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Abstract  

The cationic complexes [('q°-DBF)Mn(CO)3]BF4, [('q%DBT)Mn(CO)3]BF 4 and [('q%XAN)Mn(CO)a]PF 6 (DBF ~, dibenzofuran, DBT 
dibenzothiophene, XAN ~, xanthene) are prepared. These species react with carbon-based nucleophiles to form exo-substituted 

cyclohexadienyl complexes. Addition is found exclusively at carbons ! and 4. The C(I)-functionalized regioisomer predominates. 
especially Ibr the DBF and XAN complexes, for which 90 to > 95% selectivity is found with stabilized nucleophiles. Preference for C(l) 
ig ~,~,',~.~,.ly r~luced for unstabilized magnesium and lithium nucleophiles. The origin of this selectivity is discussed. Loss of the aromatic 
ring from the cationic complexes in the presence of Cit ~CN is found to be extremely facile for the DBF and DBT complexes owing to 
increased case of ring slippage. Second-order rate constants for the displacement reactions with CH~CN are 4.6 _+ 0.6 × ! 0  ~ M '  s J 
(DBF complex, 25°C), 4.4 :t: 1.0 x 1 0  "~ M i s t (DBT complex, 25°C) and about 1.0 x ! 0  "~ M ~ s i (XAN complex, 60°C). A 
crystal structure is presented for the hydride adduct of the DBF complex, [('qS-C m: HoO)Mn(CO)~]: space group P 2 ~/c. a ~ 15.30 !(2). 
b ~ 6.4422(12), c - 12.988(2).~, /:1 - 90.888(13) °. V - 1280.1(3)/~ ~. Z - 4, D,,,,~,. ,- 1.599Mgm ~- a, R ~ 0.0410 and wR2 ~ 0.0945 on 
2446 reflections with I .'~ > 4.0¢r11.':~). 

K~3,~rot~l,~: Manganese; Arene complexes; Nucleophilic addition; ticler(×'yeles 

i. ilntroduction 

The coordination of aromatic molecules to electron- 
deficient metal fragments has proved to be an effeclive 
meth~xl of activation toward nucleophilic attack [I]. 
Typically, ('qC'-arene)metal complexes have been found 
to react with carbon nucleophiles at the aromatic ring to 
produce ('~5-cyclohexadienyl)metal species. In particu- 
lar, the [Mn(CO)3] + fragment [21 imparts far greater 
reactivity to coordinated arenes than do the isoelectronic 
[FeCp] + ot [Cr(CO)o~] fragments. Previous addition re- 
actions of the manganese [3=5] and other [6] arene 
complexes have shown a relatively low degree of re- 
gioselectivi~y, yidding a mixture of substitutional iso- 
mers upon decomplexation (Scheme I). The principal 
directing effect for [(q6-arene)Mn(CO)3] + appears to be 
that of ether and amine substituents toward the m e t a  

position, in the case of aromatic etllers, the regiochcmio 
cal preference for attack at the recta  position has been 
exploited in the synthesis of natural product, antibiotic 
and anti oinflamtnatory compounds [7]. 

ql~ere has been relatively little investigation of nuo 
cleophilic addition to fused ring hete~x~cyclic complexes 
of [Mn(CO)a] +. Sweig:wt and coworkers have prepared 
'q6-complexes of benzofuran and several N-substituted 
indoles [8]. Nucleophilic addition to these cations af- 
forded products 1:2 or 3:4 in ratios of 0.5~3:!, except 
when the indole nitrogen substituent R' was the very 
bulky SiPh2tBu or SiiPr~. 

X•It ~ H  

I I 
MmCOh Mn(COh 

1: X,~NP,.' 2: X~NR' 
8: X~O 4: X~O 
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Herein, we present some results of carbanion addition to 
the [Mn(CO)~] + complexes of dibenzofuran (DBF, 5), 
dibenzothiophene (DBT, 6) and xanthene (XAN, 7). 

~o. ~o' o 

8; X - O  '/ 

4= X = 8  

2. Results 

2. I. Nucleophilic addition reactions of  5~-~ 7 

We ~cently t~ported the synthesis of Tit'°fused ring 
complexes $ [9] and 6 [10] as their Bi~ - salts. Both 

species are produced in good yield by the reaction of 
[Mn2(CO)lo] with the arene in refluxing trifluoroacetic 
anhydride with aqueous HBF 4 [10]. When the xanthene 
complex, 7, is prepared by this method, yields are 
somewhat low. This appears to be due to the oxidation 
of xanthene to the fully aromatic xanthylium cation. A 
better product yield of 60% was obtained under Fis- 
cher-Hafner conditions [10]. Like other [(,qt_ 
arene)Mn(CO)3] + compounds, 5-7 are stable to air and 
moisture. Complexes exhibiting the ~6-coordination 
mode of DBF, DBT and/or  XAN are known for several 
other 12-electron metal fragments, including [Cr(CO) 3] 
[11], [FeCp] + [12], [RuCp] + [13], and [Ir(COD)] + [14]. 
Unlike the prior examples of ,qLDBF, -DBT and -XAN 
complexation, the [Mn(CO)3]+ fragment was found to 
produce a sharp downfieid shift in the ~H NMR reso- 
nances for the coordinated ring. This is probably the 
result of the extreme electron-withdrawing ability of the 
manganese fragment, producing a large resonance 
deshielding effect. The electron-deficiency of the man- 
ganese-coordinated fused ring heterocycles was further 
evident in the reactivity of these complexes toward both 
mild carbanions and neutral donor solvents. 

The reactions of $, 6 and 7 with hydride and a 
variety of carbanions were carried out. The synthetic 
conditions and results arc shown in Table l. The addi- 
tion reactions were quite rapid, most being complete 
within 1 h at 0 or - 7 8  °C. Most of the reactions were 
accompanied by a color change from yellow to orange 
and by increased solubility. The reactions could also be 
followed by IR. The carbonyl bands underwent a shift 
from about 2078, 2020cm ~ ' for the arene cations to 
about 2020, 1945cm = i for the cyclohexadienyl pried° 
ucts. In all cases shown, the reaction pixy:ceded smtx~thly 

Table I 
Results of nucleophile addition to $, 6 and ? 

