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1-Methyl-2-nitronaphthalene (23). This compound was prepared 
by reduction of 22 according to the literature procedurelg to give 57% 
of 23: mp 59-60 'C (lit.19 mp 56 "C); IR (KBr) 6.59,7.40,12.30,12.56, 
13.30 pm; NMR (CDCI:3) b 3.77 (3 H, s), 8.4-7.5 (6 H, m). 
l-(N,N-Dimethylamino)-2-(2-nitro-l-naphthyl)ethene (24) 

and 3H-Benz[e]indole (1). A solution of 2.60 g (17.7 mmol) of di- 
methylformamide diethyl acetal and 3.30 g (17.6 mmol) of 23 in 10 
m b  of dry dimethylformamide was heated to 155 "C for 3 h. The re- 
action mixture was cooled to room temperature and the solvent was 
removed under reduced pressure to yield crude 24 as a dark red oil: 
IR (neat) 6.14,6.60,7.30,9.14, 12.50,13.25pm; NMR (CDC13) 6 2.80 
(6 H, s), 5.66 (1 H, d, J = 13.7 Hz), 6.40 (1 H, d , J  = 13.7 Hz). This 
material was used in thle following step without additional purifica- 
tion. 

The material obtained above was dissolved in 50 mL of benzene in 
a Parr hydrogenation vessel and 0.25 g of 5% palladium on carbon was 
added. This material was hydrogenated at 40 psi hydrogen pressure 
until the solution turned to a clear yellow. The reaction mixture was 
filtered through Celite and the filtrate was concentrated under re- 
duced pressure. The residue was chromatographed on silica gel 
(ether-hexane eluent) to yield 0.70 g (24% based on 1-methyl-2-ni- 
tronaphthalene) of 3H-benz[e]indole (1). This material was identical 
in all respects with that described above. 
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Treatment with diethyl ether-trifluoroborane or trichloroborane liberates 1,3,2-dithiaborolane (3) from its com- 
plex with trimethylamine. At 50 "C in benzene, hydroboration by 1,3,2-dithiaborolane efficiently converts a repre- 
sentative group of alkenes and alkynes into alkyl- and alkenyl-1,3,2-dithiaborolanes. Hydrolysis of these products 
yields the corresponding boronic acids. 

From studies of boronic acids and their  derivatives have 
come several important  developments. Meriting special at- 
tent ion is the observation that certain derivatives of ben- 
zeneboronic acid accumulate in tumors  of t h e  brain.' Since 
loB has a n  unusually large cross section for the capture  of 
thermal neutrons and since subsequent nuclear fission of dlB 
releases locally lethal amounts of energy, neutron irradiation 
can be used to destroy the cells of tumors  selectively.2 T h e  
powerful, reversible inhibition of a-chymotrypsin a n d  subti- 
lisin by 2-phenylethaneboronic acid and benzeneboronic acid 
has given boronic acids a role t o  play in  the s tudy of specific 
inhibitors of  enzyme^.^ Finally, boronic acids a re  useful in- 
termediates in  syntheses: for example, terminal  alkynes can 
be converted into trans-vinyl iodides and cis -vinyl bromides;4a 

oxidation of boronic acids RB(OH)2 with ammoniacal silver 
oxide gives simple coupled products R-R;4b a cross-coupling 
reaction mediated by boronate complexes derived from bo- 
ronic esters and vinyllithium reagents can be used t o  prepare 
substituted olefins;4c and the reactions of carbonyl compounds 
with lithium bis(ethylenedioxybory1)methide and then with 
hydrogen peroxide yield t h e  homologous aldehydes.4d 

An old, general method for preparing boronic acids and 
esters employs t h e  reaction of appropriate organometallic 
compounds with esters of boric acid.5 Redistribution reactions 
of trialkylboranes6 or t e t r a a l k y l ~ t a n n a n e s ~  with trichloro- 
borane and  redistribution reactions of trialkylboranes with 
esters of boric acids produce derivatives of boronic acids, bu t  
frequently more efficient is t h e  direct hydroboration of alk- 
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enes and alkynes by one of the following reagents: 1,3,2-ben- 
zodioxaborole ( 1),9 4,4,6-trimethyl-1,3,2-dioxaborinane (2),1° 

0%. ' 0' (-1;BH [I> cu, CH3 

3 4 CH 3 1 
2 

chloroborane,ll and dichloroborane.12 Now, 1,3,2-dithiabo- 
rolane (3) can be added to this list. 

