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Factor F430-Like Catalysis of Ni(tmtaa) (tmtaa=Dianion of
6,8,15,17-Tetramethyl-5,14-dihydrodibenzo(b,?][1,4,8,11]tetraazacyclotetradecine)
for Reductive Dehalogenation of Alkyl Halides
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Ni(tmtaa) efficiently catalyzes the reductive dehalogenation of alkyl halide, yielding alkane with either
NaBH4 or NaBH(OMe)s under mild condition. This system is considered to be a model of factor F430, the
active center of the methyl coenzyme M reductase. Deuterium incorporation into the alkane suggests that the
reaction involves not only an electron transfer, but also the nucleophilic substitution of a halide. The ESR
spectrum of Ni(tmtaa)/NaBH4 shows the formation of the Ni' species, which is probably a catalytic-active

species.

The metal tmtaa (tmtaa=dianion of 6,8,15,17-tetra-
methyl-5,14-dihydrodibenzo[b,[1,4,8,11]tetraazacyclo-
tetradecine) complex has attracted much recent atten-
tion because of its common characteristics with metallo-
porphyrin (Scheme 1).! Both tmtaa and porphyrin are
dianionic-conjugated ligands with four nitrogen atoms
coordinating to the metal. However, the metal tmtaa
complex exhibits framework flexibility due to its smaller
conjugation, unlike metalloporphyrin. This framework
flexibility might allow the central metal to easily change
oxidation states.!® Thus, the metal tmtaa complex
is expected to serve as a model for metalloenzyme,
which metalloporphyrin hardly mimics. Nevertheless,
no biomimetic reaction catalyzed by the tmtaa complex
has been reported.

Factor Fy30, a nickel complex of a hydrogenated por-
phyrin, is the active center of the methyl coenzyme M
reductase, and participates in the reduction of carbon
dioxide to methane.? The key step of catalysis is the re-
duction of Ni'! to Nil, in which the framework flexibility
of factor Fy30 is considered to be essential.>> A model
reaction of factor F43¢ has scarcely been investigated,
except for the electrochemical reduction of alkyl halides
by Ni(I) hydroporphyrin.? Because the framework flex-
ibility of Ni(tmtaa) would facilitate the formation of the
Ni! species, we attempted to use Ni(tmtaa) in the reduc-
tive dehalogenation of alkyl halide as a model of factor
Fy30.9

Experimental

Materials. All of the solvents used were dried by
appropriate methods and purified by distillation under Na.
Alkyl halides were purified by either distillation or recrys-
tallization. Commercially available NaBH4, NaBD4, NaBH-
(OMe)s, and NaBH3CN were used without further purifica-
tion.

Ni(tmtaa). Ni(tmtaa) was synthesized from nickel
acetate, 1,2-diaminobenzene, and 2,4-pentanedione in re-
fluxing MeOH (48 h) according to the literature,” and was
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recrystallized from toluene (yield 34%). UV-vis (CHCl3)
587 (e 5400), 420 (sh, 12300), 394 (32700), 334 nm (6170).
'HNMR, (CDCl3) §=6.70 (4H, dd), 6.57 (4H, dd), 4.86 (2H,
s), 2.09 (12H, s). Erea (V vs. SCE in DMF) —1.73. Calcd
for CaaH22N4Ni; C, 65.87; H, 5.53; N, 13.97%. Found: C,
65.99; H, 5.38; N, 13.75%.

Ni(tmtaa-Mes). Ni(tmtaa-Mes) (tmtaa-Mes=dianion
of 2,3,6,8,11,12,15,17-octamethyl-5,14-dihydrodibenzo|[b, |1,
4,8,11]-tetraazacyclotetradecine) was synthesized from nickel
acetate, 4,5-diamino-o-xylene, and 2,4-pentanedione. UV-
vis (CHCIls3) 588 (¢ 5380), 428 (sh, 16400), 397 (34100)
nm. 'HNMR (CDCl3) §=6.47 (4H, s), 4.77 (2H, s), 2.05
(12H, s), 2.04 (12H, 8). Ered (V vs. SCE) —1.85. Calcd for
Ca6H30N4Ni; C, 68.30; H, 6.61; N, 12.25%. Found: C, 68.01;
H, 6.88; N, 12.45%.

