
Subscriber access provided by CUNY CENTRAL OFFICE

Organometallics is published by the American Chemical Society. 1155 Sixteenth Street
N.W., Washington, DC 20036

Diels-Alder reactions utilizing (ferra-.beta.-diketonato)BF2
complexes containing alkynyl substituents as activated dienophiles

Charles M. Lukehart, and LouAnn. Sacksteder
Organometallics, 1987, 6 (1), 150-152• DOI: 10.1021/om00144a027 • Publication Date (Web): 01 May 2002

Downloaded from http://pubs.acs.org on April 27, 2009

More About This Article

The permalink http://dx.doi.org/10.1021/om00144a027 provides access to:

• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://dx.doi.org/10.1021/om00144a027


150 Organometallics 1987, 6, 150-152 

and the results were compared to the experimental values. 
The fit parameters, K ,  fiA, and A C ,  were varied iteratively 
using the gradient search procedure to find the best fit. 
Since dA and 6c were known from the limiting values of the 
observed chemical shift, the best value of K could be found 
rapidly. 

For two coupled equilibria (Scheme II), the situation was 
more complex. The chemical shift is given by 

hcalcd = ( iA16A + [ B I h  + [CI~C)/([AI + [B] + [C]) 

Using the equilibrium expressions and the substitutions 

Rather than solving this pair of simultaneous equations 
explicitly for [B] and [C], we evaluated them iteratively 
by the "fixed-point" method.7 An initial estimate for [C] 
was used in calculating [B], this new value of [B] was used 
to recalculate [C], and so on until convergence gave an 
unchanging value for the calculated chemical shift. In this 
way, Acdcd was obtained for the full range of chloride/tin 
ratios for which the chemical shift had been measured 
experimentally. 

In practice, the fixed-point iteration did not converge 
reliably for large K's (on the order of 100 or more) when 

(7) See, for example: Conte, S. D.; de Boor, C. Elementary Numerical 
Analysis; an Algorithmic Approach, 2nd ed., McGraw-Hill: New York, 
1972, p 84. 

the ratio of added halide ion to tin sites was greater than 
1:l (i.e., a 2:l molar ratio of added C1- to ditin compound), 
so the few data points a t  higher ratios had to be neglected 
in the computer fit. This may reflect a shortcoming of the 
method. We believe that when species C becomes the 
predominant species, a lack of convergence can result from 
a sign change in the derivative of the expression for [C]. 

The best values for K ,  and K2 were determined by 
comparison of the observed and calculated chemical shift 
values, using the gradient search procedure. The results 
proved to be quite sensitive to the initial choice of AB, the 
chemical shift value assigned to the 1:l complex of ditin 
host and chloride. Allowing the program to vary this pa- 
rameter did not provide a unique best value. Comparison 
of the results for the compounds 1,2, and 4 suggested that 
-48 ppm was a good estimate for the chemical shift of 
species B, and this value was used to obtain optimized 
equilibrium constants for the purposes of comparison 
among the ligands. Additional improvement in the fit to 
the experimental data could be achieved by allowing the 
computer program to vary the other two chemical shift 
parameters, dA and A,, after the equilibrium constants had 
been calculated. Only small changes in these two param- 
eters were necessary to obtain the best possible fit, a re- 
assuring result since their values were expected to lie close 
to the observed chemical shifts for the free ligands (AA) and 
the ligands in the presence of excess added chloride (8c). 

The x2 statistic provides an estimate of reliability of our 
mathematical model. Assuming a standard deviation of 
*2 ppm in the chemical shift measurements resulting 
mainly from errors in the measured concentrations, we 
obtained reduced x2 values (x2 divided by the number of 
degrees of freedom, in our case usually 15-21 data points 
and five parameters) below 0.5. This permits good con- 
fidence (greater than 90% probability) in the validity of 
our mathematical model. 