1,3,2-Dithiaborolane, first prepared by the reaction of di- 
borane with 1,2-ethanedithiol in diethyl ether and charac- 
terized by Egan et  a1.,'3 is a colorless, crystalline solid which 
is only slightly soluble in tetrahydrofuran. The pure solid does 
not undergo disproportionation below 90 "C.13 Measurement 
of the molecular weight in the gas phase and examination of 
the infrared spectra of the vapor and the solid showed that 
1,3,2-dithiaborolane is; monomeric in the gas phase and sug- 
gested that quaternization of boron occurs in the solid through 
intermolecular coordinate bonds between boron and ~u1fur . l~ 
1,3,2-Dithiaborolane is a stronger Lewis acid than its close 
relative 1,3,2-dioxaborolane (4), since trimethylamine- 
1,3,2-dithiaborolane shows no tendency to dissociate at 25 "C, 
but trimethylamine-1,3,2-dioxaborolane is dissociated com- 
pletely in the gas phase at  25 "C.13 

Results and Discussion 
Because of the simplicity of its synthesis, its stability, and 

the strength of its Lewis acidity, 1,3,2-dithiaborolane prom- 
ised to be a superior reagent for the preparation of boronic 
acids. To  learn whether or not a solution of 1,3,2-dithiaboro- 
lane in fact could be prepared and used to effect the hydro- 
boration of alkenes and alkynes, we performed the following 
experiment. When a solution of tetrahydrofuran-borane in 
tetrahydrofuran was treated a t  0 "C with an equimolar 
amount of ethanedithiol and warmed to 25 "C, 2 molar equiv 
of hydrogen were liberated rapidly. Reaction of the homoge- 
neous mixture with 1-decene a t  25 "C for 15 h led, after oxi- 
dation of the products, to a 74% yield of 1-decanol. But only 
part of this 1-decanol could have been derived from the ex- 
pected intermediate, 2 -decyl-1,3,2-dithiaborolane (5a), since 

5a 6 

analysis of the reaction mixture showed that a significant 
amount of tridecylborane was present before oxidation. Re- 
versing the order in which borane and ethanedithiol were 
combined and changing the temperatures of various steps in 
this sequence did not reveal conditions for a more efficient 
synthesis of compound 5a. Disproportionation of thioboranes 
produced by the initial reaction of borane with ethanedithiol 
may regenerate borane and account for the formation of tri- 
decylborane, since borane should compete successfully with 
1,3,2-dithiaborolane for 1 -decene. lib 

Entirely satisfactory results, however, were obtained when 
1,3,2-dithiaborolane was generated in a less direct manner. 
Its trimethylamine complex 6, reported by Egan e t  al.,13 can 
be prepared conveniently as a crystalline solid by the se- 
quential treatment of tetrahydrofuran-borane in tetrahy- 
drofuran with ethanedithiol and trimethylamine. Since tri- 
methylamine-1,3,2-dithiaborolane (6) is thermally stable 
below 100 "C even under high vacuum, we were not surprised 
to find that it failed to react with 1-decene in boiling benzene, 
and we attempted to prepare a more active reagent by re- 
moving trimethylamine from the complex. Treatment of a 
solution of trimethylamine-1,3,2-dithiaborolane (6) in chlo- 
roform-dl a t  25 "C with an equimolar amount of diethyl 

ether-trifluoroborane yielded a mixture which initially was 
homogeneous. Immediate examination by 'H NMR spec- 
troscopy revealed the presence of trimethylamine-trifluo- 
roborane (broad singlet a t  6 2.67), which could be isolated and 
characterized, and showed that less than 5% of the original 
amounts of diethyl ether-trifluoroborane and trimethyl- 
amine-1,3,2-dithiaborolane (6) remained. The other signals, 
a triplet a t  6 1.20, a broad singlet at 6 3.30, and a quartet a t  6 
3.52, could be attributed to a weak complex 7 of diethyl ether 
and 1,3,2-dithiaborolane (reaction 1) or to a mixture of diethyl 
ether and an oligomer 8 of 1,3,2-dithiaborolane (reaction 2). 
Formation of oligomer 8 seems more likely, however, since the 

s\ )rO(C2H5)2 

+ BF, . O ( C Z H ~ ) ~  e [S'$H 
[ ><(CH3)3 

6 7 

+ BF,. N(CH,), (1) 

s - l  
O < @ H 3 ) 3  + n BF,. O(CZH,I2 +[[s>j n 

6 8 

. n o(c,H,), + n BF;N(CH,), (2) 

chemical shifts of the triplet and quartet are very nearly the 
same as those of diethyl ether itself in chloroform-dl. 

