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C, 65.85; H, 4.41; N, 12.80. Found: C, 65.70; H, 4.57; N, 12.69.
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A method for the preparation of symmetrically substituted 1,3-diynes, 1,3-dienes, and biphenyls based on the
copper(II) nitrate mediated coupling of organotin compounds 1 (R = alkynyl, alkenyl, aryl) is described. The
addition of alkynylstannane 1a, 1b, or 1¢ (a, R = THPOCH,C=C; b, R = n-C.H,C=C: ¢, R = C¢gH;C=C) to
1 equiv of Cu(NO,)43H,0 in THF at 23 °C afforded 1,3-diynes 2a—c in 85%, 60%, and 50% yield, respectively.

Similar . »atment of alkenylstannanes 1d, le, 1f, or 1g (d, R = O(CH,);CH=C,; e, (E)-PhCH,0CH,CH=CH;
f, (2)-PL..H,O0CH,CH=CH, g, 3,4-(CH;0),C¢H3;C(==CH,)) afford the 1,3-dienes 2d—g in 80%, 72%, 75%, and
71% yield, respectively. In the case of (E)- or (Z)-vinylstannanes, the dimerization process is found to be highly
stereospecific. For example, copper(II) nitrate induced coupling of 1f (R = (Z)-PhCH,0CH,CH=CH) afforded
a 23:1 ratio of (Z,Z) /(E,Z)-diene stereochemistry for 2f (R = PhCH,0CH,CH=CH). Also prepared by this method
were the substituted biphenyls 2h-k (h, R = 4-CH3C¢H,; i, R = 4-CH;0C¢H,; j, R = 2-CH,0C¢H,; k, R =
4-(CHj,)-2,6-(CH30),CHy) in 14-66% yield. Aspects about the possible mechanism of dimerization are discussed.

The oxidative dimerization of terminal alkynes to sym-
metrical diynes (the Glaser! and Eglinton? reactions) is a
classical synthetic reaction which has recently emerged as
a cornerstone transformation in the synthesis of several
macrocyclic cage compounds that are capable of accomo-
dating organic guest molecules with a high degree of se-
lectivity binding.® The fundamental process for the
coupling of terminal alkynes is mediated by copper(Il) salts
(CuCl; or Cu(OAc)y), in basic media (pyridine or TMEDA),
although, this general strategy has undergone numerous
alterations in specific experimental conditions. The yields
of diynes vary considerably as a function of substrate
structure, choice of copper(II) complexes, reaction solvent
and temperature.* An exception to the copper-mediated
method is the recent Pd(II)-catalyzed coupling of alkynes,’
but this method is limited to the dimerization of aryl-
acetylenes.

We report a new and versatile variation on this trans-
formation leading to good yields of symmetrically coupled
products under mild conditions in short reaction times
using copper(II) nitrate with the corresponding alkynyl-
stannanes according to eq 1. An especially interesting

(1) (a) Glaser, C. Chem. Ber. 1869, 2, 422, (b) Glaser, C. Ann. 1870,
154, 137. (c) Galamb, V.; Gopal, M.; Alper, H. Organometallics 1983, 2,
801.

(2) (a) Eglinton, G.; Galbraith, A. R. Chem. Ind. (London) 1956, 737.
(b) Eglinton, G.; McCrae, W. Adv. Org. Chem. 1963, 4, 252 and references
therein.

(3) (a) Sheridan, R. E.; Whitlock, H. W.; Jr. J. Am. Chem. Soc. 1986,
108, 7120. (b) Whitlock, B. J.; Whitlock, H. W. Jr. Ibid. 1985, 107, 1325.
(c) Whitlock, B. J.; Whitlock, H. W. Jr. Ibid. 1983, 105, 838. (d) O’-
Krongly, D.; Denmeade, S. R.; Chiang M. Y.; Breslow, R. Ibid. 1985, 107,
5544.

(4) For a comprehensive treatise on the formation of diynes via the
oxidative coupling of alkynes, see: Shostakovskii, M. F.; Bogdanova, A.
V. The Chemistry of Diacetylenes; Wiley: New York, 1974; and refer-
ences therein.

(5) Rossi, R.; Carpita, A.; Bigelli, C. Tetrahedron Lett. 1985, 523.

discovery is the applicability of this procedure to the di-
merization of vinyl- and arylstannanes.

