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Summary: Protonation of FpCOT and FppCOT (Fp = 
$-cyclopentadienyl)iron dicarbonyl, COT= cyclo- 
octatetraene, Fpp = (7' - cyciopentadieny1)iron carbonyl 
tri-R-phosphine) with strong acid produces homoaroamtic 
carbene complexes 7, 8, and 9. Although all three com- 
piexes are clearly homoaromatic, 'H and 13C NMR spec- 
tra suggest that d r -p r  back-bonding reduces the homo- 
aromaticity relative to the parent homotropyllum ion. 

In previous papers'-3 we have reported the preparation 
and properties of some transition-metal complexes of cy- 
cloheptatrienylidenes 1-3. As a continuation of our efforts 

6 1 Q 2 
3 

directed toward the synthesis and properties of coml;.ixes 
of cyclic conjugated carbenes that are stabilied by incor- 
poration of the carbene p orbital in an aromatic pa  orbital 
s y ~ t e m , ~  we have now prepared three iron complexes of 
homocycloheptatrienylidene. In this communication we 
report the synthesis of 7-9 (Scheme I) and spectral prop- 
erties that both elucidate their structures and show that 
while considerable homoaromaticity is retained in the 
organic ligands of each complex, there is also significant 
back-bonding from iron into the T system. 

The method of synthesis of the three complexes is 
outlined in Scheme Le Neither of the two methods used 

(1) Allison, N. T.; Kawada, Y.; Jones, W. M. J. Am. Chem. SOC. 1978, 
100, 5224. 

(2) Riley, P. E.; Davis, R. E.; Allison, N. T.; Jones, W. M. J. Am. Chem. 
SOC. 1980,102, 2452. 

(3) Riley, P. E.; Davis, R. E.; Allison, N. T.; Jones, W. M. J. Am. Chem. 
SOC. 1982, 21, 1321. 

(4) The first complexes stabilized by aromaticity were cyclo- 
propenylidene complexes, first synthesized by Ofele and his co-workers.6 

(5) (a) Ofele, K. Angew. Chem., Int. Ed. Engl. 1968, 7, 950. (b) Ofele, 
K. J. Organomet. Chem. 1970,22, C9. 

(6) Bromocycloctatetraene was prepared by the method of; Gasteiger, 
J.; Gleam, G. E.; Huisgen, R.; Konz, W. E.; Schneeg, U. Chem. Ber. 1971, 
104, 2412. KFp was prepared by the method of G l a d y ~ z . ~  

(7) Gladysz, J. A.; Williams, G. M.; Tam, W.; Johnson, D. L. J. Orga- 
nomet. Chem. 1977, 140, C1. 

to prepare FpCOT (4) gave very high yields (ca. 1 5 2 9 % ) .  
However, of the two, we found the high dilution addition 
of Fp- to BrCOT at 21 "C to be generally more satisfactory 
because it not only gave somewhat better yields but was 
easier to workup. IJ complexes 59 and 61° were made in high 
yield by photoinduced replacement of CO by R3P. The 
carbene complexes were made by protonation of the cor- 
responding u complexes (-40 OC) with either excess dry 
HC1, 2 equiv of FS03H, or 2 equiv of CF3C02H in dry 
CH2C12,11 Addition of 1.1 equiv of Ph2C+PF6- followed 
by dilution with cold, dry ether gave the carbene complexes 
as their PF6- salts.12 

The hexafluorophosphate salt 713 crystallized as orange 
needles which are stable in air below -10 "C but which 
rapidly react with oxygen in solution. Above -10 "C it 

(8) (a) 4 has been previously prepared via the cyclooctatetraenyl- 
lithium route. Cooke, M.; RIM, C. R.; Stone, F.. A. J. Chem. Soc., Dalton 
Tram. 1975,256. For example of displacement of a vinyl fluoride by Fp', 
see: King, R. B.; Bisnette, M. B., J. Organomet. Chem. 1964,2,38. (b) 
4 is a yellow air-sensitive oil (best stored refrigerated in solvent other than 
CHC13): 'H NMR (300 mHz, CD2C12, 6) 4.81 (8 ,  Cp) 5.22 (dd, H7, J7 = 