Oligomer 8 proved to be significantly more reactive than 
trimethylamine-1,3,2-dithiaborolane (6), and the addition 
of an equimolar amount of diethyl ether-trifluoroborane to 
mixtures of trimethylamine-1,3,2-dithiaborolane (6) and 
1-decene had a dramatic and beneficial effect: after 13 h a t  50 
"C, 1-decene had been consumed completely, and the product 
was simply a mixture of 2-decyl-l,3,2-dithiaborolane (5a) and 
trimethylamine-trifluoroborane (reaction 3). When complex 
6 was treated with 1-decene and diethyl ether-trifluoroborane 
in benzene or chloroform and kept at  25 "C for 24 h, the major 
product, 2-decyl-1,3,2-dithiaborolane (5a), was contaminated 
with tridecylborane. Since an appropriate control experiment 
demonstrated that compound 5a is stable, the tridecylborane 
probably is derived from diborane generated by dispropor- 
tionation of oligomer 8 or complex 7. A similarly impure 
product was isolated when a solution of trimethylamine- 

[ S\BgN(cH3)3* BF, , O(C2H5), + CH3(CHz),CH=CH2 
s' \H 

6 

5OoC/13hr Ls' 
5a 

1,3,2-dithiaborolane (6) and 1-decene in chloroform a t  25 "C 
was treated with trichloroborane; a minor advantage of this 
procedure was the immediate and quantitative precipitation 
of trimethylamine-trichloroborane. 

Application of the satisfactory conditions of reaction 3 to 
a representative series of alkenes and alkynes gave the results 
summarized in Figure 1. The physical properties and chemical 
behavior of compounds 5a-f were those of derivatives of 
1,3,2-dithiaborolane substituted a t  boron, a few examples of 
which already had been prepared by the reaction of boranes 
with ethanedithiol and by the reaction of 2-halo-1,3,2-dithi- 
aborolanes with organometallic reagents.14 Hydrolysis of 
compounds 5a and 5b in aqueous tetrahydrofuran very rapidly 
and efficiently yielded boronic acids, and hydrolysis followed 
by oxidation with aqueous hydrogen peroxide and base con- 
verted compounds 5a and 5c into the corresponding alcohols. 
In addition, the 1H NMR spectra of these dithiaborolanes in 
chloroform-dl exhibited in all cases a sharp singlet a t  6 3.2 
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Figure 1. Products from the reaction of trimeth~lamine-l,3,2-dithiaborolane (6) with diethyl ether-trifluoroborane and a representative series 
of alkenes and alkynes in benzene at  50 "C. 

attributed previously to the hydrogens of the dithiaborolane 
ring.14csd Finally, the structures assigned to compounds 5a-d 
were consistent with their mass spectra, which revealed 
prominent ions arising from the loss of the elements of 
1,3,2-dithiaborolane by dehydroboration. 

Simple derivatives of boronic acids have been prepared 
directly by the reactions of alkenes and alkynes with 1,3,2- 
benzodioxaborole (1),9 4,4,6-trimethyl-l,3,2-dioxaborinane 
(2),1° chloroborane,ll and dichloroborane.l* Unfortunately, 
compounds 1 and 2 react sluggishly with alkenes; only at 
temperatures above about 100 "C do these hydroborations 
occur a t  satisfactory rates. The disadvantages of the chloro- 
boranes, which are more reactive alternatives, are their in- 
stability and the intricacy of their preparation. We believe that 
the reactivity of 1,3,2-dithiaborolane, the stability of its tri- 
methylamine complex, and the simplicity of its synthesis make 
trimethylamine-1,3,2-dithiaborolane a particularly effective 
reagent for the synthesis of boronic acids by hydroboration. 