Registry No. 1, 105162-88-7; 2, 105182-65-8; 3, 105162-89-8; 
4, 105162-90-1; 5, 683-18-1; tetraethylammonium chloride, 
16887-00-6; 5,5,16,16-tetraphenyI-5,16-distannaeicosane, 
105162-91-2; 1,12-dibromo-1,1,12,12-tetraphenyl-l,l2-distanna- 
dodecane, 87518-49-8; 1,1,10,1O-tetraphenyl-l,lO-distannacy- 
clooctadecane, 87531-98-4; 1,1,12,12-tetraphenyl-l,l2-distanna- 
cyclodocosane, 8 1518-37-4; 1,1,14,14-tetraphenyl-1,14-distanna- 
cyclohexacosane, 87518-38-5. 
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Two (ferra-P-diketonato)BF2 complexes containing propynyl substituents on the ferra-chelate ring have 
been prepared. The propynyl substituents react with cyclopentadiene at room temperature to give the 
corresponding norbornadienyl Diels-Alder cycloaddition products. A complex containing both propynyl 
and methacryl substituents on the ferra-chelate ring exhibits chemoselectivity and stereoselectivity in 
Diels-Alder adduct formation. 

Introduction 
We have reported recently that (ferra-P-diketonato)E3F2 

comdexes which have alkenvl substituents attached to the 

of dimethylbutadiene to such a complex containing a 
methacryl substituent occurs at a rate 50 times greater 

ferra-chelate ring react as activated dienophiles in Diels- (1) Lenhert, P. G.; Lukehart, C. M.; Sacksteder, L. A. J .  Am. Chern. 
Alder cycloaddition reactions.' For example, the addition SOC.  1986, 108, 793-800. 
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Me 

\LQ .c- Me Q 

M; R=C(Mej=CH* \ 
W f  3 

/R=Me 

/ 1 R=Me 
2 R=C(Me)=CH2 Me 

Me 

[Fe]=(n-CSHS j(IXjFe, where the C S H ~  ligand projects above the 
pseudo-plane oiihe chelate nng in an m a l  site of the boat conformaoon ’ 

than the rate of cycloaddition of dimethylbutadiene to 
methyl methacrylate. Furthermore, although these or- 
ganometallic dienophiles react with a regioselectivity 
consistent with that known for similar carbon dienophiles, 
the highly asymmetric Fe center affords high stereose- 
lectivity when diastereomeric adducts are formed. 

We now report an extension of this chemistry to include 
(ferra-p-diketonato)BF, complexes which contain alkynyl 
substituents attached to the ferra-chelate ring. These 
complexes activate the alkynyl group for subsequent 
Diels-Alder cycloaddition with cyclopentadiene at  room 
temperature. Similar reactivity is known only for alkynoyl 
chlorides2 or chromium carbene complexes having alkynyl 
 substituent^.^ In addition, we report that preparation of 
a (ferra-p-diketonato)BF, complex containing two different 
dienophilic substituents on the ferra-chelate ring. Che- 
moselective Diels-Alder cycloaddition to these dienophiles 
affords unsymmetrically substituted ferra-chelate rings 
having organic substituents of considerable complexity. 
These or related complexes are potentially important 
molecules for synthetic applications to organic synthesis 
because of our demonstrated ability to effect interligand 
C-C bond formation across metalla-p-diketonato chelate 
rings by two independent  method^.^ Such successful 
interligand coupling reactions would combine these two 
ferra-chelate ring fragments into the same organic mole- 
cule. 

Results and Discussion 
The principal results of this study are shown in Scheme 

I. The new (ferra-p-diketonato)BF2 complexes 1 and 2 
were prepared by using standard  method^.^ Each complex 

(2) Bauml, E.; Mayr, H. J. Org. Chem. 1983,48, 2600-2601. 
(3) Wulff, W. D.; Yang, D. C. J .  Am. Chem. SOC. 1984,106,7565-7567. 
(4) (a) Lukehart, C. M.; Srinivasan, K. J. Am. Chem. SOC. 1981, 103, 

