<1=<14
no. of reflens colled 4015

no. of indpdt reficns 3174 (Riny = 0.0311)

refinement method full-matrix least squares on F?

data/restraints/params 3174/0/253

goodness-of-fit 1.008

final R indices [/ > 20(])] = 0.0570, wR2 = 0.1609
R indices (all data) R1=0.0753, wR2 = 0.1793
largest diff peak and hole ~ 0.899 and —0.376 ¢ A~3

A recurring byproduct of the TFA anhydride method
is [Mn(CO)el* with its signature infrared band around
2100 em~!. This compound is the product of dispropor-
tionation of [Mn(CO)s]* or possibly represents carbonyl
abstraction from [Mny(CO)yo]. It is usually evident at
roughly constant concentrations throughout the syn-
thesis and is not eliminated by longer reflux intervals
nor by rapid flushing with nitrogen. Fortunately, it is
not found above trace amounts in most isolated prod-
ucts. Nevertheless, significant levels of [Mn(CO)sl*
were present in the bromobenzene and phenol products.

There are several very positive aspects of the TFA
anhydride technique. It does not require an inert
atmosphere, and the progress of the reaction is readily
monitored by diluting a drop of the reaction mixture in
CH.Cl; and observing the infrared spectrum. Finally
and most importantly, this method is useful with a
relatively wide range of arenes and usually provides the
best product yields.

The silver(I) method is without a doubt the mildest
of the three reactions. It is the method of choice for acid-
sensitive arenes. Reaction progress is conveniently
monitored by IR spectroscopy. However, it is best
carried out under inert atmosphere and in the dark.
Yields can also be unpredictable and are notably low
for halide-bearing aromatics.

X-ray Crystallographic Study of the 1,3-Diphe-
nylacetone Complex. Since the 5-phenylketones rep-
resent a new substrate for coordination to [Mn(CO)3]*,
a single crystal X-ray structure was sought. Suitable
crystals of the 1,3-diphenylacetone complex were grown
by diffusion of diethyl ether into a concentrated acetone
solution of the complex. Solution of the monoclinic
structure was accomplished by direct methods. Crystal-
lographic data are listed in Table 7, fractional non-
hydrogen atom coordinates in Table 8, and selected bond
lengths and angles in Table 9. A thermal ellipsoid
drawing of the cation is shown in Figure 3. The refined
wR2 factor was higher than desirable due to extensive
disorder which was present in the BF;~ anion. Model-
ing of the disorder in the present case was unsuccessful.

Jackson et al.

Table 8. Atomic Coordinates (x10%) and Equivalent
Isotropic Displacement Parameters U(eq)® (A2 x 10%) for
[(27°-CsHsCH,COCH,Ph)Mn(CO);]BF,

atom x y b4 Uleq)
Mn(1) 1938(1) 8853(1) 2180(1) 41(1)
o(l) 3883(2) 10951(2) 5467(3) 56(1)
0O(2) 3265(3) 8829(3) 512(3) 81(1)
0O(3) 247(3) 7466(3) 667(3) 82(1)
04) 787(3) 10797(3) 1056(3) 86(1)
C(1) 3312(3) 9420(3) 3614(3) 45(1)
C(2) 3475(3) 8322(3) 3421(3) 51(1)
C3) 2642(4) 7574(3) 3394(3) 55(1)
C@4) 1649(4) 7930(3) 3586(3) 54(1)
C(5) 1480(3) 9000(3) 3787(3) 48(1)
C(6) 2313(3) 9767(3) 3811(3) 43(1)
C(7) 2128(3) 10935(3) 4038(4) 53(1)
C(8) 2991(3) 11377(3) 5072(3) 46(1)
C 2666(4) 12401(3) 5542(4) 60(1)
C(10) 3614(3) 12918(3) 6417(4) 53(1)
C(11) 4220(4) 13749(3) 6116(5) 69(1)
C(12) 5133(5) 14169(5) 6944(8) 101(2)
C(13) 5432(5) 13759(6) 8052(7) 97(2)
C(14) 4834(5) 12981(6) 8327(5) 83(2)
C(15) 3932(4) 12564(4) 7532(4) 66(1)
C(16) 2742(4) 8850(3) 1145(4) 56(1)
Cc(17) 887(4) 8002(4) 1238(4) 57(1)
C(18) 1212(4) 10045(4) 1491(4) 59(1)
B(l) 1497(5) 4673(6) 2548(8) 92(2)
F(1) 1681(11) 4854(8) 1527(8) 306(6)
F(2) 2517(4) 4743(5) 3118(7) 191(3)
F(3) 1104(3) 3699(3) 2490(6) 158(2)
F(4) 827(4) 5445(4) 2553(6) 177(3)