P c o d u c t  Nucleophile Solvent. Temp.(~C) Total yield (%) Isomer ratio u(~ * (cm ~ ) 

h / g a  NaBH 4 THF. 25 93 14: I 2022. 
8b/9b MgBrPh CH zCI 2.0 88 I i: I 2022. 
6 b / g b  LiPh CH zCl:. - 78 7 ! 12: I 202(}, 
k / ~  LiCaPh EtzO, ~ 78 83 I I:1 2024. 
M / g d  MBCICH ~ Ph ~ CH aCI a, 0 55 6: I 2022. 
h / g e  MgCICHMe z CH aCI2.0 ~ 62 1.5: I 2020. 
8f/9tr MgBrCH aCH ~ CH zCIz. 0 45 3: I 2020. 
10a / I  la NaBH 4 THF. 25 84 2: I 2018. 
10b/I Ib MgBtPh EtzO. 0 "t7 3: I 2020, 
10b/I Ib LiPh CH tCI ~. - 78 ./0 3: I 2020. 
I 0¢ / I  I¢ LtC~ Ph ErgO, - 78 72 2: I 202 I 
10d/I Id MgCICH ~ Ph ~ EtzO, 0 60 !: ! 2020 
I.~ ~ NaBH4 TI4F, 25 "/8 ~o 2020, 
12b ~ MgBrPh CH zCI ~, 0 95 -~ 2019 
12b ,t LiPh CH ~C1 z. ~ ?8 70 ~=-~ 202 I 
t~¢ ~ LIC~Ph EtzO. = 78 4{) -~ 2023 
12d/13d MgCICH z Ph CH ~CI ~, 0 100 3.3: I 2020, 
l~¢/13e MgCICHMe~ CH z(I ~, 0 62 !,7: I 2020 

1952. 1942 
1952. 1944 
1953. 1943 
1954. 1946 
1951. 1942 
1949. 1940 
1949. 1941 
1947. 1940 
1950. 1938 
1952, 1942 
1952. 1944 
1950. ! 940 
1943(bt) 
1945. 1942 
! 945. 1943 
1948. 1946 
1944(br) 
1943(br) 

* I n  " " C~HI,, all band intensities su'ong, b MgBrCH2Ph gave similar resuRs, c Reaction in EtzO at O°C gave similar result, d |somer 13 not 
observed, 



L Verona et aL/Journal of Organometallic Chemistry 524 ¢i996) 71-,S0 73 

Table 2 
An,dysis data for selected complexes 8-13 

Complex Ca!c. Found 

8b/9b C 65.64 C 63.68 
H 3.41 H 3.83 

8d/9d C 66.34 C 65.53 
H 3.80 H 4.10 

10a/ l la  C 55.57 C 55.51 
H 2.80 H 3.17 

10b/ l ib  C 6 ~ ~! C 63.97 
H &27 H 3.62 

10¢/11c C 65.10 C 66.82 
H 3.09 H 3.41 

12a C 59.64 C 59.64 
H 3.44 H 3.59 

12e/13e C 62.65 C 61.23 
H 4.70 H 4.80 

and the products were readily isolated after destruction 
of  excess nucleophile and extraction into a non-polar 
solvent. 

As shown in Scheme 2, the nucleophile additions 
yielded mixtures containing only two regioisomers. 
Dichloromethane and diethyl ether were used inter- 
changeably throughout the study. The effects of these 
solvents and of tetrahydrofuran (THF) were examined 
during the synthesis of 8 e / 9 e .  Ether and C H , C i  2 were 
found to result in identical yields and isomer ratios. (A 
very small amount of  what may be a third regioisomer 
was identified in the I H NMR of 8 e / 9 e  which was 
prepared in diethyl ether.) In contrast, THF was found 
to be a poor solvent for the Grignard reaction. Free 
DBF was recovered, rather than the desired 8e /9e .  
Since THF is a coordinating solvent, it presumably 
promotes solvolysis of the labile arene (vide infra). It is 
interesting that THF did not interfere with the reaction 
of  NaBH 4. The effect of Grignard source on regioselec- 
tivity was studied by preparing products 8 d / 9 d  and 
1 0 d / l i d  using MgXCHzPh  (X ~- C! or Br) at 0°C in 
CH zCi 2. Isomer ratios were found to be independent of 
Grignard source. 

Table 3 
I H NMR data for complexes 8 and 9 ~ 

8a/9a 8b/9b ik/9c 8d/9d 8e/9e 8f/9f 

H(5-8). H(Ph) 7.7 (m) 7.4 (in) 7.6 (m) 7.6 (m) 7.6 (m) 7.6 (m) 
H(4) 6.50 (d, 5.7) 6.43 (d, 5.8) 6.42 (d, 5.7) 6.24 (d, 5.7) 6.30 (d. 6.0) 6.3| (d. 5. ! 
H(3) 4.99 (t, 6.5) 5.02 (t, 6.4) 4.97 (t, 6.4) 4.85 (t, 6.4) 4.90 (t. 6.6) 4.85 (L 5.3) 
H(2) 3.18 (t, 6.3) 3.58 (t, 6.4) 3.39 (t, 6.2) 3.16 (t, 6.2) 3.24 (t. 6.4) 3.26 (t. 6.2) 
H(l-endo) 3.70 (dd, 13.5, 6.7) 4.96 (d, 5.3) 4.67 (d, 5.3) 3.89 (q, 6.0) 3.46 (t, 6.2) 3.56 (q, 6.2) 
H(r) 6.39 (d, 4.7) 6.34 (d, 5.3) 6.37 (d, 5.7) 6.12 (d, 5.3) 6.1~ (d, 4.~) 0.21 (d. 4 ~) 
!1(2') 4.94 (t, 7.5) 5.iX) t, 47X) (t, 5.3) 4.77 (I, 6.2) 4.84 (t, 6.4) 4.~0 (d. 6.4) 
H(3') 3.3(l (t, 6.5) 3.69 (t, 5.7) 3.51 (t, 5.7) 3.21 (t, 0.2) 3.35 (t. 6.4) 3.36 (|, t~.4) 
H(4'oeudo) 3,93 (dd, 13,8, 5.6) 5.19 (d, 0,2) 4,67 (d, 5,3) 4.14 (dr, 5.3, 4.6) 3.71 (t, 02) 3.80 (q. 5.3) 
Olher~ 2,01 (d, 13.5, If( loexo)); . . . . . . . . . . . . . . . . .  1.98 (m, CH~); 0.85 (m, Cll); 0,70 (m. ( ' I I : ) ;  

2.97 (d. 13.8, II(l'~exo)) 2,33 (m, CII '  2 ) 0,53 (m, ( ' I I  ,); 0,49 (t, 7,5, ( ' I I , ) ;  
{),9X (m, CII '  ); I,?,5 (m, CI I': ); 
0.42 (m, CIt'~) It.KS (I, 7.0, ('lt'~) 

in CDC!~; coupling constant J (Hz) values in parentheses. Prime designations refer to minor isomer, 9; ~t'e Scheme~ i ,3 and 2 for iluml~¢rirtg. 
h Coupling obscured by Ix'ak overlap. 

