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(0.0048 mol), and the mixture was stirred at room temperature 
for 2 h (GLC on column B was used as control). After standard 
workup, there was obtained 19, which was identical with that 
prepared from NJV-dichlorowethane and methyl acrylate:" yield 
57% (GLC data). 
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The reaction of iron vapor with naphthalene and 1-methylnaphthalene was studied by metal atom matrix 
optical spectroscopy in the temperature range 30-290 K. Two different products were obtained, which 
have been assigned to a highly unstable, 16-electron bis(q4-naphthalene)iron(0) and a room-tempera- 
ture-stable, 20-electron bis(q6-naphthalene)iron(O) species. The former is observed in the range 30-77 K, 
while the latter forms at T 1 150 K. Assignments for these complexes were based on an extensive study 
involving iron atoms and selected arene ligands, also including cyclohexadiene as a model for q4-binding. 

Introduction 
The versatility of arene ligands in their mode of coor- 

dination to transition metals represents a fundamental 
concept in the current understanding of homogeneous' and 
heterogeneous2 catalytic processes involving aromatic 
molecules. Interest in such systems has resulted in an 
extensive research effort directed toward the structural, 
electronic, and catalytic properties of (arene)metal com- 
p l e ~ e s . ~  Our studies have recently focused on the inter- 
action of iron atoms with aromatic molecules, the primary 
motivation being our interest in the ligand properties of 
fused rings such as na~htha lene .~  In addition, we6 and 
others6 have shown that thermally unstable complexes, 
specifically bis(toluene)iron, provide valuable precursors 
for the preparation of supported metal particles. The need 
to obtain precisely defined materials by reproducible 
doping procedures has prompted us to pose several 
questions regarding the nature and behavior of the prod- 
ucts formed when iron atoms are allowed to react with 
aromatic ligands at  low temperature. 

It is perhaps surprising that, in spite of the considerable 
attention the Fe/arene system has received, the identity 
of the initially formed species remains unresolved. Al- 
though the product can be intercepted at  low temperature 
by stabilizing ligands, such as phosphine, phosphite, or 
selected dienes,' resulting in the isolation of complexes of 
the form (q6-arene)FeL,, its poor thermal stability has 
prevented its definitive characterization in macroscale 
metal vapor reactions. 

Attempts to elucidate the nature of the product by 
matrix-isolation spectroscopic studies have led so far to 
differing conclusions. It has been reported,8 on the basis 
of infrared spectroscopy, that iron reacts with benzene in 

+For part 1 of this series, see: Morand, P. D.; Francis, C. G. Inorg. 
Chem. 1985,24, 56. 
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C6H6/Ar matrices at 10-12 K and in pure C6H6 matrices 
at 77 K to yield a monoarene species, (q6-C6H6)Fe. How- 
ever, other workers have expressed their preference for a 
bis(arene)iron formulation?JO Indeed, it could be argued 
that one would not anticipate a monoarene complex to be 
favored in neat C6H6 matrices. The reaction of iron with 
toluene in solution-phase experiments a t  150 K," as ob- 
served by UV-visible spectroscopy, reveals the formation 
of a single species, suggested to be (q6-C6H5CH3)Fe(q4- 
C&€&H3), but two species on cocondensation at 77 K, viz., 
the $:q4 complex and another species of uncertain com- 
position. Keeping in mind the existence of (q6-C6Me6)2Fe,12 

(1) Parshall, G. W. 'Homogeneous Catalysis"; Wiley-Interscience: 
New York, 1980. 

(2) Moyes, R. B.; Wells, P. B. Adu. Catal. 1973,23, 121. 
(3) (a) Silverthorn, W. E. Adu. Organomet. Chem. 1975, 13, 47 and 

references therein. (b) Muetterties, E. L.; Bleeke, J. R.; Wucherer, E. J.; 
Albright, T. A. Chem. Reu. 1982, 82, 499 and references therein. (c) 
Darenaboug, M. Y.; Muetterties, E. L. J. Am. Chem. SOC. 1978,100,7425. 

(4) Morand, P. D.; Francis, C. G .  Znorg. Chem. 1985, 24, 56. 
(5) Radford, P. P.; Francis, C. G. J. Chem. SOC., Chem. Commun. 1983, 

1520. 
(6) Nazar, L. F.; Ozin, G. A.; Hugues, F.; Godber, J.; Rancourt, D. J. 

Mol. Catal. 1983,21, 313. Klabunde, K. J.; Tanaka, Y. J. Mol. Catal. 
1983,21, 57 and references therein. 

(7) (a) Williams-Smith, D. L.; Wolf, L. R.; Skell, P. S. J. Am. Chem. 
SOC. 1972, 94, 4042. (b) Middleton, R.; Hull, J. R.; Simpson, S. R.; 
Tomlinson, C. H.; Timms, P. L. J. Chem. SOC., Dalton Tram. 1973,120. 
(c) Ittel, S. D.; Tolman, C. A. J. Organomet. Chem. 1979,172, C47. (d) 
Ittel, S. D.; Van-Catledge, F. A.; Jesson, J. P. J. Am. Chem. SOC. 1979, 
101,3874. (e) Ittel, S. D.; Tolman, C. A. Organometallics 1982,1,1432. 
(0 Beard, L. K.; Silvon, M. P.; Skell, P. S. J. Organomet. Chem. 1981, 
209, 245. 

