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Dibenzouranocene and Belated Co.pouads 

1 
Andrew Streitwieser, Jr.,• Robert Q. Kluttz, Kennith A. Smith 

and Wayne D. Luke 

Contribution from Materials and Molecular Research Division, 

Lawrence Berkeley Laboratory and Department of Chemistry, Univer-.. 
sity of California, Berkeley, California 94720 

Abstract 

Bis-benzo[S-annulene]uranium(IV) (dibenzouranocene), 4, 

and the thorium analog, 5, have been prepared from 

benzocyclooctatetraene dianion and the metal tetrachlorides. The 

Diels-Alder product from cyclooctatrienyne and butadiene, 7,10-

dihydrobenzocyclooctatetraene, 2, gave a uranocene derivative, 6, 

which could not be dehydrogenated to 4. Catalytic hydrogenation, 

however, did give the uranium derivative, 7, of 

tetrahydrobenzocyclooctatetraene. The corresponding deuterogena-

tion gave 70. exo, 3~ endo incorporation of deuterium. Reaction 

of cyclooctatetraene dianion with 1,4-dibromobutane gave cis-

bicyclo[6.4.0]dodeca-2,4,6-triene, 8, which on deprotonation with 

KNB2/NH3 and treatment with UC1 4 also gave 7. Analysis of NMR 
.-

spectra of 4 indicates a spin density distribution closely re-

lated to that in the radical anion of benzocyclooctatetraene. The 

ligand exchange equilibrium between 4 and uranocene has been 

determined and found to favor the mixed sandwich compound. 
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The nature of the bonding in uranocenes has been a matter 

of interest and controversy for some years.
2 

Structural data fit 

3 4 . s 6 
an ionic model • but photoelectron spectra. NMR studies. Xa 

calculations7 and Mossbauer spectroscopy8 suggest substantial 

covalency. A large number of substituted uranocenes have been 

prepared for such studies but most substituents (e.g •• alkyl 

groups) constitute a relatively small perturbation of the 

electronic system of the [S]annulene ring. For this reason the 

benzo(S]annulene system is of especial interest; in benzocyclo-

octatetraene radical anion. for example. a substantial fraction 

of the spin density is delocalized into the benzene ring. 9 
In 

this paper we report the preparation of benzo(S]annulene sandwich 

compounds of uranium and thorium. some related compounds. some 

aspects of their chemistry and spectral characterization. 

Benzocyclooctatetraene. 1. has been prepared several 

times but none of the reported syntheses. is satisfactory. 

Wittig's original preparation, for example, gave an overall yield 

of less than O.OlCJt. 10 Similarly, other preparations were not 

11-16 considered as practical syntheses. The most promising route 

17 appeared to be that of Elix and Sargent involving dehydro-

genation of 7,10-dihydrobenzocyclooctatetraene, 2, derived from 

trapping with butadiene the cyclooctatrienyne intermediate 

produced by reaction of bromocyclooctatetraene with potassium t-

butoxide. Unfortunately, a number of attempts to repeat their 

preparation, even with the help of personally communicated addi­

tional experimental details, 18 gave principally t-butoxycyclo-

octatetraene. It was clear that in our hands the intermediate 
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reacted with t-butoxide ion rather than undergoing the Diets­

Alder reaction with butadiene. Fortunately, by replacing potas­

sium t-butoxide with sodium amide we obtained the desired adduct 

in yields of about SO'Kt. Oxidation of 2 with dichlorodicyanobenzo­

quinone (DDQ) proceeded normally to give benzocyclooctatetraene 

in 8SCWt yield • 

The dianion of 1 has been described. 19 •20 

Benzo[8]annulene dianion, 3, is produced by reduction of 1 with 

potassium or potassium naphthalide in THF. The reaction of 3 with 

uranium tetrachloride, however, did not follow the usual course. 

Generally, all cyclooctatetraene (COT) dianions that form a 

uranocene react immediately to give an intense green color. In 

this case, however, the initial result was a dark muddy grey 

color, which turned to a dark purple after 2 days at 60 °C. 

Repeated extraction of the purple material with THF gave a 20.. 

yield of the desired dibenzouranocene. The remaining 80CWt of the 

uranium remained incorporated in a purple insoluble mass that 

analyzed as UC1
3 

plus about S" of organic material. Clearly, 

extensive reduction had taken place. 