]'able 4 
IH NMR data for complexes 10 and 11, 

10a/i la 10b/l Ib 10c/! Ic 10d/I hi 

H(5-8), H(Ph) 7.7 (m) 7.5 (m) 7.5 (m) 7.5 (m) 
H(4) 6.59 (d, 5.2) 6.54 (d, 5.3) 6.51 (d, 5.7) 6.37 (d, 5.3) 
i't(3) 5.12 (t, 6.2) 4,90 (t, 6.2) 5.13 (t, 6.4) 5.05 (I, 6,4) 
H(2) 3.23 (t, 6.3) 3.51 (t, 6.4) 3.45 (t, 6.2) 3.25 (t, 0.2) 
H(I-endo) 3.74 (dd, 13.5, 6.0) 4.75 (d, 5.5) 4.65 (d, 5.7) 3.99 (m) 
H(i') 668 (d, 5.2) 6.59 (d, 5.2) 6.60 (d, 5.3) 6.50 (d, 5.3) 
H(2') 5.09 (t, 6.0) 4.93 (t, 6.2) 5.06 (t, 6.4) 4.99 (t, 6.4) 
H(Y) 3.31 (t, 6.3) 3.53 (t, 6.3) 3.52 (t, 6.2) 3.25 (t, 6.2) 
H(4'-endo) 3.70 (dd, 13.7, 5.5) 4.85 b 4.71 (d, 5.7) 3.99 (m) 

--  2. I ! (dd, 13.2, 4.8 Clt ~ ); Others 2.53 (d, 13.4, H(I ~exo)); 
2.84 (d, 13.7. H(I'-exo)) 1.91 (m, CH 2 ); 

2.41 (dd, 13.0. 4.6 (]t]).  
1.98 (tn, CH'2) 

a In CDCI~; coupling constant J (Hz) values in parentheses. Prime designations refer to minor isomer, II; see Schenles 4 for numbering. 
b Coupling obscured by peak overlap. 
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Table 5 
t H NMR data for 
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complexes 12 and 13 a 
12a ............. " . . . . . . . . . . . .  i2b' 12c l U / 1 3 d  12e/i3e 

H(5-8). H(PII) :/.0 (m) ....... 7.0 (m) 7.1 (m) L! (m) 7.1 (m) 
!.i(45 5.90 (d. 5.3) 5.85 (d. 5.3) 5.94 (d. 5.3) 5.88 (d. 5.7) 5.82 (d, 5.7) 
H(35 4.84 (t, 6.2) 4.91 (mS 4.96 (t, 6.4) 4.88 (t, 6.8) 4.91 (t, 5.3) 
H(2) 2.80 (t, 6.3) 3.88 O, 5.9) 3.13 (t, 6.4) 2.92 (m) 3.04 (t, 6.4) 
14(l-cndo) 2.63 (dd. 5.9. 13.0) 4.91 (m) 3.64 (d, 5.75 2.92 (mS 2.65 (t, 5.7) 
H(9) 3.20 (m) 3.30 (m) 3.50 (m) 3.34 (m) 3.30 (m) 

_ - -  5.19 (d, 4.95 5.28 (d, 5.3) H(I') 
H(2') ~ - -  - -  4,73 (t, 6.5) 4.78 (t, 5.9) 
H(Y) - -  ~ - -  3.09 (t. 5.7) 2.96 (t, 6.6) 
H(4'-endo) ~ _ - -  3.47 (m) 2.23 (t, 6.6) 
H(9') . . . . .  3.82 (m) 3.30 (m) 
Others 2.38 (d, 12.7,H ( I -exo)) ~ ~ 2.38 (dd. 9.0. 4.0. CH 2 ). 1.26 (m. CH); 

!.98 (dd. 12.7, 8.0. CH2h !.16 (m. CH'); 
2.57 (dd, 12.7, 40. CH~), 0.72 (m. Cll ,~, C11'0 
2.15 (dd. 13.0. 8,6. CH'~) 

* In CDCI ~; coupling constant J (Hz) values in pal,:ntheses. Prime designations refer to minor isolner. 13; see Schemes 5 for numbering. 

The (cyclohexadienyl)manganese  products 8= 13 were 
air-stable orange solids or oils. Spectral and analytical 
data for these species are given in Table 6. Although the 
mixtures were found to be separable via chromatogra- 

phy on silica gel with hexane eluant, all of  the isomeric 
ratios listed in Table ! were determined by ~H N M R  
integration. The regiochemistry of  addition was deter- 
mined by full p ro ton-p ro ton  decoupling of  each spec- 

Table 6 
)~C(Itt) NMR dal~ for complexe~ li. 13 

C=~mple~ ~ NMR* 

iia 223. I ~0.7.136.9. 129.}. 120.7.123.9. 
#b 222. 150.2. 144.~. 128.1L 121~.L 127.7. 
IR ~22, 132,8, 131,90 I~X,'~, I~X,3, I ~.X,(i, 

~4,0, 29,4, 1,2 t) 
ild 222, 186.5, 137,$, 136,3, 129,5. 128,9, 
1~tge 224, 159.9, 150.6, 137.,l, 130,4. 129.5, 

92,7.92,$, 73.8, 65.2, 64,6, 56.9, 56.0. 
Rf/gf 222, I ~6.5. 136.0. 129.0, 128,7, 126.5. 

59.8.57.0, 56.2, 42.8, 40.1, 35.0, 10.4, 
10a/ l la  222. 139.4. 138,9, 128,4. ~26.6. 125.3. 

68,2. fg'L I, 51.9, 50,4. 29.8, 27,0 
l O b / l i b  223, 146,1,145,6. 141,6, 139.8, 139.0. 

1228. 121.9. 121.8, 119.1. 115,6, 93,0. 
10e / l i e  

IOdl i ld  

126 

I l d / I ~  

120.4, I 11.5.927, OR4. 027, 51.9, ?.0.7 t, 
120,0, 120,3, 125 5, 12,4,1, 1175, 116,8, ')~I, 7O,X, 680, 57,1, 48,5, 44,?,. 27,9 t, 
I~7,~, 127,4, I~7.1, I~4,2, 123,a, I~30. 12(1:7, !20.6, ILL(). I II.?, 91,(1, 63,8. 

128.5. 126.5. 126,2, 123,8, 123,0, 120,L I 11.4, 91,2, 73,2, 63,2.56.5, 48.0, 40.7, 38,2 b 
128.2. 127.1,124.9, 124.7, 124.5, 1:~).7. 122.0, 121.6. 112.8, 112.3. 111.9,94.7. 
48.6. 45.5, 39.9, 38.9. 19.5, 18.7 ~ 
123.8. 123.5, 122,9, 120.9, 120,3, I ~2.S. I 11.9, I I 1.5, 91,2, 91.0, 73.9, 63,7. 63.2, 
10.3 
125.2. 124.5, 123.1,122.7, 122.5. 122.0, 121.8. 94.8. 94.1, 79.6, 77.2, 70.2.70.1. 