Cu(NO;)#3H,0

RSn(n-C4H9)3 R;R (1)
1

R = alkynyl, alkenyl, aryl

Results and Discussion

Coupling of Alkynylstannanes: Preparation of
1,3-Diynes. The addition of neat alkynylstannane la (cf.
Table I) to a solution of 1 equiv of Cu(NO3),-8H,0 in
tetrahydrofuran at 23 °C gave, after 10 min, the symme-
trical diyne 2a in 85% isolated yield (see eq 2). By con-

Cu(NOy)y3H,0

RC=CSnBu, RC=CC=CR (2)
la-c 2a-c

trast, the Glaser-type coupling of the corresponding alkyne,
3-(tetrahydro-2H-pyran-2-yloxy)-1-propyne,® with either
CuCl/0O, or Cu(OAc), in TMEDA at 40 °C for 5 h afforded,
at best, a 34% yield of diyne 2a. Surprisingly, alkynyl-
stannane la was inert toward Cu(OAc),, CuCl,, CuBr,, and
CuSO, under similar conditions. However, dimerization
using AgNO;" gave results identical with those from the
Cu(NOy)y-mediated coupling. Brief studies using Cu(NO;),
and alkynylstannane la showed that a variety of nona-
queous solvents (DME, DMF, dioxane, acetone, methanol)
were suitable for the coupling reaction, but no reaction was

(6) Hiraoka, H.; Furuta, K.; Ikeda, N.; Yamamoto, H. Bull. Chem. Soc.
Jpn. 1984, 57, 2777.

(7) The oxidative coupling of alkenylsilver(I) compounds has been
investigated: (a) Whitesides, G. M.; Casey, C. P.; Krieger, J. K. J. Am.
Chem. Soc. 1971, 93, 1379. (b) Moore, W. R.; Bell, L. N.; Daumit, G. P.
J. Org. Chem. 1971, 36, 1694. (c) For a discussion on the mechanism of
the oxidative coupling of organocopper compounds, see: Klebanskii, A.
L.; Grachev, 1. V.; Kuznetsova, O. M. Zh. Obshch. Khim. 1957, 27, 2977.
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Table I. Yields of Dimer 2 from the Cu(NO;);-Mediated Coupling of Organotin Compounds 1°

entry substr 1, R product 2 reacn time, min  isol yield, %
a THPOCH,C=C (THPOCH,C=C(C), 10 85
b n-C4H9CEC (n-C4HQCEC)2 10 60
¢ C4H;C=C (C¢H;C=C), 30 50
d 2,3-dihydro-4H-pyran-6-yl 2,2/,3,3-tetrahydro-6,6"-bi-4H-pyran 10 80
e (E)-CeH;CH,O0CH,CH=CH (C¢H;CH,0CH,CH~=CH), 10 72b
f (2)-C¢H;CH,O0CH,CH=CH (C¢H;CH,O0CH,CH=CH), 10 75¢
g 3,4'(MGO)2CGH3C(=CH2) [3,4‘(M80)2C6H30(=CH2)]2 25 71
h 4-MeCgH, (4-MeCgHy), 10 67
i 4-MeOCgH, (4-MeOCgH,), 10 66
j 2'M€OCGH4 (2'M30C5H4)2 1204 45
k 2,6-(Me0),-4-MeCgH, [2,6-(MeO),-4-MeCgH,1, 100 14

3 All reactions were performed with 1 mmol of 1 and 1.0 mmol of Cu(NO;)43H,0 in tetrahydrofuran at 23 °C. *E,E/E,Z ratio was 19:1.

¢Z,Z/E,Z ratio was 23:1.. “ Reaction was approximately 80% complete.

observed in 5% aqueous THF; the starting material was
recovered unchanged. The reason that the additional
water nullifies the dimerization process is not apparent
since the copper nitrate used for the coupling reaction is
the trihydrate.?

Coupling of Alkenylstannanes: Preparation of
1,3-Dienes. Especially interesting was the extension of
the copper nitrate mediated method to alkenylstannanes
1d-g (eq 3), to afford the symmetrical dienes 2d—g in

Cu(NOy);3H,0

RICH=C(R?SnBu,
ld-g
RICH=C(R?C(R?)=CHR! (3)
2d-g

70-80% isolated yields. Additionally, for the (E)-vinyl-
stannane le, the dimerization proceeded largely with re-
tention of the original alkene stereochemistry to give the
(E,E)-diene 2e as determined by 'H and 3C NMR. Careful
scrutiny of the crude product by gas chromatography
showed an E,E/E,Z ratio of 19:1 with less than 5% con-
tamination by the isomeric (Z,Z)-diene. Similarly high
stereospecificity was observed for the dimerization of the
(Z)-vinylstannane 1f, where the Z,Z/E,Z ratio was 23:1.
Of particular note, the dimerization of vinylstannane 1g
afforded a 71% yield of 2,3-bis(3,4-dimethoxyphenyl)-
1,3-butadiene (2g), a key intermediate in the synthesis of
the alkaloid septicine.?