Ni(tmtaa- (COOEt)2). Ni(tmtaa- (COOEt)2)
(tmtaa-(COOEt),=dianion of diethyl 6,8,15,17-tetramethyl-
5,14-dihydrodibenzo[b, 4[1,4, 8, 11]tetraazacyclotetradecine-
2,11-dicarboxylate) was synthesized from nickel acetate,
ethyl 3,4-diaminobenzoate, and 2,4-pentanedione. UV-
vis (CHCls) 594 (e 7680), 438 (20700), 404 (44200) nm.
"HNMR (CDCl3) §=7.36 (2H, d), 7.32 (2H, dd), 6.70 (2H,
dd), 4.95 (2H, s), 4.29 (4H, q), 2.13 (6H, s), 2.09 (6H, s), 1.33
(6H, t). Frea (V vs. SCE) —1.51. Calcd for C2sH3oN4O4Ni;
C, 61.68; H, 5.55; N, 10.27%. Found: C, 61.90; H, 5.82; N,
10.45%. 'HNMR, analysis indicated the formation of only
one isomer (depicted in Scheme 1) of two possible geomet-
rical isomers.

Typical Catalytic Reduction. NaBH4 (5.0x107%
mol) and Ni(tmtaa) (5.0x107° mol) were placed in a flask
equipped with a three-way stopcock. After purging the flask
with Ng, a diglyme (bis(2-methoxyethyl) ether) solution (4.5
dm?) of bromocyclohexane (2.5x1072 mol) and EtOH (0.5
dm?®) were added successively. The reaction was carried out
at 30 °C and a small aliquot was withdrawn at appropriate
intervals for GLC (a packed column Tween 80) and GC-MS
analyses.

Measurement. The solution for an ESR measurement
was prepared under N in a flask equipped with an ESR
tube, degassed through freeze-pump-thaw cycles, and trans-
ferred to the ESR tube under the degassed condition. The
ESR spectra were measured at —196 °C. Cyclic voltam-
mograms were measured with a Pt electrode vs. a satu-
rated calomel electrode (SCE) in DMF containing 1.0x1072
moldm ™2 "BuyNClOy at 30 °C.
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Results and Discussion

In the presence of NaBH,4 and a catalytic amount of
Ni(tmtaa), the reductive dehalogenation of various alkyl
halides took place in diglyme-10% EtOH (v/v), yield-
ing alkane (Table 1). For instance, turnover numbers
(vielded alkane/catalyst) reached 20.0 after 3 h in the
reaction of iodocyclohexane (Run 3), where Ni(tmtaa)
was 1.0x1072 moldm~3, iodocyclohexane 5.0x10!
moldm~—3, and NaBH, 1.0 moldm~2 (Ni(tmtaa) :iodo-
cyclohexane: NaBH, =1:50:100, molar ratio). No
alkene was detected and the yield of alkane corre-
sponded to the amount of consumed alkyl halide. With-
out Ni(tmtaa), no reaction occurred between alkyl
halide and NaBH,4. Also, no reaction occurred when
using Cu(tmtaa)® and Ni(tpp) (tpp=>5,10,15,20-tetra-
phenylporphyrinate)” instead of Ni(tmtaa). Without
a catalyst, the NaBH4-reduction of alkyl halide has
been carried out under more vigorous conditions; for
instance, 45 °C, 8 h in DMSO for 2-bromopropane.®
Thus, the efficient catalytic activity of Ni(tmtaa) is
worth nothing as model of factor Fy30.

As shown in Table 1, the reductive dehalogenation
of chlorocyclohexane took place by Ni(tmtaa)/NaBH,
much more slowly than bromocyclohexane; that of
iodocyclohexane occurred more rapidly (Runs 1—3).
Also, the reductive dehalogenation of tertiary 1-bro-
moadamantane was much more slow than that of sec-
ondary bromocyclohexane (Runs 2, 5). The half-wave
potentials of 1-bromoadamantane and bromocyclohex-
ane (—2.38 and —2.29 V vs. SCE in DMF)® are not
sufficiently different to account for their reactivities.
This fact suggests that not only an electron trans-
fer is involved in the reaction steps. The elementary
step is a nucleophilic substitution of halide by hydride,
as is considered in the uncatalyzed NaBH,-reduction
of alkyl halides.'? A nucleophilic substitution reaction
is consistent with reactivity orders of iodo- >bromo-
>chlorocyclohexane and bromocyclohexane > 1-bromo-
adamantane. In the reduction of iodocyclohexane (Run