4 Equivalent isotropic U defined as one-third of the trace of the
orthogonalized Uj; tensor.

Nevertheless, the structure of the cation was reasonable
and showed no significant disorder. Its general con-
figuration was the expected piano stool with the arene
substituent adopting a nearly syn eclipsed position with
respect to the carbonyl ligands. The metal tripod is
rotated about 12° from the eclipsed conformation. The
metal carbonyls are approximately linear. The s1x
carbons of the coordinated arene ring were found to be
planar by least squares analysis, with the maximum
deviation being 0.0066 A. The metal atom lies within
0.0026 A from a line projected perpendicular to the ring
centroid. The structure of the side chain reflects the
lack of conjugation. The carbonyl-bearing plane (C(7),
C(8), C(9), O(1)) lies at a 52° angle to the coordinated
ring, with the carbony! pointing away from the metal
fragment. The carbonyl plane produces an angle of 78°
with the noncoordinated ring and the two ring planes
are almost perpendicular to one another (86°).

Conclusions

The coordination of aromatic molecules to [Mn(CO)3]*
has been investigated and found to be moderately
general in scope. Although the three synthetic methods
are successful for most arenes, the TFA anhydride
method usually resulted in the highest product yields.
Substrates bearing electron-donating substituents such
as alkyl, alkoxy, and hydroxy may be coordinated in
high yield. Fused ring aromatic systems in which a lone
pair-bearing heteroatom is directly attached to the fused
benzene ring can also be metalated. Arenes bearing
mild acceptor groups, such as aryls, chlorides, or non-
conjugated carbonyl groups, can be coordinated as well.
No direct evidence has been found for competitive
coordination to manganese by heteroatoms. Unusual
substitution reactions of aryl halides have been found
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Table 9. Selected Bond Lengths and Angles in
[(n5-C¢HsCH,COCH,Ph)Mn(CO);]BF,

Bond Lengths A)
Mn(1)—C(16) 1.813(5) Mn(1)—C(17) 1.819(5)
Mn(1)—C(18) 1.824(4) Mn(1)—C(4) 2.167(4)
Mn(1H)—C(3) 2.182(4) Mn(1)—C(5) 2.185(4)
Mn(1)—C(2) 2.191(4) Mn(1)—C(1) 2.196(3)
Mn(1)—C(6) 2.216(4) O(1)—C(8) 1.211(5)
0(2)—C(16) 1.139(6) O3)—C(17) 1.123(5)
O4)—C(18) 1.134(5) C(1)—C(6) 1.408(5)
C(H—CQ2) 1.412(6) C2)—C@3) 1.394(6)
C(3)—C4) 1.402(6) C)—C(5) 1.383(6)
C(5)—C(6) 1.411(5) C(6)—C(7) 1.510(5)
C(7)—C(8) 1.514(6) C(8)—C(9) 1.499(5)
C(9—C(10) 1.501(5) C(10)—C(15) 1.370(6)
C(10)—C(1D) 1.391(6) C(1H—C(12) 1.398(9)
C(12)—C(13) 1.387(10) C(13)—C(14) 1.324(9)
C(14)—C(15) 1.369(7) B(1)—F(2) 1.277(8)
B(1)—F4) 1.280(8) B(1)—F(3) 1.305(8)
B(1)—F(1) 1.338(11)

Bond Angles (deg)