4166-4170. (b) Lukehart, C. M.; Srinivasan, K. Organometallics 1983, 
2, 1640-1642. (c )  Lenhert, P. G.; Lukehart, C. M.; Srinivasan, K. J. Am. 
Chem. SOC. 1984,106,124-130. (d) Hall, L. C.; Lukehart, C. M.; Srini- 
vasan, R. Organometallics 1985, 4 ,  2071-2072. 
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contains a propynyl substituent on the ferra-chelate ring 
and either a methyl, 1, or methacryl, 2, group as the other 
ferra-chelate ring substituent. In the infrared spectra of 
1 and 2 in CH2C12 solution, both complexes exhibit an 
alkynyl C-C triple bond stretching band at 2195 cm-’ and 
terminal C-0 stretching bands at approximately 2000 and 
1960 cm-’. The relative intensities of these CO bands 
indicate that 1 exists predominantly in the boat confor- 
mation having an axial, terminal CO ligand while complex 
2 exists as a nearly equal abundance of both boat isomers 
with only slight preference for the isomer having the axial, 
terminal CO ligand.5 

Complex 1 reacts with cyclopentadiene at  room tem- 
perature to give the norbornadienyl Diels-Alder adduct 
3 in 34% yield as the sole isolated cycloaddition product. 
The presence of the bicyclo [2.2.1] substituent is indicated 
by a comparison of the ‘H NMR data of 3 with those of 
similar organic model  compound^.^,^^^ Methyl tetrolate 
(the closest carbon analogue to 1) reacts with cyclo- 
pentadiene at 160 “C to give a Diels-Alder adduct in 26% 
yield.s The CO stretching band observed for 3 at  1960 
cm-’ indicates that the ferra-chelate ring exits only as the 
boat conformation having the terminal CO ligand in the 
equatorial position. This isomer preference is expected 
because of the presence of the bulky bicyclo [2.2.1] sub- 
stituent attached to the ferra-chelate r ing.’~~ Complex 1 
does not form Diels-Alder adducts with isoprene, 2,3-di- 
methyl-1,3-butadiene (DMB), or furan, presumably re- 
flecting the weak dienophilicity of the propynyl group. 

Compound 2 adds DMB to the methacryl substituent 
to give 4. Major and minor resonances at  6 4.73 and 4.69, 
respectively, with relative intensities of 955  are observed 
in the ‘H-NMR spectrum of 4 for the C5H5 ligand. Be- 
cause regioisomerism is not possible for this DMB addition, 
we assign these resonances to the two diastereomers that 
could form during this reaction. The diastereomer shown 
is presumed to be the major one based on the results of 
our more comprehensive study of Diels-Alder additions 
to methacryl substituents of ferra-chelate rings.l 

Isoprene adds to 2 to give complex 5. Infrared data 
confirms the presence of a free propynyl substituent and 
only the boat isomer having an equatorial carbonyl ligand. 
The comparison of the ‘H NMR data for 5 with those of 
related complexes1 indicates that the regiochemistry of the 
Diels-Alder cycloaddition occurs to give only the “para” 
isomer. Evidence of diastereomer formation was not de- 
tected by NMR. 

Complex 5 reacts with cyclopentadiene to give the 
Diels-Alder bis-adduct 6 in 76% yield. This compound 
exists only as the boat isomer having an equatorial, ter- 
minal carbonyl ligand. The presence of the norbornadienyl 
ligand is evident from the ‘H NMR data and by com- 
parison to the spectra data of complex 3. Additional minor 
resonances for the C5H5 ligand at 6 4.73 and 4.62 probably 
represent diastereomers arising from differing stereo- 
chemistry at  the Fe, norbornadienyl, or C(sp3)-Me cyclo- 
hexenyl asymmetric centers. The ratio of the area of the 
largest of these minor resonances to that of the major 
isomer is 12:88. We tentatively assign the preferred 
stereochemistry as that shown for 5 and 6 by direct analogy 
to the observed stereochemical preferences observed for 
isoprene addition to methacryl substituents in related 

(5) Afzal, D.; Lenhert, P. G.; Lukehart, C. M.; Srinivasan, R. Inorg. 

