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4.59 (s, Cp), 4.20-3.75 (m, 4 H,  OCH,), 3.70-2.85 (m, 4 H, NCH,), 
1.98 (b s, 3 H ,  FeCCH3), 1.64 (b d,  ' J H - M e  = 6.4 Hz, 3 H, = 
CHCH3). I3C NMR (CDC13 or C6D6): 6 141.4 (d, Jc,p = 47 Hz, 
FeC), 131.9 (s, CH=C), 84.0 (9, Cp), 69.3, 68.9 (d,d, Jc,p = 4 Hz, 

CH,CH). The CO resonance could not be located. This assign- 
ment was further confirmed by a I3C off-resonance NMR spec- 
trum. 

OCHZ), 54.5 (b S, NCH,), 30.8 (s, CHSC), 17.2 (b S, Jc,p 5 2 Hz, 
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103794-41-8; 8b, 103794-40-7; SC, 103816-39-3; 9a, 103794-42-9; 
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Summary: Alkynes react with ((dimethy1amino)phenyl- 
methylidene)tetracarbonyliron(O), compound 3, with in- 
corporation of CO to give 5-(dimethylamino)furans as the 
major products. Consistent with the mechanism pro- 
posed here and related to the mechanism proposed 
earlier for reactions of the corresponding (alkoxy- 
a1kylidene)iron complexes, the product distribution is CO- 
pressure-dependent, producing 6-(dimethylamino)-a- 
pyrones at the expense of furans under higher CO pres- 
sure. The regioselectivity in the addition of alkynes par- 
allels that observed in the reactions of alkynes with (alk- 
oxyaIky1idene)chromium and -iron analogues. The 5-(di- 
methy1amino)furans are relatively little studied; high re- 
activity toward oxygen and maleic anhydride is observed. 

Chromium-carbene complexes such as 1 react with 
and imines5 in general processes to give poten- 

tially useful types of although mechanistic 
features and the origin of selectivities are not well-defined. 
The iron analogues (e.g., 2) react with alkynes to form 
6-ethoxypyrones in a quite general way? We now describe 

(1) (a) Dotz, K. H. Angew, Chem., Int. Ed. Engl. 1975, 14, 644. (b) 
Dotz, K. H. Pure Appl. Chem. 1983, 55, 1689. (c) Dotz, K. H.; Popall, 
M. Tetrahedron 1985, 41, 5797. 
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Table I. Reaction of Alkynes with Aminocarbene 
Complex 3 

solvt, 
entrv alkvne atmosphere uroducts (70 vield) 

1 R,, R, = Me CH,CI,, CO 6a (471, 7a/8a (13) 
(55 psi)c 

2 same C1CH2CH2Cl, 6a (20), 7a/8a (47) 
CO (650 
psi)d 

psi)' 
CH2C12, Ar (40 6a (731, 9 (2l)* 3 same 

4 same THF, Are 6a (62), 9 (4)* 
5 R1, R2 = E t  ClCH2CH,Cl, 6b (74)l 

6 same THF, Are 6b (4511 
7 R1, R, = C0,Me CH,CI,, Ar (40 6c (50) 

Are 

8 

9 
10 

11 

12  

13 

14 

psi)c 

Are 
same ClCH,CH,Cl, 6c (351, l l c  (24 )b  

same THF, Are 6c (161, 11 (13)* 
R1, R, = 0-t-Bu CHzC1,, Ar (40 6d ( O ) ,  13d ( 5 ) ,  

R, = Ph, Rz = H CH,Cl,, Ar (40 6e 

same C1CH,CH2Cl, 6e (16), 13e (30), l l e  

same THF, Are 6e (12), 10e (13), 14e 
(18), l l e  (13) 

Ri = n-C3H7, C1CH2CH2Cl, 6f (64), 12f (4) 

psi)' l l d  (6)b  

psi)' 

Are (15) 