(8) Efner, H. F.; Tevault, D. E.; Fox, W. B.; Smardzewski, R. R. J. 
Organomet. Chem. 1978,146,45. 

(9) Ozin, G. A.; Francis, C. G.; Huber, H. X.; Nazar, L. F. Znorg. Chem. 
1981,20,3635. 

(10) Shobert, A. L.; Hisatsune, I. C.; Skell, P. S. Spectrochim. Acta, 
Part A 1984,40A, 609. 

(11) Ozin, G. A.; Francis, C. G.; Huber, H. X.; Andrew, M.; Nazar, L. 
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one possible conformation for the second species may be 
a 20-electron $:$ bis(arene)iron. However, another pos- 
sibility may be a 16-electron13 q4q4 complex similar to that 
postulated as an intermediate in the ring exchange process 

In this paper, we present the results from a matrix-iso- 
lation spectroscopic study (UV-visible, infrared) designed 
to provide an overall rationalization of the reaction of iron 
atoms with arenes. An initial reinvestigation of the arene 
= benzene and toluene cases has revealed a number of new 
features about these systems. The importance of 7,- and 
q4-bonding of arenes, when viewed in the context of our 
previous studies of naphthalene with early transition 
metals: indicated that naphthalene would constitute an 
excellent ligand for study because of its demonstrated 
ability to stabilize an q4-binding model4 in addition to the 
“normal” $-mode, as well as the apparent readiness of 
$-naphthalene complexes to undergo a haptotropic rear- 
rangement involving an $ - v4 ring ~1ippage.l~ Finally, 
results from the reaction of iron atoms with cyclohexa- 
l,&diene have been included as representative of binding 
of iron to a conjugated diene ligand. 

The nature and behavior of these species are demon- 
strated to shed some doubt on the presupposed identity 
of the low-temperature form of the bis(arene)iron(O) 
moieties. 

observed for (176-C6Mee)RU(04-C,Me,).3C 

Morand and Francis 

Experimental Section 
Iron vapor was generated by resistive heating of an iron filament 

(Johnson Matthey, 99.998%, 0.25 mm thick). 1-Methyl- 
naphthalene (Aldrich, 97%) and 1,2,3,4-tetrahydronaphthalene 
(Alfa Ventron, 9970) were redistilled under vacuum prior to use. 
Naphthalene (Mallinckrodt, purified), hexamethylbenzene 
(Aldrich, 99+%), and benzene (Matheson, Collman and Bell, 
spectro grade) were used without further purification. The 
reagents were deposited with iron vapor onto an optical window 
[quartz (UV-visible), KBr (infrared)] cooled to the desired tem- 
perature by means of an Air Products Diaplex closed-cycle helium 
refrigerator within a standard matrix apparatus. Cocondensation 
and microsolution experiments using a 10% solution of toluene 
(reagent grade, dried over Na and distilled under N2) in me- 
thylcyclohexane (Eastman Kodak, spectro grade) have been de- 
scribed elsewhere.’l 1,3-Cyclohexadiene (Alfa Ventron, 98%) was 
used as a 10% solution in methylcyclohexane for cocondensation 
experiments monitored by UV-visible and infrared spectroscopies. 
In addition, infrared experiments were performed by using neat 
1,3-cyclohexadiene. 

The rates of metal and ligand depositions were calibrated as 
previously described: Depoaition rates were typically 0.2 pmol/h 
for the metal and -40 pmol/h for the ligand, which gave a final 
metal-bligand ratio of -1:200. UV-visible spectra were recorded 
on a Varian DMS 90 spectrophotometer and infrared spectra on 
a Perkin-Elmer 1330 IR spectrophotometer. 

Results 
Fe/C6Mes. Due to its low vapor pressure at room tem- 

perature, solid hexamethylbenzene was heated slightly for 

(12) Fischer, E. 0.; Rbhrscheid, F. Z .  Naturforsch., E:  Anorg. Chem., 
Org. Chem., Biochem., Biophys., Biol. 1962, 17B, 483. 

(13) Although all bis(arene)iron complexes are formally 20-electron 
species (as a whole), we will use the 16- or 18-electron designation 
throughout this paper when referring to an v4:7j4 or q6:7je complex, re- 
spectively, thereby only considering, in addition to the metal electrons, 
those on the ligand directly involved in the bonding. 

(14) (a) Albright, J. 0.; Brown, L. D.; Datta, S.; Kouba, J. K.; Wreford, 
S. S.; Foxman, B. M. J.  Am. Chem. SOC. 1977,99,5518. Albright, J. 0.; 
Datta, S.; Dezube, B.; Kouba, J. K.; Marynick, D. S.; Wreford, S. S.; 
Foxman, B. M. J. Am. Chem. SOC. 1979,IOI,611. (b) Gladfelter, W. L.; 
Hull, J. W. Organometallics 1984, 3, 605. 

(15) KCindig, E. P.; Timms, P. L. J. Chem. SOC., Chem. Commun. 1977, 
912. KCindig, E. P.; Timms, P. L. J. Chem. SOC., Dalton Trans. 1980,991. 
Elschenbroich, C.; Mkkel, R. Angew. Chem., Int. Ed. Engl. 1977,16,870. 
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Figure 1. Optical spectrum obtained (A) on depositing Fe atoms 
with C6Me6 at 77 K and (B) after removal of the excess ligand 
at 280 K. 