Experimental Section 
General Procedures. All infrared (IR) spectra were recorded on 

a Perkin-Elmer Model 1.37 spectrometer. Varian A-60, T-60, HA-100, 
and XL-100 spectrometers were used to obtain IH nuclear magnetic 
resonance (NMR) spectra. Chemical shifts are reported in parts per 
million downfield from internal tetramethylsilane (a). An AEI MS-9 
double-focusing spectrometer was used to obtain mass spectra (MS) 
a t  70 eV. Elemental analyses were performed by Galbraith Labora- 
tories, Inc., Knoxville, Tenn. Melting points (mp) were measured on 
a Thomas-Hoover capillary apparatus and are uncorrected. Vapor- 
phase chromatographic analyses were performed on columns of 2% 
Apiezon L (5 f t  X 0.25 in.), 10% SE-30 (6 ft  X 0.25 in.), and 10% Car- 
bowax-20M (5 ft  X 0.25 in.) on Chromosorb W in a Varian Aerograph 
Model 1420 instrument equipped with a thermal-conductivity de- 
tector. All glassware was dried at  120 "C and cooled under dry Nz 

immediately before use. Benzene and hexane were dried over sodium 
wire, and tetrahydrofuran was distilled from the sodium ketyl of 
benzophenone. A solution of tetrahydrofuran-borane in tetrahy- 
drofuran was obtained from the Ventron Corporation. All other re- 
agents were commercial products of the highest purity obtainable. 

Preparation of Trimethylamine-l,3,2-Dithiaborolane (6). 
Under dry Nz, a stirred solution of tetrahydrofuran-borane in tet- 
rahydrofuran (56 mL, 1.0 M, 56 mmol) at  0 "C was treated dropwise 
during 30 min with freshly distilled 1,2-ethanedithiol(5.3 g, 56 mmol). 
The mixture, from which gas issued vigorously, was stirred at  0 OC for 
2 h. Then after an excess of trimethylamine had been introduced by 
the slow distillation of a liquid sample (6 mL at 0 "C) into the reaction 
vessel, the mixture was kept at  0 O C  for an additional 2 h. Removal 
of solvent by evaporation at  25 "C in vacuo left complex 6 as a mass 
of colorless crystals, and sublimation of this material at  50 "C and 
0.004 Torr efficiently provided an analytically pure sample of tri- 
methylamine-1,3,2-dithiaborolane in the form of glassy prisms (7.0 
g, 43 mmol, 77%): mp 100-101 "C dec; IR (solution in CHZC12) 2405 
cm-l;" NMR(60 MHz,CDC13)6 2.65 (s,9 H),2.93 (s,4 H);MS mle 
(re1 intensity) 104 (36), 103 (12), 76 (16),61 (12), 60 (52), 59 (44), 58 
(100). Anal. Calcd for CbH14BNSz: C, 36.82; H, 8.65; B, 6.63; N, 8.59; 
S, 39.31. Found: C, 36.99; H, 8.70. Trimethylamine-1,3,2-dithiabo- 
rolane (6) dissolved readily in organic solvents like benzene, chloro- 
form, and tetrahydrofuran at  25 OC, and solutions with concentrations 
greater than 0.80 M could be prepared. 

Preparation of Z-Decyl-1,3,2-dithiaborolane (5a). Under dry 
Nz, a solution of trimethylamine-1,3,2-dithiaborolane (6; 246 mg, 1.50 
mmol) and freshly distilled 1-decene (213 mg, 1.52 mmol) in benzene 
(5.0 mL) was stirred at  50 "C, treated dropwise during 2 min with 
freshly distilled diethyl ether-trifluoroborane (190 fiL, 1.50 mmol), 
and then heated at  50 "C for 13 h. After the mixture had been cooled 
to 25 "C, solvent was removed by evaporation in vacuo and the residue 
was treated with hexane (5.0 mL). A colorless solid which failed to 
dissolve was separated by filtration under dry N,; the IR spectrum 
and MP of this material could not be distinguished from those of a 
sample of trimethylamine-trifluoroborane prepared by the method 
of Amster and Taylor.15 Evaporation of hexane from the filtrate at  
25 "C in vacuo left a colorless liquid residue of 2-decyl-1,3,2-dithia- 
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borolane (5a; 306 mg, 1.25 mmol, 83%) in which no contaminants could 
be detected spectroscopically. Molecular distillation of this material 
a t  85 "C and 0.2 Torr provided a sample which was analytically pure: 
IR (liquid film) 2940,2860,1280,900,840 cm-'; 'H NMR (60 MHz, 
CDC13) 6 0.9 (m, 3 H), 1.3 (m, 18 H), 3.23 (s, 4 H); MS mle (re1 inten- 
sity) 244 (7), 140 (7),96 (29), 76 (20), 61 (93),60 (loo), 59 (71),58 (36). 
Anal. Calcd for ClzHz5BS:;: C, 59.00; H, 10.32; B, 4.43; S, 26.25. Found 
C, 58.76; H, 10.14. 