(6) Simmross, F. M.; Weyerstahl, P. Liebigs Ann. Chem. 1981, 

(7) Kraihanzel, C. S.; Losee, M. L. J. Org. Chem. 1968,33,1983-1986. 
(8) Jones, E. R. H.; Mansfield, G. H.; Whiting, M. C. J. Chem. SOC. 

Chem. 1986, 25, 710-712 and references therein. 

1089-1099. 

1956, 4073-4082. 



152 Organometallics, Vol. 6, No. I ,  1987 

(ferra-P-diketonato)BF2 compounds.l These earlier ste- 
reochemical assignments have been confirmed by x-ray 
structural determinations. 

Lukehart  a n d  Sacksteder 

dissolved 0.64 g of 1. Cyclopentadiene (25 mL) was then added 
to the orange solution. This solution was stirred under an N2 
atmosphere for 4 days a t  room temperature. The solvent was 
evaporated at  reduced pressure, and the residue was extracted 
into a minimum volume of ether. The solution was chromato- 
graphed on a 13-cm column of Florisil in hexane, and the 
brown-red product band was eluted by using ether/hexane (3070). 
Dark brown microcrystalline material was obtained from the 
concentrated solution by crystallization at  -20 "C: yield 0.27 g 
(34%); mp 144-145 "C; IR (CH,Cl,) u(C0) 1960 (vs) cm-'; 'H 
NMR (CDC13) 2.06 (s, 2, CHz), 2.33 (s, 3, C=C(Me)), 2.84 (s, 3, 
MeCO), 3.49 (9, 1, H [bridgehead]), 4.22 (br, s, 1, H [bridgehead]), 
4.72 (5, 5 ,  C5H5), 6.72 (br, s, 1, H), 6.89 (br, s, 1 H). Anal. Calcd 
for Cl7HI7O3BF2Fe: C, 54.59; H, 4.59. Found: C, 54.24; H, 4.59. 

Preparation of (q-C5H5)(OC)Fe{[ (Me)C=C]CO)- 
([CHzCH,(Me)C=C(Me)CH,(Me)C]CO)BFz (4). To 0.25 g of 
2 were added 9 mL of diethyl ether, 2 mL of CH,C12, and 5 mL 
of 2,3-dimethyl-1,3-butadiene. The dark orange solution was 
allowed to stir a t  room temperature for 30 h. The solvents were 
then removed at  reduced pressure, and the residue was dissolved 
in 2 mL of CH,Cl,. The solution was chromatographed through 
a 13-cm column of Florisil in hexane and ether/hexane (50:50) 
was used to elute a red-brown band. The band was concentrated 
to approximately 25 mL and was cooled to  -20 "C affording 0.10 
g (32%) of brown crystals: mp 101-102 "C; IR (CH,Cl,) v(C=C) 
2195 cm-', u(C0) 1975 (vs) cm-'; 'H NMR (CDCl,) 6 0.96 (s, 3, 
MeCCO), 1.27, 1.67, 1.71, 1.88, 2.38 (m, 6, ring CH, protons), 1.59 
(br s,6, MeC=CMe), 2.24 (s, 3, C e M e ) ,  4.73 (s, 5, C5H5). Anal. 
Calcd for CZ0H2,O3BF2Fe: C, 57.73; H, 5.58. Found: C, 57.77; 
H, 5.70. 

Preparation of (q-C,H,)(OC)Fe([(Me)C=C]CO]- 
{ [CH2CH2(Me)C=C(H)CH,(Me)C]CO)BF2 (5). To 0.52 g of 
2 were added 5 mL of CH2C1, and 5 mL of isoprene. The dark 
rust-colored solution was stirred at  room temperature as a closed 
system for 48 h. The solvents were then removed a t  reduced 
pressure and the residue was extracted with a minimum volume 
ether. The solution was chromatographed on a 13-cm column 
of Florisil in hexane. A red band was eluted using hexane/ether 
(7030), and the product was crystallized from ether/hexane so- 
lution at  -20 "C as black crystals: yield 0.33 g (53%); mp 85-86 
OC; IR (CH2C12) v(C=C) 2195 (s) cm-'; 'H NMR (CDCI,) 6 1.00 
(s, 3, MeCCO), 1.55, 1.66, 1.88, 1.97, 2.57 (m, 6, ring CH2 protons), 
1.63 (br s, 3, MeC=CH), 2.24 (s, 3, C=CMe), 4.73 (s, 5, C5H5), 
5.29 (br s, 1, CH=CMe). Anal. Calcd for Cl9HZ1O3BF2Fe: C, 
56.76; H, 5.28. Found: C, 56.89; H, 5.46. 