Dibenzouranocene, 4, exhibits some other unusual 

properties. Unlike the usual 4-band cascade at about 620 nm 

typical of uranocenes, the spectrum of 4 shows only a broad 

absorption at 624 nm with a single shoulder at 650 nm. The com­

pound is much less soluble than most substituted uranocenes and 

is more like uranocene itself. Moreover, the compound has a low 

temperature coefficient of solubility that makes recrystalliza-
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tion difficult. Nevertheless, crystals suitable for X-ray 

analysis were obtained by slow crystallization.
21 

An important 

feature of the resulting structure is the location of the uranium 

centered between the [8]annulene rings despite the almost 

eclipsed structure of the benzo substituents. In an ion triplet 

model with u+4 between two rings of 3, the uranium would be 

expected to lie about 0.3-0.4 A away. from the axis joining the 

midpoints of the tw~ octagonal rings towards the benzenes. Thus, 

the observed results provide some structural evidence for sig-

nificant ring-metal covalency in 4. This argument is based on the 

assumption that the cation in an ionic structure would occupy the 

electrostatic minimum. The observed central location is also 

preferred sterically. 

In a similar manner bis(benzo[S]annulene)thorium(lV), 5, 

was also prepared in a poor yield of 2a.. The product was ob-

tained by extraction as large thin orange plates. 

Reduction of the Diels-Alder adduct 2 also gave a dianion 

which on reaction with UC1
4 

formed the uranocene derivative, 6, 

in a normal fashion. Attempted dehydrogenation to 4 by oxidation 

yielded only uranium salts and recovered neutral ligand. 

Hydrogenation of 6, however, did proceed normally to yield 

bis(tetrahydrobenzo[S]annulene)uranium 7, in 601 yield. Use of 

deuterium gave the corresponding deuterium compound which by NMR 

analysis showed the deuterium to be incorporated 1a. exo and 30% 

endo. This constitutes the first stereoselective reaction on a 

uranocene. The low selectivity shows that the other ring provides 
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only a minor steric barrier to reaction, perhaps because of 

conformational twisting of the alicyclic ring. 

Authentic 7 was prepared by the route used previously to 

prepare dicyclopentenouranocene. 22 Reaction of the dilithium 

adduct of COT with 1,4-dibromobutane in liquid ammonia gave 2~ 

of cis-bicyclo[6.4.0]dodeca-2,4,6-triene, 8. This compound was 

deprotonated with KNH2/NH3 and the resulting dianion 9 was 

treated with UC1 4 to yield 7. 

The reactions are summarized in Scheme 1. 

NMR Spectra 

1 Analysis of the H-NMR spectrum of the thorium compound 

S, as summarized in Tables 1 and 2, yields the essential features 

19 20 of that greviously reported ' for the dipotassium salt of the 

dianion 3 with two notable differences. The chemical shift of the 

p-protons (HS and H9) of the benzene ring in S is about 1 ppm 

downfield from that of the dianion 3 and suggests removal of 

electron density from this periphery of the ring system. Other 

chemical shift changes are relatively small but the vicinal 

coupling constants in the [S]annulene ring, 1(1~2) 1 1(2,3) 1 

1(3,4) (Table 2) are all significantly higher for the thorium 

compound. These changes also suggest an increase in the electron 

population of the 8-membered ring. These results are consistent 

with the thorium compound S being isostructural with the uranium 

system 4. Even in a covalent model the rings and the central 
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metal are highly charged; thus, the high positive charge of the 

centrally located thorium pulls electrons from ·the periphery of 

the benzene portion into the [8]-annulene ring. We note also that 

the vicinal couplings in the benzene ring are still consistent 

with aromatic character for the [8]annulene ring according to 

Gunther's criterion. 23 

The uranium compound 4 is paramagnetic and the 1H-NMR 

spectrum shows the large contact and pseudo-contact shifts typi­

cal of uranocenes. 6 Nmr absorption peaks of uranocenes are 

usually so broad that couplings are obscured; however, in the 

case of 4 some such couplings were observed that permitted as-

sigmaents of chemical shifts by decoupling experiments. For the 

8-membered ring, irradiation at each resonance gave distinct 

narrowing of bands for the adjacent hydrogens. The changes in the 

benzo ring. however. were at the threshold of detection. and the 

hydrogens were assigned by the following argument. 