(d, H2, J23'= 2.8 Hz), 5.75 (dd, H6), 5.77-5.85 (m, H3 and H4), 6.16 (d, 
H8); 13C d M R  (CD3COCD,, 8 )  87.2 (Cp), 119.3, 129.2, 132.6 (2 C) ,  136.7, 
139.3, 147.7, 151.7 (Cl), 217.2 (CO), 217.7 (CO); IR (fh, cm-') 2960, 1990, 
1925,1560,1400,1005,909,827,702,714; high-resolution mass spectrum, 
m/e(calcd) 280.018 50, m/e(measd) 280.019 84; Anal. Calcd for 
C,,H13FeO: C, 64.31; H, 4.32. Found: C, 64.07; H, 4.40. The isodynamic 
interconversions of the COT moiety in 4 were observed. Exchange of 
diastereotopic CO ligand signals (13C NMR) allowed calculation of 
AG'(ring inversion) = 16.6 kcal/mol; broadening and coalescence of the 
COT 'H NMR signals due to bond shift processes was consistent with a 
AC*(bond shift) -18 kcal/mol. 

(9) FppCOT's were prepared by photolysis of 4 in T H F  (overnight) 
with the appropriate phosphine using a 450-W Hanovial Hg lamp. 5 was 
isolated by short column chromatography (neutral alumina, hexane) and 
is an air-stable orange glass: 'H NMR (300 mHz, CD2C12, 6) 4.45 (d, Cp 
of one diastereoisomer, JPH = 1.1 Hz) 4.49 (d, Cp of other diastereoiso- 
mers, JpH = 1.1 Hz) 4.91 (dd, H7, J78 = 11.1 Hz,Js7  = 3.2 Hz), 4.95 (dd, 
H7', J7s8, = 11.0 Hz, Jet7, = 3.2 Hz), 6.30-5.84 (complex multiplet H2, H5, 
H6, H4, H3), 6.10 (dd, k8), 6.29 (dd, HS'), 7.37 (bra, phenyls); 13C NMR 
(CD2C12, 6) 85.4 (pseudo d, Cp diastereoisomers) 116.6 (pseudo d), 
130-140 (phenyl and COT), 149.5 ( 8 )  164.4 (pseudo dd, C-1 of COT) 222.3 
(pseudo dd, CO); IR (CHC13, cm-') 2995,1920; mass spectrum, m/e 486 
(M+ - CO), 383,262 (loo%), 224, 121,56; Anal. Calcd for C32H27FeOP: 
C, 74.72; H, 5.29. Found C 74.49; H, 5.35. The isodynamic intercon- 
versions of the COT moiety in 5 were observed. Exchange of diastereo- 
topic Cp signals ('H NMR) allowed calculation of AG* (ring inversion) 
= 17.3 kcal/mol; broadening and coalescence of the COT H NMR signah 
due to bond shift processes produced a AG* - 18 kcal/mol. 
(10) 6 is a yellow-orange air-sensitive oil: 'H NMR (300 mHz, CD3C- 

OCD3, 6) 0.9-1.9 (complex m, butyl), 4.4 and 4.5 (d's, Cp diastereoisomers, 
JPH = 1.1 Hz), 4.9 (m, H7), 5.3 (m, H5), 5.6 (complex m, H2, H6, H3, H4), 
6.3 (m, H8); 13C NMR (CD3COCD3, 6) 24-32 (butyl) 3.6 (pseudo d,  Cp 
diastereoisomers), 115.7 (pseudo d), 132.0 (a), 133.3 pseudo d), 137.0 (2 
C, separated below 0 "C), 149.9 (pseudo d) 167.1 (pseudo dd, C1 of COT), 
221.9 (pseudo dd, CO); IR' (CHC13, cm-') 2995, 1925. The isodynamic 
interconversiona of the COT moiety in 6 were observed. Exchange of 
diastereoisomeric Cp signals ('H NMR) allowed calculation of AG*(ring 
inversion) = 17.0 kcal/mol; broadening and coalescence of the COT 'H 
NMR signals due to bond shift processes produced a AG* - 18 kcal/mol. 