C(16)—Mn(1)—(18) 89.3(2)
C(18)—Mn(1)—C(17)  90.3(2)
C(18)—Mn(1)—C(4) 128.5(2)
C(16)~Mn(1)—C(3) 105.4(2)
C(1I7)—Mn(1)—C(3) 94.8(2)
C(16)—Mn(1)—C(5) 161.8(2)
C(17)—Mn(1)—C(5) 106.4(2)
C(3)y—Mn(1)—C(5) 67.6(2)
C(18)—Mn(1)—C(2) 142.5(2)
C(4)—~Mn(1)—C(2) 66.9(2)
C(5)—Mn(1)—C(2) 79.2(2)
C(18)—Mn(1)—C(1)  106.4(2) C(ID—Mn(1)—C(l) 162.5(2)
C(4)—Mn(1)—C(1) 79.4(2) C(3)—Mn(1)—C(1) 67.7(2)
C(5)—Mn(1)—C(1) 67.10(14) C(2)—Mn(1H)—C(1) 37.5(2)

C(16)—Mn(1)—C(17)  90.7(2)
C(16)—Mn(1)—C(4) 142.0(2)
C(17)—Mn(1)—C4) 86.1(2)
C(18)~Mn(1)—C(3)  164.3(2)
C(4)—Mn(1)—C(3) 37.6(2)
C(18)—Mn(1)—C(5) 96.8(2)
C(4)—Mn(1)—C(5) 37.0(2)
C(16)—Mn(1)—C(2) 85.5(2)
CUN—Mn(1)—C2) 126.8(2)
C(3)—Mn(1)—C(2) 37.2(2)
C(16)—Mn(1)—C(1) 94.7(2)

C(16)—~Mn(1)—C(6)  126.6(2) C(18)—Mn(1)—C(6) 86.8(2)
C(IH—Mn(1)—C(®6) 142.5(2) C—C()—C(6) 67.2(2)
C(3)—Mn(1)—C(6) 80.2(2) C(5)—Mn(1)—C(6) 37.38(14)
C(2)—Mn(1)—C(6) 67.37(14) C(1H)—M(1)—C(6) 37.20(13)

C(6)—C(1H)—C(2) 120.2(4)
C(2)—C(1)—Mn(1) 71.0(2)
C(3)—C(2)—Mn(1) 71.1(2)
C(2y—C(3)—C«) 118.6(4)
C(4)—C(3)—Mn(1) 70.6(2)
C)y—C4)—C) 72.2(2)

C(6)—C(1)~Mn(1) 72.1(2)
C3)—C)—C(1) 120.7(4)
C(1)—C(2)—Mn(1) 71.4(2)
C(2)—C(3)—Mn(1) 71.8(2)
C(5)—C(4)—C(3) 121.4(4)
C(3)—C(4)—Mn(1) 71.8(2)

C(4)—C(5)—C(6) 120.6(4) C(4)—C(5)—Mn(1) 70.8(2)
C(6)—C(5)—Mn(1) 72.5(2) C(H—C(6)—C(5) 118.5(4)
C(H—C®;)—C(7) 121.1(4) C(5)—C(6)—C(7) 120.5(3)

C(1)—C(6)—Mn(1) 70.7(2) C(5)—C(6)—Mn(1) 71.0(2)

C(1H—C(6)—Mn(1) 130.7(3) C(6)—C(NH—C(®) 113.0(3)
O(1H—C(@8)—C(9) 122.9(4) O(1H)—C(®)—C(D 122.5(3)
C(9)—C®)—C(N 114.6(3) C(8)—C(9)—C(10) 112.8(3)
C(15)—CA0—C(11) 117.94) C(15)—C(10)~—C(%9) 120.9(4)

CIDH—CUa0—C(9) 121.2(5)
C(I1)—C(12)—C(13)  120.2(6)
C(13)—C(14)—C(15) 121.1(6)

C(12)—-C(11)—C(10) 119.3(6)
C(14)—C(13)—C(12) 119.6(5)
C(10)—C(15)—C(14) 121.9(5)

0(2)—C(16)-Mn(1) 178.2(4) OB3)—CI7)—Mn(l) 179.0(4)
O4)—C(18)—Mn(l) 178.14) F(2)—B(1)—F(4) 120.5(7)
F(2)—B(1)—F(3) 113.5(7) F(4)—B(1)—F(3) 117.5(5)
F(2)—B(1)—F(1) 94.8(8) F(4)—B(1)—F(1) 99.2(8)

F(3)—B(1)—F(1) 105.4(8)

to occur during hydrolysis in the presence of aluminum
chloride. Further investigation of the reactivity of new
[(n%-arene)Mn(CO)s]* species is in progress.