The pseudocontact shift for uranocene has been estimated 

to be about -8 ppm based on the calculated geometric factor (G. = 
1 

2 3 21 -3 2 2 -~ s 
[3cos e - 1] /R ) = -2.34 x 10 em and Jl" ± Jl.L = 12.5 B~. 

The geometry about the [8]annulene ring in 4 is essentially the 

same as in uranocene and the same value of the pseudo contact 

shift should apply to all three positions, 1-. 2-, and 3- of 4. 

Consequently, the large differences in chemical shifts among 

these positions reflect the variations in contact shift resulting 

from the spin density distribution. If the electronic structure 

of 4 can be regarded as one in which electron density is donated 
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+4 from ligand dianion 3 to a central U , the resulting spin 

polarization should give a spin density distribution in the 

ligand resembling that of the radical anion of benzocyclo-

octatetraene. The same picture emerges from an electronic struc-

ture derived from interaction of the ~ and A combinations of the 

HOMOs of two molecules of 3 and suitable !- and 4- orbitals of 

u+4 • Accordingly, we expect a correlation between the contact 

shifts and the hyperfine splitting constant (hfsc) of the radical 

anion. The comparisons in Table 3 show an excellent parallelism 

between the two sets of numbers. The G. value for the 8-proton 
1 

(benzo ~-position) has substantially lower magnitude than for the 

7-proton (benzo a-position) reflecting its greater distance from 

uranium, yet the assigned hfsc is much greater for 8- than for 7-

• Best agreement is found for assigning the NMR values as given 

in Tables 1 and 3; this assignment produces a small contact shift 

for the 7-proton and a substantially larger one for the 8-proton. 

From the esr co~parison, the spin density and the contact shift 

should be the same for postions 8- and 2-. The smaller value 

found for 8- could indicate the same kind of electron depletion 

from the periphery deduced from the thorium compound S (vide 

supra). 

The proton NMR spectra of 4 show the linear 1/T depend­

ence of chemical shifts typical of uranocenes6 (Fig. 1). 

The pmr spectrum of 6 shows three broad singlets typical 

of 1,2-di-substituted uranocenes. All of the protons in the 

alicyclic ring could be assigned by analogy with other 
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uranoconos and by considerations of the geometric factors (Table 

l)e For example. tho two do~blets at -20.99 and 14.73 are clearly 

tho methylene protons and can be assigned as endo and exo. 

respectively. by analogy with dicyclobutenouanocene. 24 The large 

Aa is dominated by tho pseudocontact shift and the magic angle 

passes between these methylene protons. All of the resonances are 

linear in 1/T. The pmr spectrum of 7 (Table 1) is not as 

straightforward to assign because of the various possible confor-

mations of tho six-membered ring and their different geometric 

factors. However. the deuterogenation experiment (vide supra) 

marks the ~-hydrogens and for both the a.- and ~-positions the 

ondo-hydrogens are expected to be upfield of the exo-hydrogens by 

considerations of geometric factors and by analogy with other 

related uranocenos. For this compound. however. some of the 

resonances are slightly non-linear in 1/T. perhaps because of 

conformational changes with temperature. 25 

Equilibrium of 4 with Uranocenes 

We reported previously that uranocenes undergo rapid 

1 . d h i h 1 t d' . 26 Th' b 1gan oxc ango w t eye ooc atetraene 1an1ons. · 1s o serva-

tion implies that two uranocenes will equilibrate their ligands 

in tho presence of some dianion and led to the following exper-

mont: a crystal of K2COT was added to an NMR sample of 4 in 50:50 

T.BF-d8 : tolueno-d8• The resulting mixture showed the NMR bands of 

4 and uranocene. 10. plus a series of bands ascribed to the mixed 

ring system. 11. The spectrum remained unchanged over several 

hours. Absolute concentrations could only be estimated (10-3 M) 
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but only relative concentrations are required to evaluate the 

unitless equilibrium constant. !=[11] 2 /[4][10] for the equi-

librium: 

(C 5> (C >:« » <L = .. 2 + u ... 
u 

55< ~ (C 5> «= <C = a 

u 

4 10 11 

The experimental value. !=7.1. is significantly larger than the 

simple statistical value of !=4. This result means that any 

attraction between the benzene rings in 4 ~s more than offset by 

21 steric effects. Consequently. the almost eclipsed structure of 

crystalline 4 is clearly a resultant of crystal packing forces. 