Reactions of 2-Decyl-1,3,2-dithiaborolane (5a). a. Under dry 
Nz, P-decyl-1,3,2-dithiaborolane (5a; 212 mg, 0.868 mmol) was treated 
with tetrahydrofuran (2.0 mL) and water (2.0 mL), and the mixture 
was stirred at  25 "C for 2 h. Removal of the volatile components by 
evaporation in vacuo at  25 "C left a colorless solid residue of decyl- 
dihydroxyborane (9a; 146 mg, 0.785 mmol, 90%). A sample of this 
material which had been recrystallized twice from a 1:l mixture of 
nitromethane and ethyl acetate melted at  76-77 "C (lit.16 76-78 
"C). 

b. Under dry NQ, a mixture of 2-decyl-1,3,2-dithiaborolane (5a; 114 
mg, 0.467 mmol), tetrahydrofuran (1.5 mL), and water (1.5 mL) was 
stirred at  25 "C for 75 niin. After the volatile components of this 
mixture had been removed by evaporation in vacuo, the residue was 
treated with tetrahydrofuran (3.0 mL), aqueous NaOH (3 N, 500 pL), 
and aqueous HzOz (30%, 500 pL) and heated at  50 "C for 30 min. After 
the mixture had been cooled and partitioned between diethyl ether 
and water, the ethereal phase was washed with water and saturated 
aqueous NaCl and then was dried over KzCO3. Evaporation of the 
solvent under reduced pressure left a residue of 1-decanol(58 mg, 0.37 
mmol, 78%) containing no impurities which could be detected by 
spectroscopy or vapor-phase chromatography. 

Preparation of 2-Cyclopentyl-1,3,2-dithiaborolane (5b). To 
a solution of trimethylarnine-1,3,2-dithiaborolane (6; 1.59 g, 9.74 
mmol) and cyclopentene (681 mg, 10.0 mmol) in benzene (15.0 mL), 
stirred under dry NQ at  50 "C, freshly distilled diethyl ether-trifluo- 
roborane (1.20 mL, 9.77 mmol) was added dropwise. After the mixture 
had been heated at  50 "C for 13 h and cooled to 25 "C, volatile com- 
ponents were removed by evaporation in vacuo and the residue was 
extracted with hexane (10.0 mL). Removal of hexane from the filtered 
extracts by evaporation in vacuo left a colorless liquid residue of 2- 
cyclopentyl-1,3,2-dithiaborolane (5b; 1.51 g, 8.77 mmol, 90%). Mo- 
lecular distillation of t,hi!n material a t  55 "C and 0.7 Torr yielded a 
sample which was analytically pure: IR (liquid film) 2940,2860,1280, 
880,840 cm-l; lH NMR (1;0 MHz, CDC13) 6 1.6 (m, 9 H), 3.25 (s, 4 H); 
MS m/e (re1 intensity) 172 (93), 144 (47), 116 (25), 104 (931,103 (29), 
76 (25), 68 (loo), 67 (28), 61 (60), 60 (57), 59 (27). Anal. Calcd for 
C7H13BSz: C, 48.85; H, 7.61; B, 6.28; S, 37.26. Found: C, 48.76; H, 
7.57. 

Preparation of Cyclopentyldihydroxyborane (9b). A mixture 
of 2-cyclopentyl-1,3,2-dil;hiaborolane (5b; 334 mg, 1.94 mmol), tet- 
rahydrofuran (2.0 mL), and water (2.0 mL) was stirred under NQ at  
25 "C for 2 h. Removal of the volatile components by evaporation in 
vacuo at  25 "C left a colorless solid residue of cyclopentyldihy- 
droxyborane (9b; 212 mg, 1.86 mmol, 96%). A sample of this material 
which had been recrystallized twice from water and dried over an- 
hydrous sulfuric acid was analytically pure: mp 90-92 "C; IR (KBr) 
3300,2950,2860,1370 cm-'; 'H NMR (60 MHz, MezSO-d6) 6 1.6 (m, 
9 H). Anal. Calcd for CbHllB02: C, 52.70; H, 9.73; B, 9.49; 0, 28.08. 
Found: C, 52.89; H, 9.77. 