135.9, 129.9. 129.0, 128.7, 127.5, 127.4, 127.0, 126.7, 125o9, 125.5, 124.6, 123.0. 
92.4, 84. I, 70.7, 70.3, 68.2, 57.4, 56.9. 45.9, 43.2. 32.0. 25.3 

222, 140.5, 139.8, 139.1,138.5, 132.8, 132.1,131.9, 129.4, 129.0, 128.8, 128.5, 127.7. 126.9. 125.7. 125.3. 124.6. 123.6. 
123.1,122.9, 122.7, 122.0, 121.9, 121.8, 119.0, 93.3, 93.2, 92.6. 91.4, 81.4, 80.8. 71.4, 69.5, 53.2. 53.0, 31.9, 30.0. 29.1, 
29.0, !.3, 1.2 
223, 142.0, 139.8, 138.9. 138.7, 137.4, 135.0, 129.5. 129.4, 129.2. 128.0, 128.4, 128.0, 127.8, 126.5, 126.4. 126.1. 125.3. 
125.1, 123.4, 122.7, 122.3, 1~i.5. 118.7, 1(~.8.95.4, 93.4, 92.6, 83.6. 72.?. 70.7. (~.7. 54.7, 54.0. 47.5.47.1.42.9, 40.4. 381 
222. 150.2, 133.2, 129.2, 128.1. 123.9, il6.7, 94.4~ 68.4, 55~:L 49.9, 36.8, 32.5. 29.2 t, 
2~2, 150.6, 149.9. 147.3, 144.2, 129.2, 128.8, 128.1. 127.6, 126.2. 125.4. 124.3. 116.6. 92.6. 82.8. 68.0. 62.1.57.0. 48.4. 28.0 b 
222. t ~s0,2, 133.2, 132,1. 129,6, 128,7, 128,4, 128,3, 124,2, 123,1,119,2, 116,9, 93,0.91,3, 80,6, 69,4. 58.8, 52.3, 34.4. 
29.9, ~79, 1,2 h 
222. I.~.0,3. 137,7, 133,0, 129,8. 129,7, 129,4. 128,8, 128,7, 128,6, 128.4. 128.3. 128,2, 126.6, 126.4. 126.2, 124.6. 124.3, 
124,0, 119,3, 117,~, 117,4, 116,8, 92,4, 92,1, 71,4, ~,9,  60,8, 57,5, 53,9, 53.3, 49,3, 46.0, 45,7, 44.9. 43.8. 40.1.38.1.28.5. 28.1 
223, IS0,8, 150,4, 129,3, 128,8, 128,$, 128,1,124.4, 124,1,123.9, ! 19.4, 117.4, 116.7, 92.8, 91.9, 91.6. 71.6. 68.6. 61.1. 
57,5, 52,6, 52,0, 49,3, 48,3, 45,3, 43,2, 39,7, 38,0, 36,1, 29,0, 19,4, 18,3, 17.8 

All Sl~lra in CDCI~ except as noted. ~ Major isomer peaks only. c in CD~COCD~. 



L Verona el aL/Journal of Organomelallic Chemistry 524 ¢1996J 71-80 75 

trum. In each case, the protons identified as H(I)-H(4) 
in 8, 10 and 12 or H(I')-H(4') in products 9, 11 and 13 
formed adjacent sets, as indicated by couplings of ca. 
6Hz. Identification of C(I) attack in the major isomer 
required the solution of a crystallographic structure for 
hydride adduct ga (vide infra). The relative chemical 
shifts for the major and minor isomers of each product 
were then compared with those established for 8a and 
9a. Proton resonances for H(4) and H(I') were least 
influenced by the attached group and were invariably 
found in the same relative positions. 

t H NMR also revealed that nucleophile addition had 
occurred in a stereospecifically exo fashion, i.e. on the 
opposite face of the ring system from that occupied by 
manganese. This was indicated by the moderate cou- 
pling ( J =  6Hz) of H(I) to H(2) in 8, 10 and 12 and 
H(Y) to H(4') in 9, 11 and 13. Such coupling is 
diagnostic of H(I) and H(4') being in the endo position. 
For the hydride adducts, H(I-exo) and H(4'-exo) Were 
also present. These resonances were coupled respec- 
tively only to H(I -endo) and H(4'-endo) with J -- 12 Hz. 
A lack of coupling between the H(l-exo) and H(2) 
would be expected based on the torsion angle H(IB)- 
C(I)-C(2)-H(2A) of ca. 90 ° found in the X-ray struc- 
ture of 8a. Use of NaBD4 in the reaction led to the 
absence of this exo proton signal in the ~H NMR 
spectrum. The cyclohexadienyl rings were easily cleaved 
from complexes 8 -13  using the Jones reagent [4]. Un- 
der these oxidizing and acidic conditions, the ring un- 
derwent rearomatization, yielding C(I)- and C(4)osub- 
stituted DBF, DBT and XAN compounds. 

2.2. Solvob,sis kinetics of 5.- 7 

The kinetics of 5 and 6 reacting with Clt~CN at 
25.0 ± 0.2°C under pseudo first-order conditions were 
measured by IR spectroscopy at several CH~CN con- 
centrations (diluted using CH ~CI ~). A small amount of 

S.@ or'/ 
R y~ R 

Mnff.'O)s* MntCOh* 

Ih XuO, ¥ ~  O: X~O, ¥®~ 
10~ X~S. Y ~  It-' X~S. Y ~  

X,,O. Y~CH~ I& X~O, Y~Ci% 

a RmH 
b R~Ph 
c R m CmC~Ph 
d R ~ CHsPh 
• R m CtlMea 
f R" CHzCIla 

Scheme 2. 

Table 7 
Kinetics results for arene displacement from 
acetonitrile 

complexes 5-7  by 

Complex T [CH 3CN] kot, s k 
("C) (M) ( s - ' x l 0  "1) (M l S - l × 1 0 5 )  

S 25 10.1 4.8 4.8 
5 25 5.0 2.0 3.9 
5 25 2.6 1.32 5.2 
$ 25 1.0 0.44 4.4 
6 25 10.1 3.3 3.3 
6 25 5.0 2.0 3.9 
6 25 2.6 i .43 5.6 
6 25 1. I 0.46 4.6 
7 60 ! 9. ! ! .9 ! .0 

fetTocenium ion was added to each solution. This served 
to remove trace reductants which are known to catalyze 
ligand substitution in [('q6-arene)Mn(CO)~] + [15]. Ex- 
perimental values for kob ~ and for second-order k are 
presented in Table 7. Complexes 5 and 6 behave simi- 
larly, showing average k values of 4.6 + 0.6 × 
I0 - s M - I s - I  and 4 . 4 + 1 . 0 × 1 0  - S M - t s - t  respec- 
tively. Complex 7 underwent soivolysis at a much 
slower rate, requiring the use of neat CI-I.~CN at 60°(? 