This determination of the equilibration constant is made 

possible by the large chemical shift range of uranocenes such 

that the NMR spectra of mixed ring uranocenes are generally 

distinctly different from those of the homo-ring analogs. The 

determination of additional such equilibrium constants will 

undoubtedly provide valuable quantitative data concerning ring-

ring interactions in m•tallocenes. 

Expertaental Section 

Melting points and boiling points are uncorrected. 

Visible and UV spectra were obtained on a Cary 118 

1 spectrophotometer; H NMR spectra were obtained on JEOL FX90Q (90 

MHz) and the Berkeley 180-MHz and 25Q-MHz FT-NMR instruments; 13c 

- 9 -
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NMR. spectra were also recorded on a Brucker WH--90/Nicolet FT 

(2S.14 MHz) instrument. Mass spectra were obtained on a CEC-103 

spectrometer at 70 ev.·Analyses were performed by the Analytical 

Services Laboratory, University of California, Berkeley. 

Tetrahydrofuran (THF) was dried by distilling from LiAIH4 or 

sodium benzophenone ketyl. Cyclooctatetraene was obtained from 

BASF and used without further purification. All reactions requir-

ing air-free conditions were conducted under an Ar atmosphere or 

in a Vacuum Atmospheres recirculating glovebox with solvents 

degassed prior to use. 

Bicyclo[6.4.0]dodeca-1(8),2,4,6.10=pentaene, 2. To 300 mL 

of anhydrous THF saturated with about 60 g of 1,3-butadiene 

(Matheson) was added under nitrogen 6.0 g (33 mmol) of 

27 bromocyclooctatetraene and 4.0 g (0.1 mol) of sodamide. The 

flask was tightly stoppered and the mixture was stirred 

vigorously for 4 d. Because of the pressure involved, the ap-

paratus was kept behind a shield. The reaction mixture was care-

fully quenched with 200 mL of water and 2SO mL of ether. The 

organic layer was washed with water, dried (MgS04) and 

evaporated. The residue was chromatographed on 100 g of silica 

gel; elution with hexane gave 2.S g (SO'JI) of 2 as an oi1;
12

•17 

NMR (DCC1 3), 2.S9 (s, 4H), S.12 (s, 2H), S.1S (s, 4H), S.86 (s, 

2H).17 

Benzocyclooctatetraene, 1. A mixture of SO mL of benzene, 

2.S g of 2 and 4.0 g of dichlorodicyanobenzoquinone (DDQ, 

Aldrich) was stirred vigorously under reflux for 1 h. The cooled 

- 10-
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and filtered mixture was diluted with 100 mL of pentane and 

warmed with 0.1 g of activated charcoal. The cooled mixture was 

gravity filtered and the solvent was evaporated to give 2.1 g 

{85~) of 1, m.p. SG-51 oc {Lit. m.p. S0-51 oc, 10 49.5-50 oc17). 

Dibenzouranocene, 4. To a solution of 1.0 g {6.5 mmol) of 

benzocyclooctatetraene in 50 mL of dry THF was added 0.51 g {13 

mmol) of potassium under argon. The mixture was stirred for 48 h 

to produce a homogeneous red-orange solution which was cannulated 

into a solution of 1.2 g of UC1 4 in 50 mL of dry THF contained in 

a uranocene reactor28 attached to a vacuum line. The mixture was 

refluxed for 2 d and the solvent was removed under vacuum. The 

reactor was transferred to a glove box where the solid residue 

was washed with hexane {to remove neutral ligand) and extracted 

with TBF. 