Coupling of Arylstannanes: Preparation of Bi-
phenyls. The Cu(NO;);-mediated procedure was found
to be equally effective for the coupling of arylstannanes
1h-k to give the corresponding substituted biphenyls in
14-67% yield (eq 4). For example, the addition of (2-

Y i Y v
SN g, Stosmam XN 7,

1h-k 2h-k

methoxyphenyl)tributylstannane (1j) to Cu(NO,),/ THF
afforded a 43% yield of 2,2’-dimethoxybiphenyl and a 40%
yield of the destannylated product, anisole. Unfortunately,
the formation of anisole could not be suppressed by var-
iation of the substrate concentration or by changes in
solvent and/or temperature. This suggested the yield of
dimerized product is largely controlled by steric factors.
Consistent with this view, the para-substituted aryl-
stannanes 1h and 1i gave better yields of the biphenyls
2h and 2i (67% and 66% yields, respectively) than did the
ortho-substituted stannane 1j. Attempts to couple the

(8) Interestingly, oxidative coupling of these organotin compounds was
also observed by using Cu(NQ;),»XCHCN in THF.

(9) Iwashita, T.; Suzuki, M.; Kusumi, T.; Kakisawa, H. Chem. Lett.
1980, 383.

more sterically encumbered stannane (2,6-dimethoxy-4-
methylphenyl)tributylstannane afforded only a dismal
14% yield of biphenyl 2k;1° 3,5-dimethoxytoluene was the
predominant product.
. Attempts to couple benzylic tri-n-butylstannanes with
Cu(NOQOj;), in THF proved unsuccessful. For example,
treatment of (phenylmethyl)tributylstannane!! with Cu-
(NO3)9:3H,0 led to slow consumption of the organotin
compound to afford numerous products but none of the
expected 1,2-diphenylethane was detected chromato-
graphically. Similar results were obtained when di-
methylformamide or acetonitrile were used as the solvent.
Mechanistic Considerations. Some aspects of the
possible mechanism deserve comment. On the basis of
related transmetalation of organotin compounds by mer-
cury(II) salts,'?> we anticipated that the first step of the
reaction involves transmetalation of the unsaturated
stannane to afford an organocopper(Il) species and tri-
butyitin nitrate as depicted in eq 5. Indeed, tributyltin

R—R
RSnBug UM% rpeyty e R'< (5)
. R—H
BuaSnONO2

nitrate!®* could be isolated in high yield for each of the
cases shown in Table I. The fate of the presumed orga-
nocopper(II) species which leads to both dimerized and
destannylated products presently remains uncertain and
may involve decomposition to free radicals. To the tenuous
extent that the stereospecific nature of the dimerization
may infer mechanism, the stereospecificity observed for
alkenylstannanes le and 1f does not support the notion
that long-lived free radicals are intermediates in the re-
action.”® We are currently probing these aspects of the
reaction.

Summary
The method described herein offers a versatile and
useful procedure for the preparation of symmetrically
substituted diynes, dienes, and biphenyls. Also, the re-
action is shown to be highly stereospecific for the coupling
of (E)- or (Z)-vinylstannanes. The ease in preparing the
different classes of organotin compounds employed in this

(10) Buchi, G.; Klaubert, D. H.; Shank, R. C.; Weinreb, S. M.; Wogan,
G. N. J. Org. Chem. 1971, 36, 1143.

(11) (Phenylmethyl)tributylstannane was prepared according to a
modified procedure of Abraham®? using PhCH,MgBr and n-Bu3SnCl in
THF.

(12) Abraham, M. H.; Andonian-Haftvan, J. J. Chem. Soc., Perkin
Trans. 2 1980, 1033.

(13) Clark, H. C.; O'Brien, R. J. Inorg. Chem. 1963, 2, 740.