300 4w 500 
WAVELENGTH Inm) 

Figure 2. Results of cocondensation and microsolution studies 
for Fe + C6H&HB/C6Hl1CHB (1:lO): (A) spectrum obtained after 
cocondensation at 50 K followed by (B) warming to 100 K; (C) 
spectrum obtained after cocondensation at 77 K followed by (D) 
warming to 150 K (E) spectrum obtained on depositing Fe atoms 
into toluene/methylcyclohexane solution at 150 K (see Table I 
and text for I and I1 notation). 

the cocondensation experiments. Codeposition with iron 
vapor at 77 and 150 K produced a complex with the 
electronic spectrum shown in Figure 1A. A weak, broad 
band is discernible in the visible (Amu = 470 nm), the 
ultraviolet region being masked by the strong T-T* tran- 
sitions of the excess ligand. After completion of the co- 
condensation, it was possible to remove the excess ligand 
from the matrix by warming to 280 K under dynamic 
vacuum, leaving only the complex on the optical support 
(in this particular study, KBr). The electronic spectrum 
(Figure 1B) of this room-temperature-stable complex 
consists of a strong absorption at  278 nm, accompanied 
by a shoulder at 322 nm. A weak band covering the entire 
visible region is also seen with a maximum at 480-500 nm. 

Fe/C6H5CH3/C6HllCH3 (1: lO) .  On cocondensation at 
50 K, a yellow complex is obtained with absorptions at 298, 
315, 336, 358, and 380 nm (Figure 2A). This species 
decomposes at 100 K, apparently to metal and ligand. No 
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Figure 3. Optical spectra obtained after cocondensation of Fe 
vapor and C& (A) at 15 K, 1:20 matrix, and (B) 15 K, 1:50 matrix, 
and (C) spectrum of the complex after removal of unreacted C6H, 
at 170 K (B = benzene). 

other species is observed to form on warming this matrix 
to 150 K (Figure 2B). 

The spectra of the products obtained by cocondensation 
of metal and ligand at 77 K (Figure 2C) and by deposition 
of Fe vapor into a C6H5CH3/C6HllCH3 microsolution at  
150 K (Figure 2E) are in good agreement with those ob- 
tained previously." The 77 K spectrum reveals bands at  
298,314,336, 358,380, and 427 nm, while that at 150 K 
contains bands at  298 (with components a t  285 and 278 
nm), 350, 365,16 390, 427, and 470 nm.17 

In the temperature range 160-180 K, the solvent mixture 
evaporates, and subsequent warming of the complex left 
on the optical support results in its decomposition at  -240 
K. 

Fe/C6HG. Cocondensation of Fe vapor with benzene was 
carried out a t  15 and 50 K. At 15 K, in dilute matrices 
(1:50 and above), an orange complex forms with an elec- 
tronic spectrum showing absorptions at 298,350,390,424, 
and 470 nm (Figure 3B). In more concentrated matrices 
(1:20), new bands appear at 278,320, and 540 nm (Figure 
3A) on top of the spectrum described above. These bands 
remain unperturbed on warming to a t  least 50 K, the 
opacity of the benzene matrix a t  and above 77 K pre- 
venting further observation. 

The spectrum obtained following cocondensation at 50 
K (Figure 4A) is identical with that obtained at 15 K (1:50 
matrix), independent of the matrix concentration. Rapidly 
warming this matrix to 170 K, followed by recooling to 140 
K, allows removal of the unreacted benzene (Figure 3C), 
revealing a shoulder a t  278 nm on the side of the 298-nm 
band. Decomposition of the complex is observed around 
200-210 K. 

The infrared spectrum taken after reaction at  50 K re- 
veals bands at  1450, 1440, 968, 775, 475, and 440 cm-'. 
However, on warming, we were unable to retain the com- 
plex on the optical window in sufficient quantity for 
spectroscopic study. 

Fe/C6H8. When Fe vapor is codeposited with a 1,3- 
C6H8/C6H11CH3 (1:lO) solution at  80 K, an electronic 
spectrum with maxima a t  315, 338, 356, and 378 nm is 
observed (Figure 5A). Warming the matrix to 100 K 
results in the loss of the spectral features, indicating de- 
composition of the complex. The same reaction at T 5 

(16) This band is not always resolved. 
(17) The color of the complex is yellow-green, in agreement with ob- 

servations from macroscale preparations. While red-brown matrices have 
been reported previously,?' in our hands, such colors were only observed 
under conditions favoring metal aggregation. 
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Figure 4. Comparison between the matrix spectra following (A) 
Fe/C$& cocondensation at 50 K, (€3) deposition of iron atoms 
into C6H5CH3/C6HllCH3 (1:lO) at 150 K (see also Figure 2E), and 
(C) Fe/CloHIz cocondensation at 77 or 150 K (B = benzene, T 
= toluene, TNp = tetrahydronaphthalene). 
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Figure 5. Comparison between the matrix spectra obtained 
following (A) codeposition of Fe atoms with 1,3-C6H,/C6HllCH3 
(1:lO) solution at 80 K, (B) Fe/C6H&H3/C6Hl1CH3 coconden- 
sation at 50 K (see also Figure 2A), and (C) Fe/l-methyl- 
naphthalene cocondensation at 77 K (see also Figure 6A) (1MNp 
= 1-met hylnapht halene) . 
77 K does not result in product formation, however, 
yielding only a dark gray matrix indicative of the presence 
of metal aggregates. The infrared spectrum taken after 
cocondensation of iron and 1,3-C6H8 (neat or 10% in 
C6HI1CH3) in the range 20-80 K shows new peaks at 1485 
(s), 1036 (s), 875 (w), and 720 cm-' (w). 