"Fable 8 
Crystal data and structure ~,:finement for ga 

Empirical fomtula 
Formula weight 
q'eml~erature (K) 
Waveleugth (A,) 
Cry~tal system 
Space group 
Unit cell dilllei~ions 
a ()~) 

h(,~) 
,' (A,) 
I~ (deg) 

Volume ( ~ )  
Z 
Density (calc) (Mgm ~ ~ ) 
Absorption coefficient (mm ° t ) 
F(000) 
Crystal size (mm ~) 
0 range for data collection (deg) 
Index ranges 

Reflections collected 
htdependent reflections 
Refinement method 

Data/ restraints/ paramelers 
Goodness-of-fit 
Final R indices ( ! > 2o ' ( ! ) )  

R indices (all data) 

Largest difference peak and hole (e ~ -  ~ ) 

C is lt,)MnO., 
308.16 
298(2) 

0.71{)73 
monocimic 
1 ' 2~ /c  

15.301(2) 
6,4422(12) 
I L 988(2) 
90.888{ 13) 
1280.I(3) 
4 
1.5~P} 
1,040 
624 
0.32 x 0.41 x 0.62 
2.66 to 30.00 

~ l , - 1 ~ l £ 1 8  
4851 
3132 (R I ~ 0.0340) 
Full-matrix least 
squares on F 2 
3732/01181 
0.918 
RI ~ 0.0410. 
wR2 ~ 0.0945 
RI ~ 0.0705, 
wR2 ~-" 0.1040 

0.398 and - 0.252 
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Table 9 
Alomi¢ coordinates (x 104) and equivalent isotropic displacement 
parameters U~ (~2 x I0 ~) ' for Ra 

Atom x y z Ueq 

Mn{l) 1616(I) 1329(I) 8891(I) 37(15 
O(!) 3614(!) 974(3) 7513 (2) 78 (I) 
0(2) 593 (I) - 1401 (4) "7513(2 )  78(I) 
0(3) 1948(1) 1816(3) 10488(1) 66(I) 
O(4) 109 (i) 2688 (3) 1009.6 (2) 88 (1) 
C{ ! ) 2420 (2) 2047 (4) 7043 (2) 52 (1) 
C{2) 1738(2) 3389(4) 7544(2) 54(I) 
C{3) 1904(2) 4436(4) 8456(2) 54(I) 
04) 2541 (2) 3722 (4) 9170 (2) 49 (1) 
C~5) 3012 (I) 1979 (4) 8847 (2) 42 (1) 
C ( 6 )  3850(I) -789(4) 8918(2) 46(I) 
C(7)  4450(!) -2218(5) 9254(2) 60(1) 
C(8) 4631 (2) - ~807 (5) 8585 (3) 71 (I) 
C(9) 4227 (2) - 3944 (5) 7629 (3) 68 (1) 
C(10) 3609 (2) - 2504(4) 7307 (2) 56 (!) 
C(11) 3414(I) -885(4) 7969(2) 44(I) 
C(12) 2~45 (I) 927(4) 7927(2) 41 (I) 
C(13)  988(!) -362 (4) 8062(2) 49(i) 
(?(14) 1816(I) -582(4) 9974(2) 42(I) 
C(15) 688(2) 2194(4) 9610(2) 54(I) 

* Equivalent i~otropic f/ defined as one4hird of the trace of the 
orthogonal|zed I/,~ tensor. 

to achieve a reasonable rate of reaction. Under these 
conditions, k was measured at 1.0 × l0 ~ s M-* s -~*. 

2.3. Molecukw strt.'.ture o f  8a 

An Xoray structural analysis was cmTied out to aid in 
the confimlation of regios¢lective C(I) attack on ,G=7. 
Suitable crystals of the hydride adduct 8a were grown 
by cooling a concentrated hexane solution of this coot° 
plea, I~rg¢ ormlge crystals were obtained. After cutting, 
several fragments were found to exhibit twinning, tlow, 
ever, a second cutting of one crystal provided a single 
crystal fragment. Solution of the monoclinic structure 
was accomplished by direct methods. Crystallographic 
data are listed in Table 8, fractional non-hydrogen atom 
coordinates in Table 9, ~md selected bond lengths and 
angles in Table 10, A thermal ellipsoid drawing is 
sbown in Fig, I, The relative positions of the saturated 
carbon C(I) and oxygen O(I) confirmed C(I) attack as 
predominant. The overall configuration of the complex 
is that of a piano stool with a carbonyl being roughly 
eclip~d under the saturated c~wbon in the dienyl system 
(CI g)), ]'his ~sults in eclipsing of carbonyl C(14)-O(3) 
under ('(5) and O(l), All three carbonyls are roughly 
linear, An approximate plane is formed by C(2)-C(12) 
and (X l), However, least squares analysis revealed that 
the cyclohexadienyl ring plane forms an angle of about 
5 ° with respect to the rest of the unsaturated ring 
system, The plane formed by dienyl carbons C(2)-C(5) 
~md C(12) is inclined slightly in the direction of the 
metal atom, As is typical of a cyclohexadienyl complex, 

Table 10 
Selected bond lengths (.~) and angles (deg) in 8a 

Mn(1)-C(14) 1.797(2) Mn(1)-C(13) 1.799(3) 
Mn(1)-C(15) 1.801(2) Mn(1)-C(4) 2.121(2) 
Mn(1)-C(3) 2,128(2) Mn(1)-C(5) 2.178(2) 
Mn(I)-C(2) 2.206(2) Mn(1)-C(I 2) 2.289(2) 
0(I)-C(5) 1.376(3) 0(I)-C(6) 1.39 I(3) 
0(2)-C(I 3) 1.144(3) 0(3)-C(I 4) 1.142(3) 
0(45-C(I 5) 1,141(3) C(1)-C(I 2) 1.497(3) 
C(I)-C(2) 1.51 I(3) C(2)-C(3) 1.383(3) 
C(3)-C(4) 1.412(3) C(4)-C(5) 1.402(3) 
C(5)-C(I 2) 1.393(3) C(6)-C(7) 1.368(3) 
C(6)-C(I 1) !.394(3) C(7)-C(8) 1.374(4) 
C(8)-C(9) 1.382(4) C(9)-C(10) 1.385(4) 
C(10)-C(I I) 1.387(3) C(I I)-C(12) !.456(3) 