R2 = H Are 

R2 = COzMe Are 
R1 = Me, ClCH2CHZC1, 6g (73) 

Based on weighed samples purified by preparative layer chro- 
matography or flash chromatography. *Based on alkyne at the 
start. Glass pressure bottle. Steel pressure vessel. 
'Conventional flask, under a small positive pressure of argon. 
/Based on oxidized product 20. gBased on weight of adduct 21e 
from addition of maleic anhydride. 

the reaction of alkynes with the corresponding amino de- 
rivatives 3, leading generally to 2-aryl-5-aminofurans, in 
a process of preparative and mechanistic ~ignificance.~ 

Reaction of 2 with dimethylamine produced the known 
complexg 3 in 95% yield, mp 104-105 "C. A similar pro- 

(7) The corresponding 5-rnethoxyfurans have been observed as minor 
products during reaction of alkynes with (methoxycarbene)chromium 
complexes 1.'** In a recent paper, a synthesis of 2-alkoxyjurans was 
reported from reaction of alkynes with cobalt-carbene complexes! 

(8) Wulff, W. D; Gilbertson, S. R.; Springer, J. P. J .  Am. Chem. SOC. 
~~ 

1986, 108, 520-522. 
(9) Fischer, E. 0; Beck, H. J.; Kreiter, C. G.; Lynch, J.; Miller, J.; 

Winkler, E. Chem. Ber. 1972, 105, 162. 
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higher pressure (650 psi of CO) given the a-pyrones 7a and 
8a as the major products (entry 2). The electron-rich 
alkyne, di-tert-butoxyacetylene is relatively unreactive; the 
carbene complex decomposes while the alkyne slowly 
self-reacta (entry 10). Phenylacetylene is particularly prone 
to self-reaction, and furan synthesis is not efficient (entries 
',< 13). In three relevant examples, the regioselectivity is 
,.gh (entries 11, 14, 15). The selectivity with monosub- 
stituted alkynes (PhCECH; C3H,C=CH) parallels that 
in the naphthoquinone synthesis from 1'8 and a-pyrone 
synthesis from 2;8 the alkyne carbon bearing the smaller 
substituent attaches to the carbene carbon. 

The formation of furans can be rationalized following 
a pathway at first identical with that proposed for the 
a-pyrone synthesis.6 Initial formation of a ferracyclobutene 
(15) could allow migratory insertion of CO and give the 
ferracyclopentenone/vinylketene 16.11 Then a-elimination 
and rearrangement of the dimethylamino unit leads to a 
vinylcarbene complex (17), related to a ferracyclobutene 
(18). The latter representation reveals an iron-enolate 
unit; coupling of the enolate oxygen with the original 
carbene carbon produces the furan 6. Insertion of a second 
CO ligand, favored by CO pressure, leads to a new iron 
enolate (19). Coupling of the enolate oxygen with the acyl 
unit leads to a mixture of pyrones 718, with an Fe(C0)3 
unit attached. The byproducts such as 12, 13, and 14 
presumably arise from incorporation of a second alkyne 
unit into one of the vinyl carbene intermediates, a process 
with some precedence.13J4 

cedure to produce the n-butyl(4) and methyl (5) deriva- 
tives was less successful, probably due to base-induced 
rearrangement of the a-protons. Compound 4 was isolated 
in 10-159'0 yield after considerable purification; 5 has not 
been obtained in high purity. 