Fe/Cl,,H7CH3. From the Fe/CloH7CH3 cocondensation 
at  77 K, one obtains a spectrum with maxima at 336,372, 
and 394 nm (Figure 6A), which begins to decay on warming 
the matrix to 120 K (Figure 6B). Decomposition is com- 
plete at 150 K (Figure 6C) apparently giving only metal 
and ligand. 

Fe/CloH8. The cocondensation of Fe vapor and naph- 
thalene did not give any product a t  77 K. However, when 
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Figure 6. Optical spectra obtained (A) on deposition of Fe atoms 
and C1&CH3 at 77 K followed by (B) warming to 120 K and (C) 
warming to 150 K. 
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Figure 7. Optical spectra resulting from (A) codeposition of Fe 
atoms and naphthalene at 150 K followed by (B) warmup to 230 
K. 

carried out a t  T < 50 K, the reaction yielded a yellow 
complex with a spectrum similar to that of the 1- 
methylnaphthalene derivative, showing bands at 338,380, 
and 400 nm. These bands decay to zero on raising the 
temperature to 80-90 K. After codeposition at  150 K, a 
different spectrum is obtained, with bands discernible at 
-400 and 520 nm in addition to the absorptions due to 
the excess naphthalene (Figure 7A). Warming the matrix 
to 230 K allows the excess ligand to sublime from the 
matrix, leaving the complex on the optical support. A new 
band is thus revealed at  296 nm followed by a weak 
shoulder at 340 nm (Figure 7B). This spectrum remains 
unperturbed on further warming to 290 K. 

Fe/CloH,p A green complex is formed after cocon- 
densation of iron and Tetralin both at  77 and at  150 K, 
with a spectrum consisting of bands at 305,360,390,446, 
and 500 nm (Figure 4C). This species decomposes at -200 
K. Infrared studies were also attempted on this system 
but failed to provide satisfactory results. 

Discussion 
Among the still ambiguous points regarding the iron/ 

arene systems are the following: (i) the nature of the low 

temperature (T 5 77 K) species observed in the case of iron 
toluene (q6:q6, q4:q4, or monoarene);8,10,11 (ii) whether this 
species is formed in all iron/arene reactions, and (iii) is 
this species the precursor to the high temperature (T  > 
77 K) species, i.e. do the low- and high-temperature forms 
interconvert? 

Consider first the results obtained when iron is reacted 
with hexamethylbenzene. On warming the matrix to room 
temperature to remove excess C6Me6, the spectrum (Figure 
1B) consists of a strong band at 278 nm with a weaker 
shoulder at 322 nm and a weak broad band in the visible 
(Am= N 480-500 nm). These features differ slightly from 
those reported12 for (q6-C6Meg)J?e [A,, = 298 (e 3450), 465 
nm (470)], although the ratio of the absorbances of the 
bands observed at 278 and 480 nm are in agreement with 
the results of Fischer.12 However, it is important to note 
that the literature spectrum is that of the complex in 
benzene, while Figure 1B represents that of a pure species 
in the solid state. We, therefore, believe that this matrix 
spectrum is consistent with an assignment to the known 
(q6-C6Me&Fe0. In addition, it appears that this is the 
species formed initially (either at 77 or 150 K, Figure 1A) 
although the major absorptions are obscured by those of 

Interestingly, when the spectrum of (q6-C6Me6)2Fe is 
considered with those for other ( ~ ~ - a r e n e ) ~ M  species (M 
= Ti, V, Cr),18 a monotonic blue-shift in the main MLCT 
bands is observed as one progresses across the first-row 
elements, suggesting that the 278- and 322-nm bands in 
the spectrum of (q6-C6Me6)2Fe may be assigned to the 
transitions e2g - e2u and alg - e2u respectively based on 
a previous analysis for the chromium ana10gue.l~ In ad- 
dition, the intensity and the temperature and/or solvent 
dependence of the 480-500-nm band point to its arising 
from a d-d transition absorbing essentially throughout the 
visible spectrum, consistent with the reported black color 
of the complex.12*20 

Focusing next on the iron/toluene reaction, although this 
system has been discussed elsewhere,ll some aspects need 
further comment in light of our present results. Reaction 
of Fe atoms with a 1:lO solution of toluene in methyl- 
cyclohexane at  77 K yields a mixture of two products, 
previously designated as a "low"- and a "high"-temperature 
formll (hereafter referred to as I and 11, respectively), 
whicb coexist at this temperature (Figure 2C). We observe 
that I is formed predominantly a t  77 K, while 11 is the 
major product at 90 K. 