C(14)-Mn(I)-C(13) 95.41(l I) 
C(13)-Mn(I)-C(15) 94.56(I !) 
C(13)-Mn(I)-C(4) 153.08(105 
C(145-Mn(I)-C'(3) 143.08(10) 
C(15)-Mn(1)-C(3) 90.83(10) 
C( 14)- Mn(I)-C(5) 89.66(9) 
C(15)-Mn(1)-C(5) 137.35(I 15 
C(3)-Mn(1)-C(5) 66.73(9) 
C(13)-Mn(1)-C(2) 86.59(10) 
C(4)- Mn( I )-C(2) 68.53(9) 
C(5)~Mn(1)-C(2) 76,62(9) 
Cf 13)-Mn(1)-C(12) 92,33(9) 
C(4)-Mn(15-C(12) 67 91(8) 
C(5)-Mn(1)-C(12) 36,23(8) 
C(5)~0(l)-C(6) 105,1(2) 
C(3)-C(2)~C(I) 121.9(2) 
C( 1 )=C(2)-Mn(!) ,)3.7(2) 
C(2)=C(3)=Mn(I) 74.49(14) 
C(5)~C(4)~C(3) 114,6(2) 
C(3)=C(4)=Mn(I) 70,85(14) 

t )- C(~%~c(4) 122,9(2) 
C)( I )=C]$)-~ Mn(I) 122,8(2) 
C{ 4)~(X 5)~ M~R I ) 68~78(13) 
C~ 7)=(~6)~-~C( 1 I) 12¢3(2) 
C(6)o ~7)~C(10 116,1(3) 
~C~8)=C(9) ~C(I0) 121.5(3) 
t~lO)oC(I I)oC(6) 118,4(2) 
(~6)=C(I I)~C(I 2) 1()$,9(2) 
C($)~C(12)~C(I) 119,7(2) 
C(5)-C(12)~Mn(I) 67.51(I I) 
C(I)~C(12)-Mn(I) 90,83(13) 
Of 3)-C(14)-Mn(I) 179,0(2) 

C(14)-Mn(I)-C(15) 88.30(!1) 
C(i 4)-Mn(I)-C(4) 105.69(10.) 
C(i 5)-Mn(I)-C(4) 102.45(11) 
C(I 3)-Mn(I)-C(3) 121.43(10) 
C(4)-Mn(I)-C(3) 38.83(9) 
C(I 3)-Mn(I)-C(5) i 28.02(9) 
C(4)-Mn(I)-C(5) 38.04(9) 
C(I 4)-Mn(I)-C(2) 163.82(9) 
C(15)-Mn(i)-C(2) i07~59(11) 
C(3)-Mn(I)-C(2) 37.17(9) 
C(I 4)-Mn(I)-C(I 2) 100.29(9) 
C(15)~Mn(I)-C(12) 168A4(!0) 
C(3)-Mn(I)-C(12) 77.65(9) 
C(2)-Mn( i)-C(12) 63.55(9) 
C(I 2)-C(!)~C(2) 103.9(2) 
C'(3)~C(2)-Mn(I) 68.34(13) 
C(2)~C(3)~C(4) 121.3(2) 
CI4)~ C(3)~ Mn( I ) 70.32(14) 
C(5)~C(4)~ Mn( I ) 73.19(13) 
0(I)~C($)~C(12) 112o6(2) 
C( 12)o C($)=C(4) 124,0(2) 
C(I 2)~C(5)~Mn(I) 76.26(12) 
C(7)~C(6)~O{ I ) 124.3(2) 
0(I)~C(6)~C(I I) i l l,4(2) 
C(7)=C(8)~C(9) 121,6(3) 
C(9)~CIIO)~C(I 1) 118.(X3) 
~10)°~11)°~12) 138.6(2) 
C(5)oC(12)oC(! I) 104.9(2) 
C(I I)~C(12)-C(I) 131,8(2) 
C(! i)-C(12)-Mn(I) 124.5(2) 
O(2)-C(13)-Mn(I) 178.1(2) 
O(4)-C(I 5)-Mn(i) 177.3(2) 

Fig. I. Thermal ellipsoid drawing of [(qS-CIzHgO)Mn(CO)3], h at 
the 50% probabilily level. 
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saturated carbon C(I) lies about 0,50/~, above the plane 
of the other ring carbons. The overall structure is quite 
similar to that of [(~qS-Ci, HgO)Cr(CO)a(SnPh3) ] which 
was produced by the addition of hydride to [(~6. 
DBF)Cr(CO)3], followed by trapping of the resultant 
anion with Ph3SnCI [16]. In the case of the chrom;'lm 
complex, strong C(I) preference for hydride attack was 
also noted. 

3. Discussion 

The [Mn(CO)3] ÷ complexes of DBF and DBT are 
highly reactive toward both neutral donor nucleophiles, 
such as acetonitrile, and toward anionic nucleophiles, 
such as hydride. The outcomes of these reactions are 
quite different, however. Whereas anions undergo addi- 
tion to the coordinated arene to produce fused ring 
cyclohexadienyl complexes, neutral donors cause dis- 
placement of the aromatic ring. 

The nucleophilic addition reactions of fused ring 
heterocyclie complexes show significant regioselectiv- 
ity. Since the six-coordinated carbons of complexes 5-7 
are chemically distinct, six isomeric products me theo- 
retically possible. However, only two regioisomers were 
identified. The occurrence of C(I)-functionalization (8, 
10 and 12) and C(4)-funetionalization (9, 11 and 13) is 
consistent with the previously observed formation of I 
and 2 in the reactions of the (indole)manganese com- 
plexes and the formation of 3 and 4 in the reactions of 
the (benzofuran)manganese complex [8]. However, in 
the present case, a striking difference in regioselectivity 
is seen between addition to 5 and 7 vs. that to 6. In the 
case of the DBT complex, 6, there is a slight but 
consistent preference for attack at the C( I )-position. 
This selectivity disappears only when the bulky ~Pr 
group is added. For the DBF and XAN complexes, $ 
and 7, nucleophiles which are stabilized through ch;wge 
delocalization, BH~, Ph - and PhC~, attack C(I) with 
90% or greater selectivity. The highly stabilized anion 
of dimethyi malonate (sodium salt) was also found to 
give greater than 90% selectivity for C(I) attack on 5 
and 7; however, the products were difficult to fully 
purify. The C(!):C(4) regioselectivity sharply dimin- 
ished with an decrease in carbanion stabilization from 
Ph- to PhCH~ to CH.~CH~ and (CH,~)2CH-. 

The high degree of regioselectivity encountered with 
DBF and XAN almost certainly results from the direct- 
ing effect of the oxygen heteroatom. During addition 
reactions to the [(~16-biphenyl)Mn(CO)3] ÷, the phenyl 
substituent has been shown to exert very little directing 
effect toward nueleophilic attack [17]. Moreover, the 
anisole and phenyl ether complexes are known to be 
strongly recta-directing [3-5]. Meta-direction by elec- 
tron-donating substituents can be rationalized using res- 
onance arguments. A partial negative charge is devel- 
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oped on the ortho- and para-carbons through lone pair 
donation into the aromatic ring. This, of course, favors 
electrophilic substitution at these sites. For the same 
reason, this partial charge should disfavor nucleophilic 
attack at the ortho and para positions. 

