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Dechlorinations of organic compounds are widely used 
chemical transformations for environmental decontami- 
nation.'-' Polychlorinated biphenyl (PCB) contamination, 
for example, is a serious concern at several Superfund 
~itea.39~ The PCB's have been employed for several decadea 
in transformer dielectric fluids and carbonless copy papefl 
due to their thermal stability, flame retardancy, and other 
chemical inertness. Resistance to degradation and a 
tendency to accumulate in animal tissues has resulted in 
control of PCB manufacture, use, and disposal under the 
Toxic Substances Control Act (TSCA).' Inactivation of 
these noxious chemicals has centered on incineration: 
plasma incineration: and other chemical methods such as 
wet oxidationlo and sodium-based reduction." Each of 
these methods has limitations. For example, incineration 
generates HC1 while combustion produces small traces of 
dioxins.12 Other chemical methods can require inert at- 
mospheres and sensitive reagents. Thus, it is desirable to 
develop ways to rapidly dehalogenate organic molecules 
prior to their safe incineration. Hydride reducing agents 
(LiAlH4, NaBH4) are not very active in aromatic dehalo- 
genations,13 but reports14 that hydrides combined with 
transition metal salts generate M(0) species make hy- 
dride/Mn+ combinations promising candidates for PCB 
dehalogenation. 

Results and Discussion 
General Electric Co. pioneered dechlorination of PCBs 
(q 1) using polyethylene glycol (PEG)/KOH.16 However, 

C I ,  CI, 

temperatures above 120 "C were routinely required, and 
only highly chlorinated PCBs were rapidly reduced. PCB 
mixtures with fewer chlorines, such as Aroclor 1016, re- 

'For the first two papers in this series see refs 1 and 2 
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Table I. Dechlorination' of Commercial Aroclon (PCB'r) 
by PEG/KOH 

Aroclor (wt % C1) 
1016 1242 1264 1260 

% dechlorinationb (time in days) 0 (14) 27 (14) 86 (6) 99 (2) 
1' 2 1 

19 13 
57 45 1 
22 31 15 

10 53 12 
26 42 
4 38 

7 
2 

Osee references 6 and 15b. b A t  ambient temperature wing 
3000-5000 ppm by wt of Aroclor in a huge molar excess of PEG/ 
KOH (1/1 by wt). The KOH contained 15% water by wt. 
Number of chlorines per biphenyl unit. 

Table 11. Dechlorination of Chloro-e-xylene 
~ ~~~ 

time dechlorinationb 
entry reagentsa (mol ratios) (h) (mol %) 
1 TEG/KOHb (46jl) 168 42 
2' TEGIKOHINaBHib (46/1/2) 168 0 
3 NaBHz(OCHzCHzdcH,);/i.HF (4147) 168 28 
'Id NaBH2(0CH~CHzOCH3)z/NiC12/THF 3 81 

5c NaBH2(0CH2CHzOCH&/NiC12/THF 2.5 98 

"All ratios are relative to one mol of chloro-p-xylene. bReaction 
temperature WBB 130 OC for entries 1 and 2. All other entries were run 
at 68 O C .  cPhaee =paration of NaBH, occurred. dThe alkoxyboro- 
hydride WBB added drop+ to substrate in THF/NiCl,. e A suspension 
of NiCl, in THF WBB added incrementally to the reaction mixture using 
0.20 molar equiv of NiClz per portion. 

sisted dechlorination.lsb Aroclor 1016 gave no significant 
dechlorination by PEG/KOH after 14 days versus 99% 

(4/3/47) 

(412147) 
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Table 111. Dechlorination of 4Chlorobiphenyl 

Notes 

Table IV. Dechlorination of Aroclor 1016 
time dechlorinationa** 

entrv reairentan (mol ratios) (h) (mol %) 
1 TEG/KOHb (46/1) 168 0 
2 NaBHI/THF (9/81) 168 0 
3 NaBH2(0CH2CH20CH3)2/THF 24 46 