(11) Both 5 and 6 showed NMR spectra indicative of mixtures of 
slowly interconverting diasteroisorners.9J0 It was therefore quite a sur- 
prise that in neither case did the protonated products appear as diaste- 
reomers. For instance, in the 'V NMR spectra, in each case the carbonyl 
resonance appeared as simple doublets (coupled with phosphorus), in the 
'H spectra the exo and endo hydrogens appeared as simple doublets, etc. 
This surprising result is probably due to thermodynamic preference for 
one diastereoisomer which is rapidly formed (by a ring-flipping process) 
from a mixture of initially produced diastereoisomers. neither 8 nor 9 
showed any significant change in their NMR spectra with changes in 
temperature. 

(12) We have found metathesis with Ph3C+PF6- to be a convenient 
technique for exchanging anions in relatively nonpolar solvents due to 

11.1 Hz, 5 2 3  3.4 Hz), 5.51 (dd, H5, J56 = 10.9 Hz, J 4 5  = 3.2 Hz), 5.68 

H 6 , J i i  = 6.9 Hz), 7.83 (m, H5,J4,5 = 11.4 Hz), 8.867d, H2, J2,3 = 9.7 Hz, 

(el); IR (KBr, cm-') 2002, 1970, 1440,1300,1275,1070,980,840 cm-'; 
mp (rapid heating), orange to brown at  70 'C melts a t  ca. 80 O, effervesces 
a t  100-105 "C. 

J25 = 0.9 Hz); NMR (CD2C12, -20 "C 6) 210.4 (CO), 211.5 (CO), 269.0 
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Scheme I 

0" 0 'C - FP+COT 

T 

8, R = P h  
9, R = Bu 

Fp = (q5-cyclopentadieny1)iron d ica rbony l ;  F p p ( R )  = (q5-cyclopentadieny1)iron ca rbony l  t r i -R-phosphine  

rapidly decomposes both in the solid state and in solution. 
For example, a solution 7 in CD,C12 kept a t  0 OC for 1 h 
led to 40% decomposition to the Fp+ r complex of cy- 
clooctatetraene. Complex 814 was isolated as an amorphous 
purple solid. It is the most thermally stable of the three. 
For instance, brief exposure in CDzClz solution to tem- 
peratures as high as 50 OC was tolerated with no detectable 
decomposition. When dry this complex could be stored 
indefinetly a t  -10 "C. Complex 915 showed intermediate 
thermal stablity but is more sensitive to oxygen than 7, 
decomposing both in solution and as the solid. 

Two parameters16 that have been frequently used to 
evaluate the extent of homoaromatic delocalization in 
cyclooctatrienyl cations are the chemical shift separations 
of H8, and Hsendol7-l9 and the coupling constanta between 
H8,,, and HSendo. On both counts, complexes 7-9 are 
clearly homoaromatic. The chemical shift separations of 
H8,, and H8,d0 are 4.30, 3.12, and 3.00 ppm for the three 
complexes, respectively. These are less than has been 
reported for the parent homotropylium ion (5.8 ppm)lga 
but are similar to separations reported for other l-sub- 
stituted homotropylium ions."*19 The origin of the vari- 
ations in chemical shift differences in 7-9 is discussed 
below. The coupling constants between H8,,, and HSendo 
for all three complexes are also similar to those of other 
homotropylium ions. This is considered to be evidence 
against significant cyclopropane character in the ionm (i.e., 

(14) 8: 'H NMR (300 mHz, CDzC1z, -20 OC, 6) 1.67 (t, H8sndo, Jendosxo 
= 8.9 Hz, J, = 8.9 Hz), 4.79 (t, Ha..,, J7,8 = 7.7 Hz), 4.87 (d, Cp, JPH 
= 1.2 Hz), 5%d1q, H7, J6,7 = 8.5 Hz), 6.51 (t, H3, J34 = 8.9 Hz), 6.66 (t, 
H4, J45 = 11.6 Hz), 6.78 (t, H6), 7.07 (dd, H5, J56 6.4 Hz), 7.37-7.77 
(m, Ph's), 8.51 (d, H2,Jz3 = 11.5 Hz); 13C NMR (of trifluoroacetate salt, 
C D Q ,  -20 "C, 6) 61.7 (b), 90.8 (Cp), 124-138 (ring C's and Ph's, 161.5 
(C2), 216.4 (d, CO, JcP = 29.3 Hz), 311.4 (d, C1, Jcp = 22.0 Hz); IR (KBr, 
cm-') 1975. 