I begins to decay upon warming the matrix to 90 K, 
leaving I1 as the only species on the optical support after 
subsequent heating to 100 K (Figure 2D). The relative 
intensities of the bands show conclusively that I does not 
undergo a transformation to yield 11, an argument which 
is further supported by the observation that, under con- 
ditions where only I is formed, Le., a t  50 K (Figure 2A), 
warming of the matrix to 100 K results in the total dis- 
appearance of the matrix species (Figure 2B). Metal de- 
positions into a C6H,CH3/C6HllCH3 1:10 microsolution at 
150 K produced only I1 (Figure 2E), in agreement with the 
results obtained by Ozin et al." I1 can be observed to 
remain on the matrix support above the evaporation tem- 
perature of the excess ligand and is stable to 240 K, in 

C6Me6. 

(18) Tairova, G. G.; Kvashina, E. F.; Krasochka, 0. N.; Kichigina, G. 
A.; Shvetsov, Y. A,; Lisetaky, E. M.; Atovmyan, L. 0.; Borod'ko, Y. G. 
Nouu. J. Chim. 1981,5,603. Ozin, G. A.; Andrews, M. P. Angew. Chem. 
Suppl. 1982, 381. Feltham, R. D. J. Inorg. Nucl. Chem. 1961, 16, 197. 

(19) Weber, J.; Geoffroy, M.; Goursot, A.; PBnigault, E. J. Am. Chem. 
SOC. 1978,100, 3995. 

(20) Michaud, P.; Mariot, J.-P.; Varret, F.; Aatruc., D. J. Chem. SOC., 
Chem. Commun. 1982, 1383. 
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Table I. Domains of Existence and Optical Data for 
Iron Vapor Reaction Products with Selected Benzene and 

Naphthalene Derivatives and Cyclohexadiene" 
TEMPERATURE RANGE (KELVIN) 

LIGAND 
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reveals a major difference in the absence of the intense 
band at -420 nm in the latter complexes. While this may 
be construed as evidence for a differefit structural for- 
mulation for 11, i.e., not q6:q4, it should be noted that it may 
reflect an origin for the transition in the a' orbital22 in the 
bis(arene) species. No corresponding transition would be 
anticipated in the rigorously 18-electron (@-arene)Fe- 
( q4-diene). 

Turning to the reaction of Fe with C6H6 at 15 K, several 
observations can be made. First, iron/benzene appears 
to differ from iron/toluene in that (i) no evidence for a 
complex similar to I is found for the former and (ii) 
whereas 11 does not form below 77 K, the benzene analogue 
exists a t  very low temperatures. Secondly, a strong ligand 
concentration dependence is observed at  15 K, revealing 
formation of a single species (similar to 11) in 1:50 matrices 
but two species in 1:20 matrices, the concentration of the 
second species increasing with decreasing amount of ligand. 
Surprisingly, although the latter seems to be stable up to 
50 K, its actual formation was not observed at  this tem- 
perature, even in very concentrated matrices. 

The assignment of this second product is complicated 
by the fact that it could not be isolated as a single species. 
It would be tempting, in view of the similarity of this 
spectrum to that for (C6Me6)zFe (Figure lB), to formulate 
an q6:$ structure for the Fe/C6H6 complex. However, it 
is difficult to rationalize why his($-arene)iron would 
preferentially form in concentrated matrices. Recent 
Mossbauer studies23 seem to suggest the formation, inter 
alia, of $:q6 and $:74 complexes in both dilute and con- 
centrated benzene matrices (based on metal concentration) 
at 7 (in a 1:l ratio) and 77 K (1:3 ratio), but in the absence 
of detailed experimental conditions, it is difficult to com- 
pare these results with our observations. 

Alternatively, if low matrix dilution can be argued to 
favor cluster formation, an assignment to a multinuclear 
species such as Fe2(C6H6)3 may be more appropriate. It 
is interesting to note that this complex might be expected 
to exhibit reasonable stabilityz4 since it is formally iso- 
electronic with the known [Niz(C5H5)3]+.25 Further studies 
are in progress to ascertain the identity of this second 

Particularly significant results are obtained, which have 
bearing on the identity of species I, when iron atoms are 
reacted with 1,3-cyclohexadiene. When Fe atoms are co- 
deposited with a 1,3-C6H8/C6HllCH3 (1:lO) solution at 80 
K,26 a spectrum similar to that of I is observed (Figure 5A, 
to be compared with Figure 5B). This species is stable over 
a narrow temperature range and decomposes to give FemUoid 
at 100 K, well below the melting point of the matrix. In- 
frared studies failed to elucidate the nature of the complex 
but revealed that disproportionation of the diene to yield 
benzene (1485 and 1036 cm-l) and cyclohexene (875 and 
720 cm-l) occurs on deposition at  temperatures even as low 
as 20 K, both in neat 1,3-cyclohexadiene and 1,3-cyclo- 
hexadiene/methylcyclohexane (1:lO) matrices.n However, 

Fe/C&6 Species. 

M 100 150 200 250 
I 

I C )  d ! 276,322,333 

.m 

! 335,372,392 I 

All values in nm. 10% in methylcyclohexane. 
Spectrum as revealed after removal of unreacted ligand. 
d-d transitions 

keeping with observations from macroscale  preparation^.'^ 
Cooling the matrix to 20 K after completion of the reaction 
at 150 K leaves the spectrum unperturbed, indicating that 
conversion of I1 to I also does not occur. 