For the DBF, XAN and DBT complexes, six iso- 
meric products are theoretically possible; however, ad- 
dition to the ring junction positions can easily be ruled 
out on steric grounds. Attack at ipso-carbons is rarely 
observed; thus, for example, the pentamethyibenzene 
complex of [Mn(CO)~] ÷ is invariably attacked at the 
lone unsubstituted ring carbon [18]. Elimination of the 
fused positions leaves four remaining sites for addition 
to 5-7. Relative to the heteroatom, two of these posi- 
tions ale mere (C(I) and C(3)), one is ortho (C(4)) and 
one is para (C(2)). The current results show that meta 
attack at C(I) is indeed found to predominate. Neverthe- 
less, several questions arise: 
I. Why is no attack seen at meta position C(3)? 
2. What factors produce the varying regiochemical 

preference for attack at C(I)? 
3. Why was no clear preference between products 3 

and 4 encountered during previous study of the 
benzofuran complex? 
With regard to the first question, it may be noted that 

all of the fused ring heterocycle complexes of 
[Mn(CO)3] + examined thus far have demonstrated at- 
tack exclusively adjacent to ring junction carbons. In 
the present case, this effect even overrides the strong 
meta-directing effect of an oxygen substituent, favoring 
C(4) to C(3). The probable explanation involves the 
partial aromatic character of the fused heterocycle ring 
in 5-7. The aromaticity of the central ring is increased 
upon ring slippage, leading to a small but significant 
contribution of 114. ~fkDiene complexes typically add 
,mcleophiles at the end of the coordinated system, yield- 
ing llo~oallyl products [19]. in the case of 14, C(I) and 
C(4) represent the termini of an ~14-coordinated diene. 

COb 

A trend toward ! :1 C(I):C(4) attack upon substrates 
5-7 appears to occur with increasing nucleophile R 
group bulk. However, neither C(I) nor C(4) are hin- 
dered positions. Moreover, the less hindered ethyl Grig- 
nard yielded low regioselectivity, while the hindered 
dimethyl malonate anion gave rise to high regioselectiv- 
ity. It should also be noted that steric arguements 
involving Grignard reagents are difficult to invoke given 
the associated nature of these species in solution [20]. 
The most probable origin for the observed regioselec,;~t- 
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ity is an electronic effect. The most stabilized nucle- 
ophiles, BH~, Ph-, PhC~ and (CH~OzC)zCH-, pro- 
duce the higher degrees of selectivity, in accordance 
with the reactivity-selectivity principal. The benzyl an- 
ion affords some selectivity, while the alkyl anions 
afford very little selectivity. 

It is difficult to explain the very weak preference for 
meta addition previously encountered using the benzo- 
furan complex [8]. Only two nucleophiles (Bu4NBH4 
and LiMe) were reacted with this complex. Hydride ;,s a 
mild donor and has Shown high regioselectivity in the 
current study. However, the enhanced reactivity of the 
more soluble hydride salt may account for the lower 
regioselectivity observed in the previous work. In light 
of the new findings, it would be of interest to re-ex- 
amine the reactions of [(benzofuran)Mn(CO)3] +. 

It has previously been established that [(~6 
arene)Mn(CO)~] + complexes are subject to solvolysis 
by donor solvents according to Eq. (I) [21]. This reac- 
tion 

[(~6-arene)Mn( CO),~] + + 3 solvent 

--~ [Mn(solvent),~(CO).~] + + arene (1) 

follows first-order kinetics in both the manganese com- 
plex and the donor molecule. Therefore, the reaction of 
F-.q, (I) is most likely an associative process initiated by 
a ring slippage. We have recently published preliminary 
data showing that this solvolysis reaction is greatly 
accelerated for polycyclic aromatics over simple are, 
matics [9], In the present steady, the solvolysis kinetics 
of complexes 5 and 6 have been found to be identical 
within experimental error, showing average k values of 
4.6 ± 0.6 × 10 =s M=t  s ~t and 4.4 ± 1.0 x 
10 =s M ~' s =t respectively. These data may be come 
pared with the k value of 3,2 × 10 =~ M ~ ' s = i for the 
toluene complex at 25°C (calculated from data meao 
sured at 72 .2°0  [21], Ring slippage of $ or 6 to 
produce 14 will be greatly facilitated over the slippage 
of a simple aromatic ligand due to the incipient aro- 
maticity of the fused heterocyclic ring, The heterocyclic 
ring in xanthen¢ is not aromatic but is conjugated 
through a lone pair on the oxygen atom, The ease of 
ring slippage will therefore, be expected to follow the 
trend: DBF, DBT > XAN :~ toluene. Complex 7 yielded 
a k value of 1.0 × 10 -s M - I s  -t at 60°C, confirming 
the expected trend, The greatly enhanced reactivity of 
complexes $ and 6 toward solvolysis supports the ring 
slip mechanism, 

Coordination, nucleophilic attack and decomplexa, 
tion of these heterocycles constitute an overa:l nucleoo 
philic aromatic substitution, The high r~gioselectivity 
for C(I) is especially significant, since no other general 
route exists for functionalization of this position, For all 
three fund heterocycles, ~lectrophilic aromatic substitu- 
tion leads to functionalization at C(2). (Under fo~ing 

conditions. C(7) is also attacked.) Nucleophilic aromatic 
substitutio:a may be carried out on the xanthylium cation; 
but this leads to exclusive C(9) substitution. The work 
herein represents a versatile and general route to the 
otherwise inaccessible C(I) site in these compounds. 
Common nucleophiles can be used and regioselectivity 
is often high when the heteroatom is oxygen. 

4. Experimental 

4.1. General 

All reactions were carried out under N z and solvents 
were dried by standard procedures. Tetrahydrofuran, 
diethyi ether or alkane solutions of organolithium and 
-magnesium reagents were used as supplied by Aldrich 
(Milwaukee., WI) with the exception of MgBrCH:,Ph 
which was prepared by standard methods from PhCH 2 Br 
in diethyl ether. Infrared spectra were recorded on a 
Perkin-Elmer series 1600 FTIR using a liquid cell with 
CaF 2 windows, and 'H and ~3C NMR spectra were 
collected using a General Electric QE-300 spectrometer. 
Microanalyses were carried out by Galbraith Laborato- 
ties, Knoxville, TN o:" Atlantic Microlab, Inc., Nor- 
cross, GA. 