(15) 9: 'H NMR (300 mHz. CDoClo. -20 OC. 6 )  0.9-2.0 (m. butvl). 2.48. .~., ~ ~~ ~ ~~ ~~ ~ . 
t, Haend,, Jbndo,bxo 8.3 Hz, $7, - 8.1 Hz),'4;97 (d, Cp, i p ~  1'2 HZ), 
5.48 (m, H8,., and H7, J7,& ="9? kz), 6.45 (t, H3, J34 = 8.9 Hz), 6.62 
(t, H4, J46 = 11.5 Hz), 6.735,  H6,Jg7 = 8.7 Hz, 7.04 (dd, H 5 , 4 e  = 5.7 
Hz), 8.48 id, H2, Jz8 = 11.7 Hz); '% NMR (trifluoroacetate) (CD2blZ, -20 
OC, 6 )  13.6-29.9 (butyl), 62.7 (CS), 90.3 (Cp), 123.2, 130.1, 134.3, 135.4, 
137.4 (C3-C7), 161.5 (CZ), 217.1 (d, CO, Jcp = 28.1 Hz), 315.7 (d, C1, Jcp 
= 22.0 Hz); IR (KBr, cm-') 1960. 

(16) A third parameter that has been used to assew homoaromaticity 
is the activation barrier to bridge flipping.17 Unfortunately, deuterationof 
7 was not sufficiently selective even at  -100 OC to permit use of this 
technique. 

(17) Brookhart, M.; Atwater, M. A. Tetrahedron Lett. 1972, 4399. 
(18) (a) Winstein, S.; Kreiter, C. G.; Brauman, J. I. J. Am. Chem. SOC. 

1966,88,2047. (b) Kaesz, H. D.; Winstein. S.; Kreiter, C. G. Ibid. 1966, 
88,1319. 

(19) (a) Rmenberg, J. L.; Mahler, J. E.; Pettit, R. J. J. Am. Chem. SOC. 
1962,84, 2842. (b) Winstein, S. Spec. Pub1.-Chem. SOC. 1967, No. 21, 
5. (c) Winstein, S. Q. Reu., Chem. SOC. 1969,23,141. (d) Brookhart, M.; 
Ogliaruso, M.; Winstein, S. J. Am. Chem. SOC. 1967,89,1965. (e) Warner, 
P.; Harris, D.; Bradley, C. H.; Winstein, S. Tetrahedron Lett. 1970,4013. 

(20) Winstein, S.; Kaesz, H. D.; Kreiter, C. G.; Freidrich, E. C. J. Am. 
Chem. SOC. 1965,87, 3267. 

(r bonding between C1 and C7). 
A t  the same time that these complexes show homo- 

aromatic delocalization, they also show a number of 
properties that would be expected if there were significant 
d-pr back-bonding from iron into the a system. Perhaps 
the most distinctive of these are the 13C chemical shifts 
of C1. In all three complexes these resonances appear at  
very low fields as is characteristic of carbene complexes. 
These shifts are believed to be related to, among other 
things, the dr-pa bonding between the metal and the 
carbene carbon (in a homologous series, the greater the 
back-bonding, the greater the downfield shift).21-22 In the 
case at  hand, it would be reasonable to expect backbonding 
into the homotropylium ring to be more favorable than 
into the more aromatic tropylium ion and, indeed, the shift 
of C1 in 7 (269.0 ppm) appears at much lower field relative 
to C1 in the homotropylium ion (122.2 ppm)24v25 than is 
the case for the corresponding Fp- and H-substituted 
tropylium systems (242.3l vs. 160.6 ppm=). Furthermore, 
back-bonding should increase if a carbonyl ligand is re- 
placed with a phosphine and the chemical shifts of the 
carbene carbons of 8 and 9 are at  311.1 and 315.7 ppm, 
respectively, significantly further downfield than observed 
in 7. 