In contrast, the cocondensation of iron with benzene in 
the temperature range 50-150 K appears to yield only a 
single species. The spectrum resulting from a Fe/C,& 
cocondensation at 50 K is shown in Figure 4A and is seen 
to be very similar to that of species I1 in the toluene case 
(Figure 4B). After removal of excess benzene at  170 K, 
the spectrum (Figure 3C) is stable to 200-210 K. The 
matrix infrared spectrum obtained following cocondensa- 
tion of Fe and C6H6 at  50 K essentially agrees with that 
reported by Efnefl and SkelllO for the same reaction at  77 
K. Deviations from these results are (i) we observe two 
peaks of equal intensity at 1450 and 1440 cm-l, indicative 
of perturbed v(C-C), and (ii) the bands at  1175,855, and 
810 cm-l, originally reporteds as part of the complex 
spectrum, are observed in the spectrum of the pure ligand 
at  50 or 77 K. 

Notably, although a mono(arene)iron moiety is ex- 
tremely unlikely to exist in a pure arene matrix, the 
analysis of Efner et a1.8 would appear to be correct in that 
the matrix-isolated species is not bis(&benzene)iron, based 
on our electronic spectra for ( ~ ~ - c ~ M e ~ ) ~ F e  (Figure 1B; 
Table I) and the iron/benzene complex (Figures 3C and 
4A; Table I). For comparison, the behavior of the Fe/ 
C1DH12 system in the range 77-150 K follows a trend similar 
to that observed for Fe/C6H6. If the results for the 
iron/benzene, iron/toluene (11), and iron/tetralin systems 
(Figure 4A-C; Table I) are considered together, one ob- 
serves the following: (i) their comparable optical data are 
indicative of a similar structural formulation, (ii) the shift 
to the red for the band at  424 nm in benzene to 446 nm 
in tetrahydronaphthalene is consistent with at  least one 
$-bound arene [we have shown previously4 that the 
(C10H12)2M, M = Ti, V, and Cr, spectra are identical with 
those of their C6H6 counterparts, but a 20-nm red-shift is 
observed for the former], (iii) the two bands observed in 
the infrared at 1450-1440 cm-l for the iron/benzene system 
suggests two distinguishable arene-to-iron binding modes. 
The most reasonable assignment would seem to be to an 
18-electron13 ($arene)Fe(q4-arene) species for all three 
complexes. Comparison of the electronic spectra shown 
in Figure 4 with that for the known (.116-arene)Fe(~4-C6H~z1 

(21) (q6-C,H6CH3)Fe(q4-C6Hg) was prepared by us under macroscale 
metal vapor conditionah and found to exhibit a W-visible spectrum with 
bands at  261, 324 (sh), and 420 nm (sh). (q6-C6H6)Fe(q4-C H,) has been 
reported recently to show a similar electronic spectrum.'$ 

(22) For a discussion of orbital symmetry on passing from (q6-arene)'M 
to (q6-arene)Fe(q4-arene) see ref 3b. 

(23) Parker, S. F.; Peden, C. H. F. J. Organomet. Chem. 1984,272,411. 
(24) Lauher, J. W.; Elian, M.; Summerville, R. H.; Hoffmann, R. J. 

Am. Chem. SOC. 1976,98, 3219. 
(25) Salzer, A.; Werner, H. Angew. Chem., Znt. Ed. Engl. 1972,11,930. 

Dubler, E.; Textor, M.; Oswald, H.-R.; Salzer, H. Angew. Chem. Znt. Ed. 
Engl. 1974, 13, 135. 

(26) The observation that no complex forms below 80 K is similar to 
that for bis(cvc1oodadiene)iron (see: Atkins, R. M. Ph.D. Thesis, Univ- 
ersity of Bristol, 1977). 
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it is not clear a t  this stage whether more benzene/cyclo- 
hexene is produced on warming the matrix. While this 
disproportionation has been previously o b ~ e r v e d ~ ~ , ~ ~ ~  in 
macroscale preparations involving iron atoms and 1,3- 
cyclohexadiene, it is surprising to find that formation of 
benzene and cyclohexene occurs during the short time 
between deposition and quenching of the matrix. The 
observation of this process occurring both when the com- 
plex is known to form and when only metal aggregation 
is favored tends to suggest that such a reaction is due to 
the presence of iron clusters in the matrix rather than 
catalyzed by the bis(l,3-~yclohexadiene)iron. 

With the presence of nonnegligible amounts of benzene 
in the low-temperature matrix one might anticipate the 
formation of a species such as (q6-c6H6)Fe(q4-C6HE). Al- 
though this complex is observed in varying amounts as a 
product in the macroscale preparations, that it is not the 
complex initially formed in our matrix studies may be 
deduced from its different electronic spectrumz1 and the 
fact that (q6-C6H6)Fe(q4-C6H,) exhibits excellent thermal 
~ t a b i l i t y ~ ~ ~ ~ ~ ~ ~  whereas the matrix species decomposes at 
100 K. We therefore infer that the product in the Fe/ 
1,3-cyclohexadiene reaction is the bis(q4-cyclo- 
hexadiene)iron(O) complex. On the basis of the iron/l,3- 
cyclohexadiene result, combined with the difference be- 
tween the spectrum of I (Figure 5B) and that for a ($- 
arene)2Fe (Figure lB), we feel reasonably confident in 
assigning I to a 16-electron, bis(arene)iron complex in 
which both rings are bound in a 44 manner. 