Preparation of (q-C5H5)(OC)Fe((3-methyl-2-norbornyl- 
2,5-diene)CO]([CH2CH,(Me)C==C(H)CH2(Me)C]CO]BFz (6). 
To 0.29 g of 5 was added 5 mL of CH2C12. Dicyclopentadiene was 
cracked," and 25 mL of cyclopentadiene was added to the dark 
orange solution, which then was allowed to stir a t  room tem- 
perature for 4 days. The solvents were removed a t  reduced 
pressure, and the residue was chromatographed on a 13-cm Florisil 
column in hexane. A brown band was eluted with ether/hexane 
(20:80) and was concentrated until it was slightly turbid. Crys- 
tallization a t  -20 "C affored 0.26 g (76%) of brown crystalline 
material: mp 125.5-127 "C; IR (CH,Cl,) v(C0) 1947 (vs) cm-'; 
*H NMR (CDC13) 6 1.05 (s, 3, MeCCO), 1.57, 1.79, 2.00, 2.53 (m, 
6, CH, protons), 1.66 (br s, 3, MeC=CH), 2.04 (br s, 2, CH2 of 
the norbornadienyl moiety), 2.28 (s, 3, CC=CMe), 3.48 (br s, 1 
H [bridgehead]), 4.32 (br s, 1 H [bridgehead]), 4.66 (s, 5, C5H5), 
5.34 (m, 1, CH=CMe), 6.75 (m, 1, H), 6.94 (m, 1, H). Anal. Calcd 
for CZ4Hz7O3BF2Fe: C; 61.57; H, 5.82. Found: C, 61.59; H, 5.82. 
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Registry No. 1, 105472-25-1; 2, 105472-26-2; 3, 105472-27-3; 

81939-68-6; cyclopentadiene, 542-92-7; 2,3-dimethyl-l,3-butadiene, 
513-81-5; isoprene, 78-79-5. 

4, 105472-28-4; 5, 105472-29-5; 6, 105472-30-8; 7, 12108-22-4; 8, 

Experimental Section 
All reactions and other manipulations were performed under 

dry, prepurified nitrogen. Diethyl ether, pentane, hexane, and 
tetrahydrofuran (THF) were dried over Na/K alloy with ben- 
zophenone having been added to the diethyl ether and THF.  
Methylene chloride was dried over P205. All solvents were distilled 
under nitrogen before use. 

Infrared (IR) spectra were recorded on a Perkin-Elmer 727 
spectrometer as methylene chloride solutions in 0.10-mm sodium 
chloride cavity cells with the solvent as a reference and a poly- 
styrene film as a calibration standard. 'H NMR spectra were 
obtained on either a JEOL MH-100 or a JEOL FXSO-Q NMR 
spectrometer as CDC1, solutions with Me,Si as an internal ref- 
erence. Microanalyses were performed by MicAnal Organic 
Microanalysis, Tucson, AZ. 

The compounds (q-C5H5)(OC), FeC(0)Me (7)' and (7- 
C5H5)(OC),Fe{ [H2C=C(Me)JC(0)) (8)'O were prepared by liter- 
ature methods. 