A second property of these complexes that suggests 
significant back-bonding is the separation of the NMR 
resonances of the endo and exo hydrogens. Thus, even 
though these separations clearly indicate homoaromaticity, 
their magnitude (4.30, 3.12, and 3.00 ppm for 7, 8, and 9, 
respectively) is significantly less than for the parent ho- 
motropylium ion (5.8 ppm)19Q7 which suggests conjugation 
of Fp with the homotropylium ion. For comparison the 
shift difference for 1-methoxyhomotropylium is 3.1 ppm.17 
Finally, the vinyl H-C-C-H coupling constants of 713 814 
and 915 clearly require some degree of bond alternation.28 

(21) (a) Pople, J. A. Mol. Phys. 1964, 1,  301. (b) Chisholm, M. H.; 
Godleski, S. h o g .  Inorg. Chem. 1967,20, 299. 

(22) We recognize the dangers inherent in attempting to overinterpret 
13C chemical shifta in metal complexes. Nonetheless we have found that 
this qualitative generality holds in every (q5-cyclopentadieny1)iron com- 
plex that we have prepared. On the other hand, we note a t  least one 
reported exception.z3 We have also found that some ruthenium com- 
plexes that we have prepared show resonances a t  higher field than their 
iron analogues. 

(23) Brookhart, M.; Nelson, G. 0. J. Am. Chem. SOC. 1977,99,6099. 
(24) Olah, G. A,; Liang, G.; Paquette, L. A.; Broadhurst, M. J.; Warner, 

P. J. J. Am. Chem. SOC. 1973,95, 3386. 
(25) Some of the difference may be due to back-bonding induced 

reduction in cyclopropane character a t  C1. However, from comparison 
of shifts of remote carbons in 2 and their counterparts in the homo- 
tropylium ion, this cannot bs the whole explanation for these differences. 

(26) Volz, H.; Volz-de Lecea, M. Liebigs Ann. Chem. 1973, 750, 136. 
(27) Keller, C. E.; Pettit, R. J. J. Am. Chem. SOC. 1966, 88, 606. 
(28) Cf.: Gunter, H.; Schmickler, H.; Gunther, M. E.; Cremer, D. Org. 

Magn. Reson. 1977, 9, 420. 
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This alternation is as expected of dr-pr back-bonding. 
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Summary: Arenes and heterocyclic compounds react 
with hydrogen, a catalytic amount of the dimer of chlo- 
ro( 1,bhexadiene)rhodium (100: 1 ratio of substraWcata- 
lyst), benzene or hexane as the organic phase, a buffer 
solution, and a quaternary ammonium salt as the phase- 
transfer catalyst, to give reduced products in good to 
excellent yields. This very mild process (room tempera- 
ture, 1 atm) is applicable to a variety of functionalized 
arenes, and the stereospecificity of the reaction was 
demonstrated with naphthalene and p -methylanisole. 

Phase-transfer catalysis is a valuable method for ef- 
fecting metal-catalyzed reactions under very gentle con- 
ditions.' Examples include the cobalt carbonyl catalyzed 
regiospecific acylation of dienes and trienes2 and the 
palladium(O)-catalyzed carbonylation of vinylic dibromides 
to diacids, monoacids, or d i y n e ~ . ~  

There has been considerable interest in asymmetric 
synthesis, under phase-transfer catalysis, using optically 
active quaternary ammonium salts. However, a number 
of claims in this area have been found to be in~or rec t .~  
Besides ammonium salts, bovine serum albumin (BSA) has 
been used in the two-phase asymmetric oxidation of di- 
thioacetals with aqueous sodium metaperi~date .~ 

We reasoned that BSA might coordinate to a metal atom 
giving a complex capable of catalyzing reactions so as to 
give products in good optical, as well as chemical, yields. 
The metal-catalyzed and phase-transfer-catalyzed hydro- 
genation of acetophenone to 1-phenylethanol, in the 
presence of the protein, was chosen as a model reaction 
for this investigation. The homogeneous hydrogenation 
of acetophenone has been reported to occur in up to 51 70 
optical yield using the dimer of chloro( 1,5-hexadiene)- 
rhodium [1,5-HDRhC1I2 as the catalyst with added opti- 
cally active phosphine.6 