Turning now to the iron/naphthalene or iron/l- 
methylnaphthalene reactions, we find that a low-temper- 
ature species is produced in both cases, with an electronic 
spectrum consisting of one major absorption at  336-338 
nm with two weak shoulders in the region 370-400 nm 
(Figure 5C; Table I). The 1-methylnaphthalene derivative 
is observed to form at 77 K and is stable to 150 K, while 
the parent naphthalene complex is obtained at 30 K and 
decomposes in the range 80-90K. The optical data for 
iron/toluene (I), iron/ 1-methylnaphthalene, and iron/ 
naphthalene (low temperature) (Figure 5B,C; Table I) 
suggest an isostructural formulation for all three com- 
plexes, viz., bis(.r14-arene)iron. 

For naphthalene as a ligand, such a mode of coordination 
allows retention of aromaticity in the uncomplexed ring, 
thereby providing some stabilization to the complex. This 
is evidenced for example by the 1-methylnaphthalene 
derivative being more stable than its toluene analogue 
(Tdecomp = 150 K vs. 100 K). I t  is interesting to note that 
only two examples of q4-bonding have been reported to 
date for naphthalene, namely, (q4-OMN)Ru(q6-benzene) 
[ OMN = ~ctamethylnaphthalene]’~~ and TaC1(v4- 
CiOHE) (dmpe),l“ although no such evidence yet exists for 
first-row transition metals. 

Focusing on the reaction at  150 K, one observes a dif- 
ferent behavior for 1-methylnaphthalene compared with 
naphthalene. While no reaction appears to occur in the 
first case, a product is obtained in the second case. From 
the spectrum taken at  150 K, two absorptions at 390-400 
and 510 nm (weak) are discernible aside from the bands 
associated with the uncomplexed naphthalene in the ma- 
trix (Figure 7A). Within the range 230-240 K, the excess 
ligand sublimes and new bands emerge at 296 and 340 nm, 
remaining unchanged up to room temperature (Figure 7B). 
We have shown4 recently that the electronic spectral fea- 
tures of the ($WloH,),M complexes (M = Ti, V, Cr) are 

Morand and Francis 

(27) Morand, P. D.; Francis, C. G., unpublished results. 
(28) Fischer, E. P.; MUer, J. 2. Naturforsch., E Anorg. Chem., Org. 

Chem., Biochem., Biophys., Biol. 1962, 17B, 776. 
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Figure 8. Trend observed in the energies for the MLCT tran- 
sitions of (C,J-IH,),M complexes. The values for Ti, V, and Cr are 
taken from ref 4: 0, first MLCT; B, second MLCT; A, third 
MLCT (this band is absent in (Np),Ti) (for assignments, see ref 
4). 

noticeably different from those of their benzene analogues 
with the main absorption red-shifted by 30-35 nm relative 
to the latter. Characteristic of these spectra are three 
MLCT bands in the region 350-550 nm, smoothly blue- 
shifting on passing from Ti + V - Cr. A similar behavior 
is found for the Fe/CloHE (high-temperature) spectrum 
(Figure 7); namely, a three-band pattern with a 20-nm shift 
of the main absorption relative to that of bis(q6-hexa- 
methy1benzene)iron (Figure 1B). In addition, the regular 
blue-shift for all transitions along the series Ti - Fe (see 
Figure 8) is consistent with an assignment to a bis(q6- 
naphthalene)iron species. 

As it may seem rather puzzling that no such complex 
could be obtained from the iron/ 1-methylnaphthalene 
cocondensation at 150 K, some aspects concerning this 
particular experiment should be stressed. First, this tem- 
perature corresponds to the decomposition temperature 
of the first complex. A parallelism can be drawn with the 
naphthalene system which would indicate that there is a 
temperature “gap” between the decay of the q4:q4 and the 
formation of the q6:q6 species where no product is observed 
to be stable. Unfortunately, the naphthalene and 1- 
methylnaphthalene systems are different in the respect 
that, while naphthalene can be removed readily from the 
matrix on warming, the 1-methylnaphthalene matrix has 
a tendency to flow within the range 200-220 K, preventing 
observation at higher temperatures. A spectrum indicative 
of an q6$ species was observed at  T > 150 K for this 
system, but insufficient information could be gained from 
such a spectrum to clearly identify the product.29 

In summary, our metal vapor matrix isolation studies 
have revealed that the nature of the ironlarene complex 
is highly sensitive to both the identity of the arene and 
the temperature a t  which the reaction occurs (Table I). It 
is important a t  this point to comment briefly on the sug- 
gestedab role of the Jahn-Teller distortion process in the 
stability of 20-electron bis(arene)iron complexes. The 
molecule in ita electronic ground state (3Aa) is Jahn-Teller 
“inactive”, because of the symmetrical occupation of the 
el * orbital. A degenerate electronic state (‘EZg) can be 
acheved only on pairing of the two el$* electrons, in which 
case the Jahn-Teller “active” coordinate is of symmetry 
eZr30 The latter point also requires that the distortion 

(29) A similar spectrum WBB obtained again when iron atoms were 
deposited into a thin film of 2,6-diisopropylnaphthalene at 250 K. 