O A l l  ratios are relative to 1 mol of 4-chlorobiphenyl. Biphenyl was 
the only dechlorination product detected. *A reaction temperature of 
130 "C was employed in entry 1. All other entries were run at 68 "C. 
cAlkoxyborohydride was added dropwise to substrate in THF/NiC12. 
dA suspension of NiC12 in THF was incrementally added to the reac- 
tion mixture wing 0.50 molar equiv of NiClz per portion. 

dehalogenation of Aroclor 1260 in 2 days under the same 
conditions (Table I).lSb Therefore, Aroclor 1016 and the 
model compounds chloro-p-xylene, 1, and 4-chlorobi- 
phenyl, 2, were selected as test substrates in this study to 
challenge dechlorination systems based on NaBH4, alco- 
hols, and KOH studied previously in our labs.2J6 Many 
combinations of sodium borohydride, alcohols, and KOH 
(with added metal salta in some cases) resulted in powerful 
dechlorination media.2J6 Such systems dechlorinated 
model compounds that were inert to sodium borohydride 
alone. Alkoxyborohydrides formed in situ were very 
powerful dechlorinating agents. For example, Mirex, one 
of the most stable aliphatic chlorinated pesticides, pre- 
viously was dechlorinated within 1 h at 58 "C by NaB- 
H2(0CH2CH20CH3)2 in TEG/KOH/THF along with a 
Bu3SnH/AIBN catalyst.2 

Dechlorination of PCB's, chloro-p-xylene, and 4- 
chlorobiphenyl was readily accomplished using alkoxy- 
borohydrides, both with and without addition of stoi- 
chiometric quantities of nickel chloride. These dechlori- 
nations were superior to those using tetraethylene glycol 
(TEG)/KOH. Several dechlorinations of chloro-p-xylene, 
1, are summarized in Table 11. Treatment of 1 with 
TEG/KOH at 130 OC gave 42% dechlorination to p-xylene 
in 1 week (entry 1, Table 11, and eq 2). The use of 

CI 

1 

NaBH,/TEG/KOH led to phase separation problems and 
after 168 h at 130 "C starting material was recovered (entry 
2). In contrast, the use of the alkoxyborohydride, NaB- 
H2(OCHZCH2OCH3), in THF, gave 28% reduction to p- 
xylene in 1 week at only 68 OC (see entry 3 and eq 3). This 
soluble alkoxyborohydride does not give phase separation 
and it is a stronger hydride donor. 

The rate of chlorine displacement was greatly increased 
when NiClZ was added to the sodium alkoxyborohydride 
(81% dechlorination in 3 h at 68 "C in the presence of 3 
equiv of Ni2+; see entry 4 in Table 11). However, a black 
nickel-containing precipitate formed which did not pro- 
mote further dechlorination, even after the addition of 

(15) (a) Brunelle, D. J.; Singleton, D. A. Chemosphere 1983,12,183. 
(b) Brunelle, D. J.; Singleton, D. A. Ibid. lSSS, 14,173. (c) Brunelle, D. 
J. Ibid. 1983,12,167. (d) Brunelle, D. J.; Mendiratta, A. K.; Singleton, 
D. A. Enuiron. Sei. Technol. 1986, 19, 740. 

(16) Pittman, C. U., Jr.; Mead, K. T.; Tabaei, S. M. H. ACS 42nd 
SB./46th S.W. Combined Regional Meeting; New Orleans, Dec 5-7 1990, 
Abstract No. 397, p 163. 

time dechlorination"** 
entry reagents" (mol ratios) (h) (mol %) 
1 TEG/KOH* (10/0.70) 336 30 
2 NaBHI/THF(3)20) ' 336 0 
3 NaBH(OCH&/THF (12/20) 168 7 
4 NaBHz(OCH2CH20CHS)Z/THF 168 63 

(6 120) \-, - - I  

5 NaBH,/NiCl2/THF/CH30H 168 55 
6' NaBH2(0CH2CH20CH3)2/NiC12/THF 168 76 

(6/ 1/20] 