(14) During the coupling of the hexynylstannane (1b), we noted the
formation of a small amount of an isolable yellow precipitate whose
melting point, IR, and 'H NMR spectra were consistent with those of the
known organocopper(I) reagent C;H,C=CCu.
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study, coupled with the simplicity of the method, con-
tributes to the synthetic merit of this procedure for the
dimerization of organometallic compounds. We are cur-
rently examining the possibility of a catalytic variation of
this reaction.

Experimental Section

Infrared spectra were determined on a Perkin-Elmer 1420
spectrometer. The abbreviation TF denotes thin film. NMR
spectra were determined on either a Perkin-Elmer FT R-600 or
a Varian FT-80A spectrometer. GC analyses were performed on
a Varian Aerograph 2400 with an SGE 50QC2/BP5 0.1 capillary
column. Elemental analyses were performed by Atlantic Mi-
crolabs, Atlanta, GA.

The following organotin compounds were prepared according
to the literature procedures: 1-hexyn-1-yltributylstannane (1b);!®
(2-phenylethynyl)tributylstannane (1¢);'® [(1E)-3-(benzyloxy)-1-
propen-1-yl]tributylstannane (1e);'? (4-methylphenyl)tributyl-
stannane (1h);!® (4-methoxyphenyl)tributylstannane (1i);'® (2-
methoxyphenyl)tributylstannane (1j).1°

Preparation of 3-(Tetrahydro-2H-pyran-2-yloxy)-1-
propyn-1-yltributylstannane (la). To a solution of 1-lithio-
3-(tetrahydro-2H-pyran-2-yloxy)-1-propyne® (30 mmol) in 50 mL
of THF at —20 °C under a nitrogen atmosphere was added 8.95
mL (33 mmol) of tri-n-butyltin chloride. After being stirred for
30 min at —20 °C, the mixture was diluted with 500 mL of ether
and washed successively with 100 mL of water, 2 X 100 mL of
5% aqueous ammonia, and 100 mL of brine and dried over an-
hydrous magnesium sulfate. Evaporation of solvent followed by
distillation, in vacuo, afforded 11.7 g (91%) of 1la: bp 130-135
°C (0.35 Torr); IR (TF) 2160, 1030 cm™?, 'H NMR (CDCly) &
0.92-1.58 (m, 33 H), 3.70 (m, 2 H), 4.28 (s, 2 H), 4.85 (m, 1 H).
Anal. Caled for Cy30H340,8n: C, 55.96; H, 8.92. Found: C, 55.98;
H, 8.93.

Preparation of 2,3-Dihydro-4H-pyran-6-yltributyl-
stannane (1d). The procedure described for the preparation of
1a was repeated using lithiated dihydropyran?® (30 mmol) to afford
after distillation 10.3 g (92%) of 1d: bp 105-110 °C (0.1 Torr);
IR (TF) 1610, 1065 cm™; 'H NMR (CDCls) 6 0.92-1.50 (m, 27 H),
1.94 (m, 4 H), 3.88 (t,J = 6 Hz, 2 H), 4.72 (t, J = 4 Hz, 1 H). Anal.
Calced for CsH3,08n: C, 54.72; H, 9.18. Found: C, 54.80; H, 9.17.

Preparation of [(Z)-3-(Benzyloxy)-1-propen-1-yl]tri-
butylstannane (1f). The procedure of Czernecki et al.?? was
repeated using 1.74 g (5 mmol) of (Z)-n-Bu;SnCH=CHCH,0H?
to afford after distillation 1.84 g (84%) of 1f: bp 140-150 °C (0.1
Torr); IR (TF) 1600, 1500, 1460 em™%; 'H NMR (CDCl,) 6 0.92-1.58
(m, 27 H), 3.98 (d, J = 6 Hz, 2 H), 4.52 (s, 2 H), 6.5 (m, 2 H), 7.34
(s, 5 H). Anal. Caled for C5yH3OSn: C, 60.43; H, 8.76. Found:
C, 60.51; H, 8.80.

Preparation of [1-(3,4-Dimethoxyphenyl)ethen-1-yl]tri-
butylstannane (1g). The procedure of Matsubara et al.?* was

(15) Jones, K.; Lappert, M. F. Proc. Chem. Soc. 1964, 22.

(18) Labadie, J. W.; Stille, J. K, J. Am. Chem. Soc. 1983, 105, 6129.

(17) Jung, M. E.; Light, L. A. Tetrahedron Lett. 1982, 3851.

(18) Adam, M. J.; Ruth, T. J.; Jivan, S.; Pate, B. D. J. Flourine Chem.
1984, 25, 329; Chem. Abstr. 1985, 102, 5786v.