Preparation of (q-C5H5)(OC)Fe(MeCO)([(Me)Cs]CO]- 
BF2 ( 1 ) .  To a stirred solution of 1.02 g (4.64 mmol) of 7 in 100 
mL of T H F  a t  room temperature was added 0.29 g of 93% pro- 
pynyllithium which previously had been weighed out in a glovebag. 
Upon dissolution, a rapid color change to orange occurred and 
the solution was stirred for 1.5 h. The solvent was removed a t  
reduced pressure using a warm water bath. CHpC12 (100 mL) was 
added to the residue to produce a clear orange solution which was 
then cooled to 0 "C. Gaseous BF3 was bubbled through the 
solution a t  a moderate rate for 60 s. The 0 "C bath was removed, 
and the solution was allowed to warm to room temperature. The 
solvent was removed at reduced pressure. The residue was dis- 
solved in 5 mL of CHzC12 and was chromatographed through a 
13-cm column of Florisil in hexane. Methylene chloride was used 
to  elute a bright orange band which was concentrated to ap- 
proximately 20 mL. Pentane was added until the solution became 
slightly turbid. Crystallization a t  -20 "C afforded 0.49 g (35%) 
of orange needles: mp 126-129 "C; IR (CH,Cl,) v(CsC) 2195 (m) 
cm-', I1 u(C0) 2000 (vs), 1960 (w) cm-l; 'H NMR (CDCl3) 6 2.25 
(s, 3, C=C(Me)), 2.91 (s, 3, MeCO), 5.19 (5, 5, C5H5). Anal. Calcd 
for C12H1103BF2Fe: C, 46.81; H, 3.61. Found: C, 46.59; H, 3.68. 

Preparation of (q-C5H5)(OC)Fe([H2C==C(Me)]CO){[ (Me)- 
C=C]CO]BF, (2). To a stirred solution of 1.94 g (7.88 mmol) 
of 8 in 100 mL of T H F  a t  room temperature was added 0.34 g 
of 97% propynyllithium which previously had been weighed out 
in a glovebag. Upon dissolution, a rapiid color change to dark 
orange occurred and the solution was allowed to  stir for 1.5 h. 
The solvent was removed a t  reduced pressure by using a warm 
water bath. CH2Cl2 (100 mL) was added to the red-orange solid 
residue. This produced a clear dark orange solution which was 
cooled to 0 "C. Gaseous BF, was bubbled through the solution 
at  a moderate rate for 20 s. The 0 OC bath was removed, and the 
solution was allowed to warm to room temperature. The solvent 
was removed at reduced pressure. The residue was dissolved in 
5 mL of CH,Cl, and was chromatographed through a 13-cm 
column of Florisil in hexane using ether/CH2Cl2 (1:l) for band 
elution. The band was concentrated to approximately 30 mL, 
and pentane was added until the solution became slightly turbid. 
Crystallization a t  -20 "C afforded 1.32 g (50%) of orange mic- 
cricrystalline materiai: mp 108-112 "C; IR (CHzCl2) v ( C 4 )  2195 
(vs) cm-', v(C0) 2000 (vs), 1970 (9) em-'; lH NMR (CDC13) 6 1.86 
(s, 3, C=C(Me), 2.22 (s, C=C(Me)), 4.95 (9, 5 ,  C5H5), 5.22, 5.41 
(d, 2, CH,=C, J = 17.1 Hz). Anal. Calcd for CL4Hl3O3BF2Fe: 
C, 50.35; H, 3.93. Found: C, 50.68, H. 3.87. 

Preparation of ( q-C5H5) (OC)Fe( MeCO)( (3-methyl-2-nor- 
bornyl-2,5-diene)CO)BF2 (3). Dicyclopentadiene was cracked 
thermally by a literature rneth0d.l' In 8 mL of CH2C12 was 

(9) King, R. B. J .  Am. Chem. SOC. 1963,85, 1918-1922. 
(10) (a) Casey, C. P.; Miles, W. H.; Tukada, H.; OConnor, J. M. J. Am. 

Chem. SOC. 1982, 104, 3761-3762. (b) Kremer, K. A. M.; Kuo, G.-H.; 
O'Connor, E. J.; Helquist, P.; Kerber, R. C. J.  Am. Chem. SOC. 1982,104, 
6119-6121. 

(11) Moffett, R. B. Organic Syntheses; Wiley: Sons, New York, 1963, 
Coll. Vol. IV, p 238. 