Experimental Section

HPLC grade dichloromethane was purchased from Aldrich
and was distilled from CaH;. Acetone was distilled from P4O,.
Cyclohexane and benzene were distilled from CaH;. Hexane
was stored over sodium ribbon. All aromatic ligands were
purchased from Aldrich and used as received. Decacarbon-
yldimanganese was purchased from Strem. Pentacarbonyl-
manganese bromide®® was prepared according to the literature,

(86) Quick, M. H.; Angelici, R. J. Inorg. Synth. 1979, 19, 160.
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Figure 3. Thermal ellipsoid drawing of the cation in [(%%-
C¢H;CH;COCHPh)Mn(CO);IBF, at the 50% probability
level.

using cyclohexane solvent, rather than CS; or CCl;. Anhy-
drous aluminum chloride was purchased from Aldrich and kept
in an argon-filled drybox to prevent hydrolysis. Silver tet-
rafluoroborate was purchased from Aldrich and was stored in
a desiccator between use. Trifluoroacetic anhydride was
purchased from Aldrich. Tetrafluoroboric acid, aqueous (50%)
and etherate (54%), was purchased from Fluka.

Infrared spectra were recorded on a Perkin-Elmer 1600
FTIR using a liquid cell with CaF; windows, and 'H- and 13C-
NMR spectra were collected using a General Electric QE-300
spectrometer. All arene salts were crystallized by slow diffu-
sion of ether into acetone or CHyCl; solutions prior to NMR
analysis. This was done to remove trace amounts of para-
magnetic manganese salts. Decomposition points were re-
corded using a Thomas Hoover Unimelt apparatus and are
reported without correction. Microanalyses were carried out
by Galbraith Laboratories, Knoxville, TN.

Representative procedures for each of the three synthetic
methods are given below. Infrared bands are labeled as
follows: s, strong; m, medium; w, weak; br, broad.

Preparation of [(7%-CsH;OPh)Mn(CO);]PFs by the Fis-
cher—Hafner Method. [Mn(CO);Br] (1.46 g, 5.30 mmol),
AlCl3(2.03 g, 15.2 mmol), and (CgHs):0 (5 mL, 30 mmol) were
refluxed for 14 h in 50 mL of ¢cyclohexane under a CaCl; drying
tube. As the reaction progressed, the cyclohexane changed
from orange to almost colorless. Simultaneously, a red oil
formed beneath the solvent. After cooling to 0 °C, the solvent
was decanted and the oil treated with 20 mL of ice water. A
yellow aqueous solution was formed. This was washed with
diethyl ether and the ether back-extracted with water. The
combined aqueous layer was treated with a solution of NH,-
PF¢(1.20 g, 7.35 mmol in 5 mL of HyO). The yellow precipitate
was collected and redissolved in acetone. It was precipitated
using ether to give a pale yellow powder (2.12 g, 4.68 mmol,
88% yield).

Preparation of [(5%-2-C1CeH.Mn(CO);)Mn(CO);]1PF¢ by
the Fischer—Hafner Method. [Mn(CO);Br] (1.53 g, 5.55
mmol) and AlCl; (1.85 g, 13.9 mmol) were dissolved in 50 mL
of 0-C¢H4Cly, and the solution was heated to 75 °C with stirring
under N2. After 4 h the mixture was a clear red color and IR
revealed that the starting bromide complex (2135 (w), 2048
(s), 2006 (m) ecm~!) had been converted to [Mn(CO);]* (2153
(w), 2073 (s), 2035 (m) em™1). Heating was continued for a
total of 27 h. The mixture was cooled to 25 °C, and an IR
spectrum showed the dichlorobenzene product (2089 (s), 2046
(s, br) em™1). The mixture was further cooled to 0 °C and
treated with 20 mL of ice water. A yellow aqueous solution
was formed. This was washed with ether and the ether back-
extracted with water. The combined aqueous layer was
treated with a solution of NHPFs (0.994 g, 6.10 mmol in 5
mL of H20). A yellow precipitate was collected and redissolved
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in acetone. It was precipitated using ether to give a pale
yellow powder which was identified as the bimetallic product
by spectroscopy and elemental analysis (0.471 g, 0.798 mmol,
29% yield).