Table 1. Reductive Dehalogenation of Alkyl Halides
Catalyzed by Ni(tmtaa)/NaBH®

Turnover numbers®

Run  Substrate
3h 6h
1 Chlorocyclohexane®) 0 0.01
2 Bromocyclohexane 11.3 17.9
3 Iodocyclohexane 22.0 30.9
4 "TIodocyclohexane? 379 66.6
5 1-Bromoadamantane 0.9 1.7

a) Ni(tmtaa)=1.0x10"2 moldm~—3, Ni(tmtaa):sub-
strate: NaBH4 = 1:50:100 in diglyme- 10% EtOH
(v/v) at 30 °C, unless otherwise noted. b) Yielded
alkane/Ni(tmtaa). c) At 60 °C d) Ni(tmtaa)=
2.0x1073 moldm™3, Ni(tmtaa):substrate: NaBH, =
1:250:500.
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3), although the reaction was fast during the initial
stage, it was slow during the later stage, since the con-
centration of the substrate became lower. With a lower
concentration of Ni(tmtaa) (Run 4), the turnover num-
bers increased because the substrate was not dramat-
ically decreased. In reductions of alkyl halides other
than iodocyclohexane, no such dependence on the cat-
alyst concentration was observed.

Experimental evidence for the nucleophilic substitu-
tion of halide was obtained as follows. The reaction of
bromocyclohexane with Ni(tmtaa)/NaBDy in diglyme—
10% EtOH yielded a mixture of cyclohexane (CgHjz)
and [2H;]cyclohexane (CgDHy;) (the conversion of bro-
mocyclohexane was 23%- after 3 h). The molar ratio
of C¢H;2/CgDH;; was 62:38 (GS-MS analysis). When
an electron transfer occurs from the reduced catalyst,
[Nil(tmtaa)]~, Br~ eliminates to from CgHi;- (cyclo-
hexyl radical). Hydrogen abstraction by CgHj;- from
the solvent or surroundings forms CgHiz, although the
source of hydrogen is not clear (Eq. 1). On the other
hand, the mechanism cannot account for the formation
of C¢éDH;;. BD} or D™ coordinating nickel participates
in the Sn2-type displacement of Br~ (Eq. 2).

[Nil(tmtaa)]” H- (solvent)
R-Br K\ [R-Br]™ R + B —> - RH
Nill(tmtaa) (1)
D-
R-Br \ RD + Br~ (2)

The reaction of bromocyclohexane with Ni(tmtaa)/
NaBH, in diglyme-10% C3Ds50D yielded a mixture
of CgHi2 and CgDH;; (84:16). Hydrogen abstrac-
tion by CgHji+ and substitution of Br~ by hydride
forms CgH12. Deuterium abstraction by CgHj;+ from
CoD50D forms C¢DH;y;. Thus, the reductive dehalo-
genation of bromocyclohexane by Ni(tmtaa)/NaBH,4
proceeds through two mechanisms: one is an electron
transfer from the reduced catalyst; the other is nucle-
ophilic substitution of halide by hydride.

This catalytic reaction was effected by the solvent
(Table 2). The reductive dehalogenation of bromocy-
clohexane hardly took place in diglyme, but smoothly
occurred in diglyme-10% MeOH (v/v) (Runs 1, 2). A
polar MeOH-containing solvent facilitated the elimina-
tion of Br~. In THF-10% MeOH, NaBH4 was not com-
pletely dissolved and the reaction was slower than in
diglyme-10% MeOH. In DMF-10% MeOH, although
NaBH,; was completely dissolved the reaction hardly
took place. The strongly coordinating ability of DMF
to nickel prevented the reaction. It is necessary to use
a solvent that facilitates the elimination of Br—, well
dissolves NaBH,4, and does not strongly coordinate to
nickel. The nature and amount of alcohol were also im-
portant. The catalytic activity was according to the
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Table 2. Solvent- Effect on Reductive Dehalo-
genation of Bromocyclohexane Catalyzed by Ni-
(tmtaa)/NaBH,

b)