Following a general procedure,1° a series of alkynes 
combined with 3. Typically 2-phenyl-5-(dimethyl- 
amino)furans (6) were the major products with 6-amino- 

1 'Ph alkyne I product series: 

R1 X a: R,, R2 c Me 

8 N M e 2  Ph 

b: R1, R2 Et 
C: R1, R2 I CO2Et R 

(CO),Fe=( 

2: XI OEt, R I Ph 
3: X NMe2, R = Ph 
4: X = NMe,, R = nBu 
5: X = NMe2, R Me 

d: R1, R2 c O t b  
e: Ri Ph, R2 H 
f: Ri npr, R2 H 
g: R1 = c02Me9 R2 =Me 

6 

a-pyrones (e.g., 7 and 8) being detected in minor amounts. 
Other minor products from self-reaction of the alkyne 
without incorporation of the carbene unit were sometimes 
observed (9-1 1). In some cases, unexpected products 
(12-14) from incorporation of two alkynes, one carbene 
unit, and one CO ligand were isolated. The results are 
summarized in Table I. 

P h 2.0)3 
0 NMe2 

7 

9 IO I1 

R, R, (c0)3Fe, R l  

H OH b 
13 14 12 

The alkynes were chosen to test generality and selec- 
tivity. The best conditions involve dichloromethane or 
dichloroethane solvent under argon pressure (entries 4,5, 
7,14,15). Added CO tends to favor formation of a-pyrones 
at  the expense of furans; reaction of 2-butyne with 3 at 

(10) Reaction of complex 3 with 2-butyne as a exemplary procedure: 
Complex 3 (516 mg, 1.71 mmol) was weighed into a heavy-walled glass 
tube with a cap fitted with a pressure gauge and CO inlet ("Griffen- 
Worden" veseel, Kontes No. K-767100, borosilicate). For reactions at 
atmospheric pressure (less volatile alkfles, no CO pressure), a simple 
50-mL pear-shaped flask sealed with a rubber septum was used. The 
system was evacuated and filled with argon at least three times, and 
dichloromethane (8 mL) and 2-butyne (0.30 mL, 4.9 molar equiv) were 
added rapidly by syringe. The system was closed, pressurized with CO 
to 55 psi, and heated in an oil bath at 60 "C for 1 h. The mixture was 
cooled and fiitered through Celite, and the filtrate concentrated to leave 
a brown oil. On simple column chromatography (SiO,; hexane/ether, 411, 
fimt elutad was a colorleea oil, 6a (174 mg, 47%), followed by the mixture 
7a/8a (84 mg, 13%), and duroquinone (10; 50 mg, 4% yield based on 
2-butyne). Satisfactory spectral data have been obtained for 6a-q 6e-g, 
7a, 7e, 9, 10, l l c -e ,  12f, 13d, 13e, 20a, 20b, 21a, 21e-g, 23e, and 23g. 
Combustion analyses were obtained for 612, 7a, 20b, 21a, 23e, and 23g. 
The structure of 21f was verified by X-ray diffraction; we thank Dr. D. 
Van Engen of the Princeton X-ray facility for this determination. 

15 

Ph 

I 

7 Rz 

The furans are reactive toward oxygen and other elec- 
tron accepton.15 Exposure to air at 25 "C for a few hours 
or during chromatographic separation leads to the oxida- 

~ _ _ _ _ _ ~  

(11) The intermediacy of phenylvinylketene complexes has been pro- 
posed for the reaction of (carbene)chromium complexes with alkynesI4 
and established for the parallel reactions of (carbene)cobalt complexes8 
and the (eth0xycarbene)iron complex, 2.12 Proposed intermediate 16 
could not be detected during formation of furans. 

(12) Observations of M. F. Semmelhack, W. Schnatter, and M. 
Steigerwald, manuscript in preparation. The X-ray characterization of 
an analogue of 16a, with ethoxy replacing dimethylamino, was carried out 
in collaboration with Professor 3. Clardy at Cornel1 University. 

(13) "Two-alkyne annulation" in related reactions of (carbenehhro- 
mium complexes has been observed and exploited as a preparative me- 
thod. See: Wulff, w. D.; Kaesler, R. w.; Peterson, G. A.; Tang, P .4 .  J.  
Am. Chem. SOC. 1985,107, 1060. 