Preparation of [(7%-CsH;OH)Mn(CO);]BF, by the Sil-
ver(I) Method. [Mn(CO);Br] (0.801 g, 2.91 mmol) and AgBF,
(0.615 g, 3.16 mmol) were mixed in 40 mL of CH;Cl, and the
solution was thoroughly degassed using No. The mixture was
placed in a foil-wrapped Schlenk flask and was refluxed under
N2 for 1 h. The IR spectrum of the cloudy yellow-orange
solution was indicative of the [Mn(CO)s]* ion (2137 (w), 2051
(8), 2007 (m) em™). CHCl; (8 mL) containing 2.04 g (21.7
mmol) of C¢H;OH and a drop of HBF¢OEt; was injected
through the side arm, and the mixture was refluxed for an
additional 4.5 h. The use of acid is necessary only for the
preparation of the phenol product. The IR spectrum revealed
the desired arene product (2072 (s), 2016 (s, br) cm™). The
solution was immediately cooled to room temperature. The
solution was filtered through a bed of Celite. The Celite was
washed with acetone until all the yellow color was removed.
The CH:Cly/acetone mixture was concentrated to about 10 mL
in vacuo and was precipitated with ether. The yellow pre-
cipitate was collected and redissolved in acetone. It was
precipitated using ether to give a pale yellow powder (0.638
g, 2.00 mmol, 69% yield).

Preparation of [(#%-dibenzothiophene)Mn(CO)s]BF,; by
the TFA Anhydride Method. TFA anhydride (156 mL) was
cooled to 0 °C, and dibenzothiophene (2.09 g, 11.3 mmol) was
added with stirring. [Mns(CO)10] (0.350 g, 0.898 mmol) was
added. The solution developed a brownish color. Finally
aqueous HBF, (4 mL, 50% solution) was added. Caution:
Exothermic reaction. After 1 min, the lemon-colored solution
underwent exothermic reaction, refluxing briefly despite the
ice bath. After this occurred the mixture was allowed to warm
to room temperature and was refluxed for 4 h. The color
became golden brown. An IR was taken by diluting a drop of
the mixture in CHgCl:. Product was evident (2077 (s), 2025
(s, br) em™1). The mixture was cooled and the solvent removed
in vacuo. The bright yellow residue was then dissolved in 10
mL of 1:1 acetone/CH;Cl;, and the product was precipitated
by the addition of ether. The bright yellow precipitate was
collected and redissolved in acetone, and the mixture was
filtered. It was precipitated using ether to give a bright yellow
powder (0.656 g, 1.60 mmol, 89% yield).

Jackson et al.

X-ray Diffraction Study of [(7%-CsHsCH.COCH:Ph)Mn-
(CO)3]BF,, Suitable crystals were grown by diffusion of
diethyl ether into an acetone solution of the compound at 25
°C. One of the transparent yellow block-shaped crystals was
selected (0.52 x 0.46 x 0.45 mm) and was glued to a glass
fiber. X-ray data collection was carried out at 25 °C using a
Siemens P4 single crystal diffractometer (Mo Ko radiation,
0.710 73 A) controlled by XSCANS software. « scans were
used for data collection, at variable speeds from 10 to 60°
min~!. Three standard reflections were measured after every
97 reflections; no systematic decrease in intensity was ob-
served. Data reduction included profile fitting and an empiri-
cal absorption correction based on separate azimuthal scans
for seven reflections (maximum and minimum transmission,
0.441 and 0.399). The structure was determined by direct
methods and refined initially by use of programs in the
SHELXTL 5.1 package, which were also used for all figures.
About half of the hydrogen atoms appeared in a difference
map, and each was introduced in an ideal position, riding on
the atom to which it is bonded. They were refined with
isotropic temperature factors 20% greater than that of the
ridden atom. All other atoms were refined with anisotropic
thermal parameters. Final refinement on F? was carried out
using SHELXL 93.%7
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