The extract provided 0.35 g {2~) of extremely air-sensitive 

green powder, m.p~325 °C {decomp); l 624 nm. The air­max 

sensitivity precluded combustion analysis but the product was 

characterized by the 1n NMR spectrum {Table 1, 3) and an X-ray 

21 . 13 crystal structure. An attempt was made to obta1n a C NMR 

spectrum but the resonances could not be discerned. Mass spec: 

base peak m/e 154 {1); parent peak m/e 546 {40.8~ of base). 

Dibenzothorocene, 5, was prepared in a similar manner 

from the benzocyclooctatetraene dianion prepared as above and 

cannulated into a solution of 1.2 g of T.hC1 4 in 50 mL of THF. The 

mixture was refluxed for 2 d and the solvent was removed. The 

product is sparingly soluble in THF and toluene. Crystallization 
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of the crude product in the manner used for dibenzouranocene
21 

gave 0.33 g (1~) of red-orange crystals after one week. This 

material is exceedingly air sensitive and showed a tendency to 

decompose in a glove box if not rigorously oxygen-free. The air-

sensitivity makes combustion analysis difficult as shown by the 

example: Anal. Calcd. for c24H20Ih: c. 53.3; H. 3.7. Found: c. 

49.7; H. 3.7. 1H NMR. Table 1. 13c NMR: 136.2 • 119.13. 108.21. 

104.92. 102.52. Mass spec: base peak. m/e 154 (1); parent peak 

m/e 540 (48.02~ of base). 

Bis-(Dihydrobenzo)uranocene. 6. Admixture of IHF solu-

tions of 2 equivalents of dianion from 1 and 1 equiv. of UC1 4 in 

the glove box gave an immediate dark green color. The mixture was 

filtered to remove KCl and the solvent was evaporated. The 

residue was washed with a small amount of hexane to give a 

product characterized and shown to be substantially pure by the 

1 H NMR spectrum (Table 1). The linear regressions for & = a/T + b 

are given. respectively. as &(27 °C). a. b: -39.11. -14847. 

9.978; -33.17. -10964. 3.058; -30.37. -10414. 4.047; -20.99. 

-12434. 20.158; -8.49. -6504. 13.000; 14.73. 979.2. 11.520. Mass 

spec: base peak. m/e 156 (ligand); parent peak. m/e 550 (78.05-., 

of base peak; normal n+1). 

This compound was hydrogenated by stirring 0.1 g with 20 

mg of platinum in benzene under 1 atm of H2 (or D2) for 24 h. The 

mixture was filtered. evaporated and dried under vacuum to give 

60 mg (60.) of product whose 1
H NMR spectrum was exclusively that 

of 7. The deuteration marked the 8- and 9-positions by a reduc-

- 12 -
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tion in area of the & -16.68 (endo) and +6.18 (exo) resonances. 

The area ratios showed the incoming deuterium to be 70% exo. 30. 

endo. 

cis-Bicyclo[6.4.0]dodeca-2.4.6-triene. 8. The following 

procedure is based on the method of Co~ton and Deganello that was 

given without experimental details. 29 

To a suspension of lithium cyclooctatriendiide in liquid 

ammonia prepared from 10.4 g (0.1 mL of COT and 1.39 g (0.2 mol) 

of lithium (1~ sodium) was added dropwise a solution of 21.6 g 

(0.1 mol) of 1.4-dibromobutane (Baker) in ether. The resulting 

solution was stirred for 3 h at -40 °C followed by overnight 

evaporation of the ammonia. The residue was added to saturated 

aqueous ammonium chloride and extracted with ether. The washed 

and dried extract was distilled (46-7 °C/ 0.65 torr) to give 4.55 

1 
g (2~) of 8; mass spec. m/e 160; H NMR (CDC1 3): & 5.78. 5.67 

(br s. 4.2 H. vinyl). 2.65 (br m. 2H. bridgehead). 1.53 (br s. 