(14) Multiple alkyne insertion during reactions of carbene complexes 
is implicated in catalyzed polymerization of alkynes. For leading refer- 
ences, see: Katz, T. J.; Hacker, s. M.; Kendrick, R. D.; Yannoni, C. s. 
J. Am. Che. SOC. 1985,107, 2182. 

(15) Furans with 5-aminO substituents are relatively rare and little 
studied.16 This may be due to the extreme ease of air oxidation which 
hampers isolation procedures but suggests possibly valuable conversions 
for 6. 
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tion products 20 in high ~ i e l d . l ~ ~ J ~  The furans can be 
trapped from the reaction mixture using maleic anhydride, 
giving the adducts 21.17 The diels-Alder adducts 22 were 
not observed,16a,b but formation of 21 can be rationalized 
via one mode of rearrangement from 22. The products 
from elimination of H20  from 22 were also detected in two 
cases (23a,b).16a,b *. 

the capping of the open face of the carborane, producing 
the closo -carborane 2,3-Et2C2B,H, in good yields. Sub- 
sequent heating of 2,3-Et2C2B,H, at -320 OC results in 
the high yield isomerization of the carborane to closo- 
2,4-Et&,B,H,. 

n Ph n 

The general pathways available during reaction of 
(carbene)metal complexes with alkynes in the presence of 
CO are now clearer. While a simple series of steps can be 
written to rationalize formation of hydroquinones, pyrones, 
and furans, and factors which determine which product 
predominates in a given case are not evident.ls 

Registry No. 3, 35797-88-7; 6a, 104738-40-1; 6b, 104738-41-2; 

7a, 104738-56-9; 8a, 104738-57-0; 9,12245-44-2; 10,527-17-3; 1 IC, 
6237-59-8; 1 Id, 104738-47-8 1 le, 612-71-5; 12f, 104738-48-9; 13d, 
104738-46-7; 13e, 3140-01-0; 14e, 104761-01-5; 20a, 104738-55-8; 
20b, 104761-00-4; 21a, 104738-49-0; 21e, 104738-50-3; 21f, 
104738-51-4; 21g, 104738-52-5; 23e, 104738-53-6 23g, 104738-54-7; 
MeCGCMe, 503-17-3; EtCGCEt, 928-49-4; Et02CC=CC02Et, 

PrC=CH, 627-19-0; MeCSCCO2Me, 23326-27-4: maleic anhy- 
dride, 108-31-6. 

6c, 104738-42-3; 6e, 104738-43-4; 6f, 104738-44-5; 6g, 104738-45-6; 

762-21-0; t-BuOCECOBu-t, 66478-63-5; PhsCH, 536-74-3; n- 

(16) (a) The parent 5-aminofuran appears to be unknown but has been 
implicated as a transient intermediate, disappearing by a Diels-Alder 
reaction and rearrangement of the adduct: Johnson, F.; Heeschen, J. P. 
J. Org. Chem. 1964,29,3252. (b) The 4-cyano-5-aminofuran derivatives 
have been isolated and converted to adducts related to 23 via a postulated 
Diels-Alder reaction: Gewald, K. Chem. Ber, 1966,99,1002. (c) oxidation 
products related to 20 from 2,3-diphenyl-5-(acylamino)furan have been 
reported Ito, K.; yakushijin, K. Heterocycles, 1978, 9. 

(17) The oxidation products 20 and adducts 21 have been isolated and 
fully characterized. 

(18) We wish to acknowledge financial support of this work by grants 
from the National Science Foundation and the National Institutes of 
Health. 

Two different isomers of the small closo-carborane 
C2B5H, have previously been reported. The nonadjacent 
carbon compound 2,4-C2B5H7 is formed by the thermolysis 
of nido-2,3-C2B4H2 or in the complex pyrolytic reactions 
of pentaborane(9) with alkynes2 and has been made on 
relatively large scales, although with poor selectivity. The 
2,3-RzC2B5H5 isomer has previously been reported as a 
byproduct of the reaction of alkynes with BgH123 and has 
never been isolated in more than trace amounts. We report 
here the development of simple synthetic routes to both 
of t?iese closo-R2C2B5H5 cage systems. 