(6/0.75/20) 
7d NaBH2(0CH2CH20CH3)2/NiC12/THF 36 w 

"All ratios are relative to the mol of chlorine in Aroclor 1016. De- 
chlorination mol % refers to the total mol of chlorine atoms removed as 
a percentage of the total chlorine present in Aroclor 1016 wed. *A 
reaction temperature of 150 OC was employed for entry 1. All other 
entries were run at 68 "C. 'The alkoxyborohydride waa added dropwiee 
to substrate in THF/NiCI2. d A  suspension of NiClz in THF was added 
portionwise to the reaction mixture wing 0.10 molar equiv of NiC12 per 
portion. 'A total of 93.3 mol k of the original PCB molecules were 
converted to biphenyl, and 3.2 mol % of a monochlorobiphenyl isomer 
and 3.1 mol % of a dichlorobiphenyl isomer were obtained. 

fresh alkoxyborohydride. Portionwise addition of NiClz 
to alkoxyborohydride/substrate solutions gave better re- 
sults (Entry 5 )  with less NiCl, (2 equiv) added. 

Several dechlorination systems were examined for con- 
verting 4-chlorobiphenyl, 2, to biphenyl (eq 4). Repre- 

2, X I O ,  y=1 
3, A r o c l o r  1016 

sentative results are shown in Table 111. Neither 
TEG/KOH at 130 OC nor NaBH,/THF at 68 OC dechlo- 
rinated 4-chlorobiphenyl (entries 1 and 2). However, the 
use of NaBH2(0CH2CH20CH3)2 in THF did give steady 
dechlorination at 68 OC (entry 3). Addition of NiC1, to this 
system significantly enhanced dechlorination activity 
(entry 4). Portionwise addition of NiC1, to the alkoxy- 
borohydride/THF solution gave complete dechlorination 
in less than 75 min at 68 OC (entry 5). 

Studies of 4-chlorobiphenyl reduction as a function of 
time before and after NiClz portions were added demon- 
strated that approximately 1 equiv of substrate could be 
dechlorinated per equiv of NiC1,. For example, after 0.15 
equiv of NiCl, was added 0.13 equiv of biphenyl had 
formed. All the 4-chlorobiphenyl was converted to bi- 
phenyl when 1.20-1.35 equiv of NiC12 had been added. 
The reduction rate was fast following incremental NiC12 
addition, but the process was not catalytic. The stoi- 
chiometry appeared to approach 1:l as the amount of NiCl, 
per portion was decreased or where solutions of NiC1, were 
pumped continuously into the reaction. 

Each of the dechlorination systems was applied to the 
least reactive PCB mixture, Aroclor 1016,3, (see Table IV 
and eq 4). Rapid dechlorination of Arodor 1016 did not 
occur with TEG/KOH (entry 1) or NaBH4/THF (entry 
2). Even NaBH(OCH3)3/THF led to very slow dechlori- 
nation to biphenyl at 68 OC (entry 3). However, NaB- 
H2(0CH2CH20CH,), (6 mol excess) in THF was more 
reactive (entry 4) at 68 "C. Initial reaction with added 
NiCI, gave only modest improvementa versus results with 
NaBH2(0CH2CH20CH3), alone (compare entry 6 with 
entry 4). Once again, much better results were obtained 
by portionwise addition of NiC12 to NaBH2(0CH2CH20- 
CH3I2 (6 mol excess) in THF solutions in the presence of 
substrate (entry 7). Thus, 93.7 mol % biphenyl was pro- 
duced together with 3.2 and 3.1 mol % of a mono- and a 
dichlorinated biphenyl, respectively, from the complex 
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Figure 1. Gas chromatograms of Aroclor 1016 (a) before and (b) after treatment with NiC12/NaBH2(0CH2CH20CH3)z in THF at 
68 OC for 36 h. 