Bis-(Tetrahydrobenzo[8]annulene)uranium (IV). 7. Under 

Ar. to 300 mL of ammonia distilled from a lithium ammonia solu-

tion into a flask containing several mg of anhydrous FeC1 3• was 

added 2.14 g (0.055 mol) of potassium at -40 oc. After stirring 

for several minutes. the blue color disappeared an4 4.5 g (0.028 

mol) of 8 was added. The resulting solution was stirred for 1.5 h 

at -35 °C. It was then allowed to warm slowly to room temperature 

with the ammonia being swept out with an Ar purge to yield 5.56 g 

- 13 -



-of the crude dianion 9. To a solution of 3.0 g (13.5 mmol) of 

this dianion salt in 100 mt of IDF in a uranocene reactor
28 

in 

the glove box was added a solution of 2.56 g (68 mmol) of UC1
4 

in 

25 mL of THF. The resulting green solution was stirred for 18 h. 

the solvent was removed and the green solid was purified by 

Soxhlet extraction28 with hexane to give 0.57 g (16~) of 7; 13c 

NMR (dioxane-~8): 6 308, 297. 270 cc8-ring). 13.4 (C~). -32.5 

(C). The proton NMR (Table 1) .showed the presence of a slight 
a 

paramagnetic impurity which could not be removed by sublimation 

or recrystallization • .Magnetic susceptibility measurements were 

made with a Princeton Applied Research vibrating-sample mag­

netometer described previously. 3° From 15K to 98K the magnetic 

susceptibility shows Curie~Weiss behavior with peff +2.65 ± 0.2. 

9= 23~0K and C = 0.8810 emu K/mol. Nmr spectrum: 31 the linear 

regressions for 6 = a/T + b are given, respectively, as 1(29 °C). 

a. b: -38.82, -14376. 8.781; -32.72. -10026. 0.497; -30.83. 

-10304. '3 .300; -22.52. -13016. 20.57; -16.68. -6887. 6.103; 

-3.31, -1609, 2.032; +6.18, -2740. 15.19 (this last line is 

slightly but distinctly curved). 
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l: 
a.. 
a.. 

Fig. 1. Linear dependence of chemical. shifts of 4 with &= a/T + 

b. Values of a and b for posit~ons assigned in Tables 1 and 3 

are. respectively: 1. -2118 22.06; 2. -1295. 5.13; 3. -6364. 

-3.32; 7. -7657. 14.72; 8. -10250. 21.19~ 

TEMPERATURE DEPENDENCE OF BENZOURANOCENE NMR 

XBL 318-ll!i6 
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Table 1. 
1 H-NMR 

Compound: 3a 

Position 

(1) 6.610 

(2) 6.258 

( 3) 5.892 

( 7) 7. 6 92 

( 8) 6.067 

(a) Ref. 19 

(b) 30°C 

Spectra 

5 

6.738 

6 .2 83 

5.984 

7.756 

7.016 

4b,c 
6
d,e,f ,e,g lld,h 

-48.87 -3 0. 3 7 -30.83 -48.00 

-19.3 8 -33.17 -32.71 -16.81 

-24.80 -3 9.11 -3 8. 82 -23.27 

-10.57 -20.99 (endo) -22.52(endo) -11.56 

14.73 (exo) -3.31(exo) 

-12.69 -8.49 -16.68(endo) -13.67 

+6.18(exo) 

(c) Assignment of 1, 2, 3 based on spin decoupling; assignmen~ of 7 

and 8 based on analysis of contact and pseudocontact components 

(see text). 

(d) At 21oc 

(e) The [8]annulene resonances are not assigned to specific positions. 

(f) 1(7,7) = 17.09 Hz. 

(g) At 29°C 

(h) COT ~ing, -37.51. Other assignments are by analogy to 4. 
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Table 2. Coupling Constants in 1H-N~m Spectra 
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Table 3. Analysis of nmr spectrum of 4(30°C) 

Pseudo-
Isotroii.c 2qi _1 contact contact d 

Pos. 0 shift 10 em shiftc shift a 
1 -47.88 -54.6 -2.34 -8.3 -46 0.183 

2 -18.94 -25.2 -2.34 -8.3 -17 0.082 

3 -24.28 -30.3 -2.34 -8.3 -22 0.125 

7 -10.57 -18.3 -5.05 -17.9 0 0.019 

8 -12.69 ' -19.7 -3.68 -13.1 -7 0.082 

(a) Based on nmr of S as the diamagnetic reference. (b) 

Geometric factor=(3cos 29-1)/R3 using structure of 4 (ref. 

21). (c) Calculated from G. (ref. 6). (d) Hfsc from esf 
1 

spectrum of radical anion of 1 (ref. 9). 
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