The synthesis of 2,3-R2C2B5H5 involves the reaction of 
the readily accessible4 small carborane nido-2,3-&C2B4H6 
with triethylamine-borane at  140 "C. Thus, as is illus- 
trated below, the reaction results in the capping of the open 
pentagonal face of the nido-carborane by a BH group 
derived from the amine-borane. 

Et,N BH, - 
140' C 

2,3-Et,C2B, H, 2.3-Et2C, B5H5 

In a typical reaction, 0.547 g (4.16 mmol) of 2,3- 
Et$,B4H, and 3.4 g (29.7 mmol) of EhN.BH3 were reacted 
in vacuo at 140 "C for a total of 96 h with periodic (-every 
8 h) removal of evolved hydrogen and triethylamine. The 
volatile components were then separated by vacuum line 
fractionation through a -0, -45, and -196 "C trap series. 
Stopping in the -45 "C trap was 0.346 g (2.45 mmol) of 
2,3-Et2C2B5H5, corresponding to a 58.9% yield. The ma- 
terial was determined to be pure by llB and lH NMR5 and 
by gas chromatographic analysk6 

Similar capping reactions of larger cage polyhedral bo- 
ranes and carboranes have previously been reported by 
using either Lewis base-borane complexes or diborane(6) 
as reagents. For example, the reaction' of decaborane( 14) 

New Synthetic Routes to the Small &so-Carboranes 
2,3- and 2,4-R2C2B5H5 

Jeffrey S. Beck, Andrew P. Kahn, and 
Larry G. Sneddon" 

Department of Chemistry and 
Laboratory for Research on the Structure of Matter 
University of Pennsylvania 
Philadelphia, Pennsylvania 19 104-6323 

Received September 16, 1986 

Summary: The reaction of nido -2,3-Et,C2B,H, with tri- 
ethylamine-borane at 140 OC has been found to result in 
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(1) Ditter, J. F. Inorg. Chem. 1968, 7, 1748-1754. 
(2) Ditter, J. F.; Klusmann, E. B.; Oakes, J. D.; Williams, R. E. Inorg. 

Chem. 1970,9,889-892. 
(3) (a) Reitz, R. R.; Schaeffer, R. J. Am. Chem. SOC. 1971, 93, 

1263-1265. (b) Reitz, R. R.; Schaeffer, R. J. Am. Chem. SOC. 1973,95, 

(4) (a) Hosmane, N. S.; Grimes, R. N. Inorg. Chem. 1979, 18, 
3294-3297. (b) Maynard, R. B.; Borodinsky, L.; Grimes, R. N. Inorg. 
Synth. 1983, 22, 211-214. 

(200 MHz, IIB spin-decoupled, 6, C,&): 4.52 (8 ,  BH4,6 and BH5), 2.14 
(q, CH2), 0.95 (t, CH,), 0.18 (s, BH1,7). Mass spectrum: cutoff at m / e  
142.1610, calcd for 12C611Bg1H16 142.1639. 

(6) 6 %  Tricresyl phosphate on Chromosorb P, 60/80 mesh, 100 "C: 

6254-6262. 

(5) "B NMR (64.2 MHz, ppm, C&): 7.03 (d, B4,6, JBH = 170 Hz), 
2.54 (d, B5, J B H  = 152 Hz), -14.21 (d, B1, 7, JBH = 168 Hz). 'H NMR 

2,3-Et&BSH6, RV = 2.4; 2,4-Et&2B6H5, RV = 0.7; 2,3-Et&B4He, RV = 
1.0. 

(7) Miller, H. C.; Muetterties, E. L. Inorg. Synth. 1967, 10, 88-91. 
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