Preparation of 2-(exo-2-Bicyclo[2.2.l]heptyl)-1,3,2-dithia- 
borolane (5c). To a solution of trimethylamine-1,3,2-dithiaborolane 
(6; 1.45 g, 8.88 mmol) and bicyclo[2.2.l]hept-2-ene (0.840g, 8.92 mmol) 
in benzene (15.0 mL), stirred under dry Nz at  50 "C, freshly distilled 
diethyl ether-trifluoroborane (1.10 mL, 9.11 mmol) was added 
dropwise. After the mixture had been heated at  50 "C for 13 h and 
cooled to 25 "C, volatile (components were removed by evaporation 
in vacuo and the residue was extracted with hexane (10.0 mL). Re- 
moval of hexane from thls filtered extracts by evaporation in vacuo 
left a colorless liquid residue of 2-(eno-2-bicyclo[2.2.l]heptyl)- 
1,3,2-dithiborolane (5c; 1.'75 g, 8.83 mmol, 99%). Molecular distillation 
of this material a t  75 "C and 0.7 Torr provided a sample which was 
analytically pure: IR (liquid film) 2950,2860,1280,900,840,825 cm-l; 
lH NMR (60MHz, CDC13) 6 1.3, 1.5 (m, 9 H), 2.3 (m, 2 H), 3.20 (s, 4 
H); MS m/e (re1 intensit:y) 198 (72), 170 (77), 169 (59), 130 (44), 95 
(26), 94 (loo), 81 (33), 76 (28), 67 (38), 66 (31), 61 (67),60 (loo), 59 (44). 
Anal. Calcd for C~HI~HS:!: C, 54.55; H, 7.63; B, 5.45; S, 32.36. Found; 
C, 54.62; H, 7.57. 

A mixture of 2-(ero-2-bicyclo[2.2.l]heptyl)-1,3,2-dithiaborolane 
(5c; 536 mg, 2.70 mmol), tetrahydrofuran (4.0 mL), and water (4.0 mL) 
was stirred under Nz for 2 h a t  25 "C. After volatile components of this 
mixture had been removed by evaporation in vacuo, the residue was 
treated with tetrahydrofuran (4.0 mL), aqueous NaOH (3 N, 1.0 mL), 

and aqueous HzOz (30%, 1.0 mL) and heated at  50 "C for 90 min. After 
the mixture had been cooled and partitioned between diethyl ether 
and water, the ethereal phase was washed with water and saturated 
aqueous NaCl and then was dried over KzCO3. Evaporation of the 
solvent under reduced pressure left a residue of exo-2-bicyclo[2.2.1] - 
heptanol (189 mg, 1.68 mmol, 62%) containing no impurities which 
could be detected by IR or NMR spectroscopy; analysis by gas chro- 
matography revealed that less than 3% of the endo isomer was 
present. 

Preparation of 2-( 1,2-Dimethylpropy1)- 1,3&dithiaborolane 
(5d). Freshly distilled diethyl ether-trifluoroborane (420 pL, 3.38 
mmol) was added dropwise to a solution of trimethylamine-1,3,2- 
dithiaborolane (6; 554 mg, 3.40 mmol) and 2-methyl-2-butene (250 
mg, 3.56 mmol) in benzene (5.0 mL), stirred under NQ at  50 "C. After 
the mixture had been heated a t  50 "C for 20 h, a crude sample of 2- 
(1,2-dimethylpropyl)-1,3,2-dithiaborolane (5d; 542 mg, 3.11 mmol, 
91%) was isolated in the usual manner. Molecular distillation of this 
material a t  35 "C and 0.45 Torr provided a sample which was ana- 
lytically pure: IR (liquid film) 2950, 2860, 1280, 880, 840 cm-l; lH 

6 Hz), 6 1.5.(m, 2 H), 6 3.23 (s, 4 H); MS m/e (re1 intensity) 174 (96), 
173 (33), 159 (46), 146 (35), 145 (40), 132 (99), 131 (78), 104 (77), 103 
(45), 76 (29), 71 (63), 70 (loo), 61 (94), 60 (88),59 (33),55 (67). Anal. 
Calcd for C7H15BSz: C, 48.28; H,  8.68; B, 6.21; S, 36.83. Found: C, 
48.46; H, 8.73. 