(30) For discussion of the Jahn-Teller effect, see for example: Bur- 
dett, J. K. ‘Molecular Shapes”; Wiley-Interscience: New York, 1980. 
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conserve the center of symmetry of the molecule. As a 
consequence, a molecule approximating to an v4:q4 bis- 
(arene)iron(O) configuration would result. We may suggest 
therefore that the observation of a “v4:v4” species for tol- 
uene I probably arises from formation of a v6:$ species 
which then distorts to the 7 7 , : ~ ~ .  As a result of this argu- 
ment, the most stable q6:v4 species (benzene, tetralin, 
toluene 11) must be produced via a different reaction path 
possibly involving a concerted bending of one arene on 
coordination of the second ring. 

Passing to the naphthalene case, the existence of a 
bis(v6-naphthalene)iron(0) constitutes a rare example of 
a room-temperature-stable, 20-electron (arene)zM species 
[others being ( T J ~ - C ~ M ~ ~ ) ~ M  for M = Fe and Co+].12p31 
However while one may assume that the absence of a 
Jahn-Teller distortion for arene = C#e6 must result from 
the excited singlet states being sufficiently destabilized 
relative to the 3Azg state, the picture is simpler for naph- 
thalene. We have recently suggested that the electronic 
spectra of (v6-CloH8)zM (M = Ti, V, Cr) complexes may 
best be understood based on an assumed or Czv sym- 
m e t r ~ . ~  For M = Fe, the highest occupied molecular or- 
bital is therefore a nondegenerate level, thereby eliminating 
the possibility of a distortion as well as implying dia- 
magnetism for the complex. Hence, we must invoke that 

the observation of a highly unstable v4:q4 species for 
naphthalene and l-methylnaphthalene arises not from a 
Jahn-Teller distortion but through the ability of naph- 
thalene to bind v4 to a metal. 

Finally, it is interesting to note that the prior macroscale 
metal vapor reactions between iron a t o m  and arenes’ may 
be understood reasonably in the light of these matrix 
studies. Under the reaction conditions employed, addition 
of stabilizing ligands to the low-temperature species was 
carried out in a temperature range (>77 K)32 in which the 
v6:v4 species is the major (or sole) product. Hence the 
isolated products reflect displacement of the v4-arene, 
resulting in a ($-arene)FeL, complex. 
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ESR spectra are reported for anion radicals formed by reduction of the cyclosilanes (Mez,%),, (Et&),, 
(Et$%,, [(CHz)4Si15, [ (CHZ)~S~I~,  [(CH2)sSi]5, (i-Pr2Si),, (i-Bu2Si),, ( s -Bu~S~)~,  two isomers of (t-BuMeSi),, 
(n-PrzSi)5, (n-BuzSi)S, (n-PrMeSi),, and (i-BuMeSi),. All produce anion radicals in which the unpaired 
electron is delocalized over the cyclosilane ring. Most give single line spectra, but proton hyperfine splittings 
are resolved for (Me2Si)4-., [ (CHz)4Si15-., and [ (CHz)5Si]5--. Splitting constants for aJ3C decrease with 
increasing bulk of the alkyl substituents. For (GPrfii)~, and (s-BuzSi),-. two equally intense d 3 C  hyperfine 
splitting constants (hfsc) are observed, consistent with a bent structure for these anion radicals. 

Cyclopolysilanes, especially those containing four- and 
five-membered rings of silicon atoms, undergo reduction 
to anion radicals in which the unpaired electron is delo- 
calized over the ring.’ Systems studied earlier by electron 
spin resonance (ESR) spectroscopy include permethylJ 
and perphenylcyclosilanes,3 tert-butylmethylcyclotetra- 
silane: and a number of substituted methylcyclosilanes 

(1) West, R. Pure Appl. Chem. 1982,54, 1041. 
(2) Carberry, E.; West, R.; Glass, G. E. J.  Am. Chem. SOC. 1969, 91, 

(3) Kira, M.; Bock, H. J .  Organomet. Chem. 1979, 164, 277. 
5446. 
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Si,Me&. and Si6MellX-..5 In this paper, we report the 
ESR spectra of anion radicals of (Me@),! the perethyl- 
cyclosilanes (EtZSi),,’ organosilicon rotanes containing 
cyclotetramethylenesilane or cyclopentamethylenesilane 
groups,8 and several peralkylcyclotetrasilanes and -pen- 

(4) Helmer, B. J.; West, R. Organometallics 1982, 1 ,  1458. 
(5) West, R.; Kean, E. S. J. Organomet. Chem. 1975, 96, 323. Bu- 

chanan, A. C.; West, R. J. Ibid. 1979, 172, 273. 
(6) Prepared according to: Ishikawa, M.; Kumada, M. J.  Chem. SOC., 

Chem. Commun. 1970,612; J.  Organomet. Chem. 1972,42, 325. 
(7) Carlson, C. W.; West, R. Organometallics 1983,2, 1792. 

0 1985 American Chemical Society 