Aroclor 1016 mixture after addition of 0.75 equiv of NiC12. 
Figure 1 shows the gas chromatograms of Aroclor 1016 (a) 
before and (b) after this treatment. When 1 equiv of NiC12 
was slowly pumped into this Aroclor 1016 dehalogenation 
(other stoichiometry identical to entry 7) a 98.5 mol ?% 
yield of biphenyl was achieved. Complete dechlorination 
to biphenyl occurred when larger excesses of NaBH2(0C- 
HzCH20CH3)2 or more than 1 equiv of NiClZ were used. 
NaBH4/NiC12 in THF/CH30H (entry 5) provided sig- 
nificantly more effective dechlorination than NaBH4 in the 
absence of NiC12 (entry 2). 

Stoichiometry in NiC12 approached 1:l in dechlorina- 
tions when methanol solutions of NiC12 were added 
dropwise or continuously pumped into the borohydride 
agent and substrate in THF. Phenylcyclohexane was ob- 
served in addition to biphenyl in some cases where NiClz 
had been added. The rate of dechlorination caused by the 
borohydride reagent in the absence of added NiC12 was 
quite slow. Presumably active Ni(0) species must react 
with RC1 prior to Ni(0) deactivation caused by particulate 
residue formation. Whether deactivation is due to diffu- 
sion limitations or chemical modifications which poison 
reduced Ni species is unknown. 

Experimental Section 
General Procedure without NiC12. Into a dry, 50-mL 

three-neck flask equipped with a thermometer, magnetic stirriig 
bar, and reflux condenser were added 236 m o l  (19.1 mL) of THF 
and 200 mg of tehdecane which was used as the internal standard 
for gas chromatography. Docosane was used as the internal 
standard in the dehalogenatione of PCB mixtures since it did not 
overlap with any peaks in the system. Chloro-p-xylene (5 "01, 
0.67 mL) then was added. Ae the temperature was increased to 

3.16 mL) were added forming NaBH2(0CH2CH20CH3)2 in situ. 
Samples, taken at intervals using a syringe technique, were treated 
with dilute aqueous sulfuric acid solution and extracted with 
CH2C12. After being dried over anhydrous Na2S0,, organic 
samples in CH2C12 were analyzed by both GC (30 m, DB-5 ca- 
pillary column, FID detector; 80 OC, 2 min, with subsequent 
heating at 10 OC/min to 220 OC where it was held for 9 min) and 
GC/MS. 

Incremental NiC& Addition. AU equipment and conditions 
were as described in the general procedure with the exception 
that a suspension of NiClz in THF was incrementally added to 
the reaction mixture by syringe after addition of sodium boro- 
hydride and 2-methoxyethanol was completed and the temper- 
ature had reached 68 OC. The amount of NiC12 and time between 
increments were varied in different reactions. Alternately, a 
NiC12/CH30H solution was either continuously added dropwise 

68 "C, NaBHd (20 m01,0.96 9) and CH3OCH2CH20H (40 "01, 

OO22-3263/92/ 1957-6671$03.OO/O 

or slowly pumped, a t  a constant rate, into the reaction mixture. 
Aliquots were removed for analysis at regular intervals before and 
after NiClz incremental portions were added. The analyses were 
performed as described above. For reactions of Aroclor 1016 the 
GC temperature program employed was (130 OC held for 2 min, 
heated 10 OC/min to 190 OC where it was held for 1 min and then 
heated to 220 OC a t  1 OC/min and held a t  220 OC for 1 min). 
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Introduction 
Lissoclinum spp. ascidians have become well-known as 

prolific producers of cytotoxic cyclic peptides with highly 
modified amino acid residues (e.g., ascidiacyclamide, uli- 
thia~yclamide)~ and macrolide8 with mixed polyketide/ 
peptide biosynthesis (e.g., patellazoles,4 bistramide As). As 
part of our continuing effort to isolate biologically active 
compounds from this genus of ascidians, we collected a 
sample of Lissoclinum bistratum in the Philippines. The 
organism lacked any of the metabolites previously de- 
scribed from this organism, but contained a novel family 
of cyclic hexapeptides (1, 2) containing oxazole (021) 
residues-a modified amino acid not previously seen in the 
vast array of modified cyclic peptides previously reported 
from this genus. Oxazoles from marine invertebrates were 
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