Preparation of 2-[(E)-l-Hexenyl]-l,3,2-dithiaborolane (5e). 
Freshly distilled diethyl ether-trifluoroborane (240 pL, 1.95 mmol) 
was added dropwise to a solution of trimethylamine-1,3,2-dithiabo- 
rolane (6; 313 mg, 1.92 mmol) and 1-hexyne (159 mg, 1.94 mmol) in 
benzene (5.0 mL), stirred under Nz at  50 "C. After the mixture had 
been heated at  50 "C for 12 h, 2-[(E)-l-hexenyl]-l,3,2-dithiaborolane 
(5e; 325 mg, 1.75 mmol, 91%) was isolated in the usual manner. Mo- 
lecular distillation of this material a t  55 "C and 0.45 Torr yielded a 
sample which was analytically pure: IR (liquid film) 2950,2860,1280, 
990,900,840 cm-l; lH NMR (60 MHz, CDC13) 6 0.9 (m, 3 H), 1.2 (m, 
4 H), 2.2 (m, 2 H),  3.27 (s, 4 H),  6.11 (d, 1 H , J  = 17 Hz), 6.69 (d of t ,  
1 H, J = 6, 17); MS m/e (re1 intensity) 186 (1001, 185 (251,176 (331, 
158 (34), 157 (33), 144 (go), 143 (29), 130 (go), 129 (34), 116 (42), 105 
(30), 61 (92), 60 (96), 59 (55). Anal. Calcd for C ~ H ~ ~ B S Q :  C, 51.62; H, 
8.12; B, 5.81; S, 34.45. Found: C, 51.79; H, 8.19. 

Preparation of 2-( l-Ethyl-(Z)-l-butenyl)- 1.3,2-dithiaborolane 
(5f). Freshly distilled diethyl ether-trifluoroborane (0.960 mL, 7.81 
mmol) was added dropwise to a solution of trimethylamine-1,3,2- 
dithiaborolane (6; 1.20 g, 7.36 mmol) and 3-hexyne (0.634 g, 7.72 
mmol) in benzene (10.0 mL), stirred under NZ at  50 "C. After the 
mixture had been heated at  its boiling point for 13 h, a colorless liquid 
(1.24 g) was isolated in the usual manner and shown to consist of a 
mixture of 2-(l-ethyl-(Z)-l-butenyl)-1,3,2-dithiaborolane (5f; 83%) 
and tris(1-ethyl-(2)-1-buteny1)borane (10; 17%). Various changes in 
the conditions of reaction did not alter the composition significantly, 
and neither molecular distillation at  80 "C and 0.4 Torr nor prepar- 
ative vapor-phase chromatography on Apiezon L cleanly separated 
the components. A sample of compound 10 was prepared indepen- 
dently by the reaction of a solution of tetrahydrofuran-borane in 
tetrahydrofuran (4.0 mL, 0.25 M, 1.0 mmol) with 3-hexyne (259 mg, 
3.15 mmol) at 25 "C under dry Nz for 24 h. Removal of volatile ma- 
terials byevaporation invacuoleftacolorless,liquidresidueoftris(l- 
ethyl-(2)-1-buteny1)borane (10; 208 mg, 0.80 mmol, 80%): IR (liquid 
film) 2940,2850,1590 cm-l; 'H NMR (60 MHz, CDC13) 6 1.00 (t, 18 
H, J = 7 Hz), 2.2 (m, 12 H), 5.70 (t, 3 H, J = 7 Hz); MS m/e 260.17 The 
chromatographic behavior and spectroscopic properties of this sample 
could not be distinguished from those of the minor component of the 
mixture and were similar to those of the major product 5f: IR (liquid 
film) 2940,2850,1605,895,840; 'H NMR (60 MHz, CDC13) 6 1.00 (t, 
6 H, J = 7 Hz), 2.2 (m, 4 H), 3.27 (s, 4 H), 6.37 (t, 1 H, J = 7 Hz); MS 
m/e 186 (95), 158 (45), 157 (51), 144 (97), 143 (39), 129 (321,116 (44), 
84 (31), 81 (36), 76 (31), 69 (47), 67 (40), 61 (loo), 60 (100),59 (84),58 
(38), 55 (94). The 2 configuration has been assigned to compound 5f 
since addition of 1,3,2-dithiaborolane to 1-hexyne is stereospecifically 
cis. 
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The reactions of diorganophosphides with organic halides have been examined by 31P CIDNP and product analy- 
sis. These reactions are shown to proceed in part by a radical mechanism and in part by a competing nonradical 
path. The preference for one mechanism or the other is highly dependent on the nature of the organic group, halide, 
and substituents bound to phosphorus. Thus, alkyl, allyl, and benzyl iodides and bromides react, to some degree, 
by a radical mechanism; alkyl chlorides follow an apparent s N 2  path. There is no evidence for radical participation 
in the reactions of dialkylphosphides with aryl halides or of diarylphosphides with alkyl halides. For those examples 
proceeding by a radical mechanism, the CIDNP data are consistent with an electron-transfer step, followed by cou- 
pling of the dialkylphosphinyl and organic radicals. 