Treatment of acetophenone (1) with hydrogen, [1,5-H- 
DRhCl], (1OO:l ratio of 1/Rh complex), buffer of pH 9.2, 
benzene, BSA, and cetyltrimethylammonium bromide 
(CTAB) as the phase-transfer agent afforded racemic 1- 
phenylethanol (2) in 21 % yield. However, the major and 
~~~~ ~ ~ ~~ 

(1) Alper, H. Adu. Organomet. Chem. 1981,19, 183. 
(2) Alper, H.; Curie, J. K. Tetrahedron Lett. 1979, 2665. 
(3 )  Galamb, V.; Gopal, M.; Alper, H. Organometallics 1983, 2, 801. 
(4) Dehmlow, E. V.; Singh, P.; Heider, J. J .  Chem. Res., Synop. 1981, 

(5) Ogura, K.; Fujita, M.; Iida, H. Tetrahedron Lett. 1980, 22, 2233. 
(6) Heil, B.; Toros, S.; Vastag, S.; Marko, L. J. Organomet. Chem. 

292. 

1975, 94, C47. 

unexpected pathway was reduction of the benzene ring of 
1, giving methyl cyclohexyl ketone (3) in 28% yield and 
1-cyclohexylethanol (4) in 3% yield. Since 2 was optically 

OH 0 
t I,5-HDRhC112 I 

PhCOCH3 f H2 C6H6,  bu,,e, - PhC"J+ f O ! C H 3  -t 
CTAE 1 mom temp, I atm 2 

3 
OH 0' CHCH3 

4 

inactive, it seemed conceivable that BSA was not partic- 
ipating in the reaction. The mixture of BSA and the buffer 
of pH 9.2 gave a solution of pH 7.6. Therefore, the hy- 
drogenation reaction was repeated by using a buffer of pH 
7.6, but no BSA. In this case, the yield of methyl cyclo- 
hexyl ketone (3) improved significantly (to 53 %-Table 
I). Use of hexane as the organic phase gave 3 and 4, 
products of reduction of the arene ring, in a total yield of 
90%. 

Application of the reaction to other aromatic ketones 
(phenylacetone, benzylacetone) gave saturated ketones in 
good yields. The selectivity of the arene reduction reaction 
was further demonstrated with benzamide, methyl ben- 
zoate, and phenyl acetate, all of which experienced re- 
duction of only the benzene ring. Even phenol can be 
hydrogenated to form either cyclohexanol or cyclohexanone 
as the predominant product, depending on the reaction 
conditions. 

Simple aromatic compounds are also hydrogenated. 
Naphthalene can be partially reduced to tetralin or com- 
pletely and stereospecifically converted to cis-decalin. 
cis-4-Methylcyclohexyl methyl ether was obtained as the 
only product, in 92% yield, from p-methylanisole. Rea- 
sonable quantities of hydrogenated products were also 
formed from n-butylbenzene from o-xylene. 

Several classes of heterocycles were also easily reduced, 
including 2-ethylfuran, 2-methylpyridine, and quinoline, 
the latter undergoing hydrogenation of the heterocyclic 
ring only. Surprisingly, isoquinoline was inert under 
identical reaction conditions. 

Qualitatively, electron-donating substituents activate the 
arene ring toward hydrogenation while the presence of 
electron-withdrawing groups (CONH2, COOCH,) slows 
down or inhibits [NO,] reduction. 

The constituents which make up the buffer are not im- 
portant. It is the pH of the buffer that is critical-Le., pH 
7.4-7.6. As noted in Table I, C6H11CH2CH2COCH3 was 
isolated in 97% yield from the reaction of benzyl acetone 
with hydrogen, tetrabutylammonium hydrogen sulfate 
(THS) as the phase-transfer catalyst, hexane, and the 
buffer solution of pH 7.6 (prepared from boric acid, citric 
acid, and sodium ph~sphate) .~  Substitution of a pH 7.4 
buffer, prepared from KHzP04 and NaOH, in the latter 
reaction gave the saturated ketone in 100% yield. Like- 
wise, C6H11CH2CH2COCH was formed in 96% yield using 
a buffer of the same pH (7.4) but prepared by using tris- 
(hydroxymethy1)aminomethane and HC1. 

Several other points are noteworthy. First, the rhodi- 
um(II1) catalyst, hydrated rhodium chloride (RhC13.3H20), 
is inert under these conditions, as is rhodium acetate and 
chlorodicarbonylrhodium(1) dimer. Second, the reaction 
is an authentic phase-transfer process, since produce yields 
in the absence of the quaternary ammonium salt are much 

(7) Carmody, W. R., J.  Chem. Educ. 1961, 38, 559. 
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