(19) Shirley, D. A.; Johnson, J. R., Jr.; Hendrix, J. P. J. Organomet.
Chem. 1968, 11, 209.

(20) Boeckman, R. K., Jr,; Thomas, E. W. J. Am. Chem. Soc. 1977, 99,
2805.

(21) Oakes, F. T.; Sebastian, J. F. J. Org. Chem. 1980, 45, 4959,

(22) Czernecki, S.; Georgoulis, C.; Provelenghiou, C. Tetrahedron Lett.
1976, 3535.

(23) Corey, E. J.; Eckrich, T. M. Tetrahedron Lett. 1984, 2415.

(24) Matsubara, S.; Hibino, J. I.; Morizawa, Y.; Oshima, K. J. Orga-
nomet. Chem. 1985, 285, 163.

Ghosal et al.

repeated using 810 mg (5 mmol) of 3,4-(CH;0),C¢H;C==CH? to
afford, after flash silica gel chromatography in 1:10 ethyl ace-
tate-hexane, 1.62 g (40%) of 1g: IR (TF) 1600, 1570, 1510, 1250,
860, 820 em™; 'H NMR (CDCI;) 6 0.92-1.58 (m, 27 H), 3.78 (s,
3 H),3.80(s,3H),5.39(d,J =3Hz, 1H),6.06(d,J =3Hz1
H), 6.82 (m, 3 H). Anal. Caled for CoH350,Sn: C, 58.30; H, 8.45.
Found: C, 58.22; H, 8.45.

General Procedure for the Copper Nitrate Coupling of
Organotin Compounds 1. Preparation of 1,6-Bis(tetra-
hydro-2H-pyran-2-yloxy)-2,4-hexadiyne (2a). To a solution
of 242 mg (1.0 mmol) of Cu(NO;),-3H,0 in 1 mL of THF at 23
°C was added in one portion 429 mg (1 mmol) of stannane la.
After being stirred for 10 min at 23 °C, the mixture was diluted
with 75 mL of ethyl acetate, washed successively with 50 mL of
5% aqueous ammonia, 50 mL of water, and 50 mL of brine, and
dried over anhydrous magnesium sulfate. Evaporation followed
by chromatography on a 2.5 X 20 cm silica gel column in 1:20 ethyl
acetate-hexane afforded 118 mg (85%) of 2a: IR (TF) 2260, 1200
em™}; 'H NMR (CDCly) 6 1.60 (br s, 12 H), 3.67 (m, 2 H), 4.29
(s, 4 H), 4.75 (m, 2 H). Anal. Caled for C16H2204: C, 69.04; H,
7.97. Found: C, 69.10; H, 7.99.

Summary of Spectral Data for Coupled Products 2. The
following compounds gave physical properties and spectra data
consistent with those reported previously: 2b,? 2¢,%6 24, 2¢g,°
2h,28 2i,28 2]',28 2k.10

2e: IR (TF) 1600, 1500, 1100 cm™'; 'H NMR (CDCly) 6 4.11
(d, J = 7 Hz, 4 H), 4.56 (s, 4 H), 5.54-6.34 (m, 4 H), 7.38 (m, 10
H). Anal. Caled for C50Hg0,: C, 81.60; H, 7.53. Found: C, 81.70;
H, 7.56. Capillary GC analysis of this material on a SGE
50QC2/BP5 0.1 column at 240 °C showed two diene components,
2e and the corresponding E,Z isomer in a ratio 19:1 which had
retention times of 14,53 and 13.04 min, respectively. Compound
2e had spectral characteristics and a capillary GC chromatographic
retention time identical with that of an authentic sample syn-
thesized independently by the benzylation (2 equiv of NaH, 6
equiv of PhCH,Br, THF, 23 °C) of the known (E,E)-2,4-hexa-
diene-1,6-diol.2®

2f: IR (TF) 1600, 1500, 1100 cm™}; 'H NMR (CDCly) 6 4.24
(d,J =7Hz, 4 H), 4.56 (s, 4 H), 5.54-6.34 (m, 4 H), 7.38 {m, 10
H). Anal. Calcd for CoyHyO,: C, 81.60; H, 7.53. Found: C, 81.71;
H, 7.56. Capillary GC analysis of this material on a SGE
50QC2/BP5 0.1 column at 240 °C showed two diene components,
2f and the corresponding E,Z isomer in a ratio 23:1, which had
retention times of 12.33 and 13.04 min, respectively.
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