4.2. Synthesis of 5-7  

The [(aren4~)Mn(CO)~] + complexes were prepared by 
published m~'thods [9]. Analytical data: $(BF. t) 76% 
(TFAA meth,M) m.p. l l9°C (decamp.). Anal. Found: 
C, 45.4; H, 2.02. C,~HHBI~MnO 4, Calc.: C, 45.7; II, 
2.05%. IR (CH ~CI z. cm ~ * ): l,(C~O) 2079, 2020. ' H 
NMR (CD~COCD~) (8): 8.53 (d, I II, J~ 7.811z, 
H(4)), 8.17 (d, I H, J ~ 6.61=1z, H(5)), 7.93 (m. 2 II, 
H(I,2)), 7.70 it, ! '~ J ~ 6.9Hz, H(3)), 7.68 (d, I H, 
J ~ 7.0Hz, H(8)), ~ (t, I H, J ~ 6.6Hz, H(7)), 6.66 
(t, I H, J ~ 6.2 Hz, H(6)); I'~C{IH} NMR (CD3COCD ~) 
(8): 216 (CO), 160.5, 139.5, 133.9, 128.3, 121.8, 120.8, 
Ii4.2, I00.8, 100.3, 96.9, 94.0, 86.8. 6(BI~4) 89% 
(TFAA method), analytical data previously reported [9]. 
7(PF 6) 60% (Fischer-Hafner method) m.p. 117°(? (de- 
camp.). A.~al. Feund: C, 41.1; H, 2.21. 
Ci6HioPF~MnO 4. Calc.: C, 41.2; H, 2.17%. IR 
(CHzCI 2, cm-i): I,(C~O) 2079, 2021. 'H NMR 
(CD3COCD ~) (~i): 7.44 (m, 2 II, H(2,3)), 7.36 (d, I H, 
J ~ 7.5 Hz, H(4)), 7.26 (d, I H, J ~ 7.9Hz, H(5)), 7.21 
(d, I H, J~6.2Hz, H(1)), 7.10 (t, I H, J=6.2Hz, 
H(7)), 6.81 (d, I H, J~6.6Hz, H(8)), 6.52 (t, I H, 
J=6.2Hz, H(6)); i~C{IH} NMR (CD~COCD,~) (~): 
216 (CO), 160.5, 139.5, 133.9, 128.3, 121.8, 120.8, 
114.2, I00.8, I00.3, 96.9, 94.0, 86.8. 

4.3. Nucleophile addition reactions 

Arene complex 5, 6 or 7 (0.5-! retool) was dissolved 
or suspended in solvent (tetrahydrofuran, diethyl ether 
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or CH 2CI2, 20-40 ml) at room temperature, 0 or - 78 °C 
under N 2. The nucleophile solution (2-12mmoi) was 
then added dropwise by syringe with stirring. The 
progress of the reaction was monitored by IR. Upon 
completion of the reaction, the solvent was removed in 
vacuo and the residue taken into diethyl ether and 
filtered through AI20 3. Grignard reactions were 
quenched with water and then dried over anhydrous 
MgSO4. The ether was removed under a stream of 
nitrogen, leaving an oil or a solid. Representative syn- 
theses are given below. 

4.4. Preparation of 8a / 9a 

To a stirred solution of 5 in 40ml THF at room 
temperature (0.352g, 0.893mmol) was added NaBH4 
(0.0841 g, 2.22mmol). After l h, the yellow solution 
color was unchanged, but IR indicated completion of 
the reaction. After the solvent was removed in vacuo, 
the oily residue was taken into diethyl ether and filtered 
through a small amount of Al20.a. The ether was re- 
moved under a stream of N 2 and the yellow, crystalline 
product was dried in vacuo. Yield (both isomers): 
0.232 g, 93%. 

4.5. Preparation of lOb/ l ib  

Grignard reagent MgBrPh (4ml of 3 M solution in 
diethyl ether) was added via syringe to a stirred suspen- 
sion of 6 (0.309 g, 0.752 mmol) in 40 ml diethyl ether at 
0°C. After about 10rain, a yellow solution had formed. 
IR indicated that the reaction had occun'ed. After warm- 
ing to room temperature, about 2 ml H20 were added. 
The organic layer was dried over anhydrous MgSO4 tbr 
Ih and then filtered through AI20 ~. The ether was 
removed under a stream of N~ and the yellow, oily 
product was dried under vacuum. Yield (both isomers): 
0.301 g, 77%. 

CH3CN in CH2C! 2 which was pre-equilibrated to 25.0 
+ 0.2°C or 60.0 + 0.2°C in a Fisher lsotemp Model 
910 thermo:tatic bath. Samples were periodically with- 
drawn and immediately examined by IR spectroscopy. 
Absorbance values ,,ere measured for both reactant and 
product. The two sets of data produced roughly identi- 
cal kob s values. 

4.8. X-ray diffraction study of 8a 

Suitable crystals were grown by cooling a concen- 
trated solution of 8a in hexane at -6°C.  One of the 
large, block-shaped orange crystals was cut to the proper 
size and was glued to a glass fiber. X-ray data collec- 
tion was carried out at 25°C using a Siemens P4 
single-cr~stal diffractometer (Mo K o~ radiation, 
0.71073A) controlled by XSCANS software. Omega 
scans were used for data collection, at variable speeds 
from I0 to 60°min - t. Three standard reflections were 
measured after every 97 reflections; no systematic de- 
crease in intensity was observed. Data reduction in- 
cluded profile fitting and an empirical absorption cor- 
rection based on separate azimuthal scans for seven 
reflections (maximum and minimum transmission, 0.599 
and 0.553). 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. All hydrogen atoms appeared in a difference 
map, and each was introduced in an ideal position, 
riding on the atom to which it is bonded. Each was 
refined with an isotropic temperauire factor 20% greater 
than that of the ridden atom. All other atorr.~ were 
refined with anisotropic them~al parameters. Final reo 
finement on F 2 was can'ied out using SHELXL 93 
[22]. Tables of thermal parameters, hydrogen atom cex~r- 
dinates and structure factors are available from the 
authors. 

4.6. Preparation of lOc / l ie 

To a stirred suspension of 6 (0.284, 0.721 mmoi) in 
4Oral diethyl ether at - 7 8 ° C  was added LiC2Ph (2ml 
of I M solution in THF). After 2h, a clear, brown 
solution had formed and the IR indicated that the reac- 
tion had occurred. The mixture was warmed to room 
temperature and the solvent was removed under vac- 
uum. The brown, oily residue was chromatographed on 
AI20 3 with hexane-diethyl ether. After elution of a 
small amount of [Mn2(CO)jo], the product eluted. Evap- 
oration and vacuum drying left a brownish, oily prod- 
uct. Yield (both isomers): 0.219 g, 72%. 
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4.7. Kinetic studies 

Solvolysis reactions were carried out under pseudo 
first-order conditions by dissolving complex $, 6 or 7 
(l.5mM) and [CP2Fe]PF 6 (0.6raM) into a solution of 
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