Diorganophosphide anions are useful precursors for the 
synthesis of tertiary and polydentate phosphines.1a,bqdv2 
Their utility arises, in part, from their ready availability and 
because coupling reactions with organic halides generally 
proceed in high yields and tolerate substantial variation of 
phosphide or substrate.lP2 To the inorganic chemist the pri- 
mary asset of procedures employing these reagents is the 
ability to design ligands with specific electronic and steric 
properties or containing a functionality as a probe for li- 
gand-metal interactions. Organophosphide ions are generally 
regarded as potent nucleophiles14 and coupling reactions 
have long been assumed to proceed by an s N 2  mechanism with 
metal-halogen exchange as a competing or, in some cases, 
dominant factor. la,b*d,S 

In the course of preparing cyclopropylmethyldimethyl- 
phosphine from bromomethylcyclopropane and potassium 
dimethylphosphide, we noted the anticipated product was 
formed together with a comparable amount of 3-butenyldi- 
methylphosphine. Inasmuch as this result suggested a pre- 
dominant radical path, we were prompted to undertake a 
mechanistic study to determine whether one-electron steps 
were involved in these couplings and, if so, whether conditions 
could be found to enbance the S N ~  component. We report 
herein CIDNP and product distribution evidence that alkyl, 
allylic, and benzylic halides do, in fact, react with diorgano- 
phosphides via a mechanism involving substantial radical 
participation, the degree of which is highly sensitive to the 
nature of the phosphide, substrate, and halide employed. 

Experimental Section 
All manipulations and reactions were performed in an atmosphere 

of nitrogen. Solvents were distilled from sodium benzophenone ketyl 
before use. Benzene-de and 1,2-dimethoxyethane-dlo were dried over 
calcium hydride and distilled in vacuo prior to use in NMR experi- 
ments. 

1-Bromo-5-hexene was obtained from Tridom-Fluka and 1- 
chloro-5-hexene from ICN. Bromomethylcyclopropane was prepared 
by the literature method.6 All other halides were readily obtainable 
from a number of common sources. Potassium diphenylphosphide,7 
lithium dimethylphosphide,s and sodium dimethylphosphide* were 
prepared by the literature procedures. 31P and ‘H NMR experiments 
were performed on a Varian XL-100 spectrometer. Analysis of orga- 
nophosphide/organic halide reactions was performed utilizing a Data 
General Nova 2 computer hardwired to an AEI MS 1073 dual-beam 
mass spectrometedgas chromatograph. Mass spectra of isolated 
phosphines were obtained on an AEI MS-9 spectrometer. Product 
distribution analyses for the bromomethylcyclopropane and 1-halo- 
5-hexene reactions were performed on an F & M 720 gas chromato- 
graph with a l/* in. X 8 ft, 3.8% SE-52 column. Response factors were 
determined for each of the products using n-decane or n-undecane 
as internal standards. Analyses were performed by adding a stoi- 
chiometric amount of organic halide to a 2-mL volumetric flask 
capped with a septum and containing a known amount of organo- 
phosphide in THF. GLC measurements were initiated immediately 
after adding the internal standard and diluting to the mark. Repre- 
sentative preparative scale reactions are given below. 

Potassium Dimethylphosphide. Following a modification of the 
preparation of sodium dimethylphosphide? 5.7 g of tetramethylbi- 
phosphine2’ (47 mmol) and 6.6 g of potassium (0.17 g-atom) in 150 mL 
of THF were stirred for 10 h under reflux to produce a deep red so- 
lution. After cooling and filtration through Celite, the volume was 