Run  Solvent (v/v) Turnover numbers

3h 6h
1 Diglyme 0 0.1
2 Diglyme-10% MeOH 3.2 6.2
3 THF-10% MeOH®) 1.2 2.8(0.3)
4 DMF-10% MeOH 0.04 0.2 (0.1)
5 Diglyme-10% EtOH 11.3 179
6 Diglyme-10% "PrOH 1.1 4.3 (0.6)
7 Diglyme-5% EtOH 185 243
8 Diglyme-2% EtOH 13.6 159

a) Ni(tmtaa)=1.0x10"2? moldm~3, Ni(tmtaa) : bromo-
cyclohexane: NaBH4=1:50:100, at 30 °C. b) Yielded
cyclohexane/Ni(tmtaa). Values in parentheses, yielded
cyclohexene/Ni(tmtaa). c¢) NaBH4 is not completely
dissolved.

orders’ diglyme-10% MeOH < diglyme-10% EtOH >
diglyme-10% "PrOH, and diglyme-10% EtOH <
diglyme-5%EtOH > diglyme-2% EtOH (Table 2).
Strongly protic alcohol (MeOH) and a too large amount
of EtOH (10%) disfavored the reaction, probably be-
cause protons consumed the active species. In this con-
nection, the reduction of protons to Hs catalyzed by
nickel complexes has been reported.'’ In conclusion,
diglyme-5% EtOH was the best solvent for the reduc-
tive dehalogenation catalyzed by Ni(tmtaa)/NaBH,.
The catalytic activity also considerably depended on
the reductant. When a reductive dehalogenation of bro-
mocyclohexane was carried out by Ni(tmtaa)/NaBH-
(OMe); instead of Ni(tmtaa)/NaBHy, a rapid reaction
occurred in diglyme (Table 3, Run 1). Due to the elec-
tron-donating character of the methoxyl groups, NaBH-
(OMe); is a stronger donor of hydride.'® Therefore,
the formation of an active species was easy in the Ni-
(tmtaa)/NaBH(OMe); system and the catalytic reac-
tion took place smoothly, even in diglyme. However, the

addition of EtOH to diglyme suppressed the reaction by .

Ni(tmtaa)/NaBH(OMe)s (Table 3, Runs 1—6), in con-
trast with the Ni(tmtaa)/NaBH, system. EtOH decom-
posed NaBH(OMe); and the catalytic-active species.
The Ni(tmtaa)/NaBH(OMe)s system in diglyme was
the most efficient catalytic system examined, and the
turnover numbers increased with a lower concentra-
tion of Ni(tmtaa); for instance, the turnover number
after 3 h was 96.8, where Ni(tmtaa) was 2.0x1073
moldm™3 (Table 3, Run 7). On the contrary, the
Ni(tmtaa)/NaBH3CN system was inefficient (Runs 8,
9), because NaBH3CN is a very weak hydride donor
due to the electron-withdrawing character of the cyano
group.'®

The catalytic activity depended on the substituent
of the tmtaa ligand (Table 4). Ni(tmtaa-(COOE)2)
was less efficient than Ni(tmtaa) for reductive dehalo-
genation by either NaBH4 or NaBH(OMe)3. The low
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catalytic activity is due to the less negative reduction
potential of Ni(tmtaa-(COOEt)2) (—1.51 V vs. SCE)
than Ni(tmtaa) (—1.73 V). [Nil(tmtaa-(COOEt)y)]~
does not have a sufficient ability to reduce bromocy-
clohexane. On the other hand, although the reduction
potential of Ni(tmtaa-Mey) is more negative (—1.85 V)
than Ni(tmtaa), Ni(tmtaa-Mes)/NaBH, was less effi-
cient than Ni(tmtaa)/NaBH; (Runs 1,5). The active
species was formed from Ni(tmtaa-Mes)/NaBHy to a
lesser extent than Ni(tmtaa)/NaBH,, because of the
highly negative reduction potential of Ni(tmtaa-Mey).
Actually, the turnover numbers increased in the Ni-
(tmtaa-Mey)/NaBH(OMe); system (Run 6), because
the strong reductant, NaBH(OMe)s, formed a sufficient
amount of [Ni!(tmtaa-Mey)] ™.

An ESR-measurement provided information concern-
ing the reduced nickel species in the catalytic sys-
tem. Ni!(tmtaa) is ESR-silent, consistent with a planar
structure and a low-spin @® electron configuration.!¥
The ESR spectrum of the Ni(tmtaa)/NaBH, (1:100)
mixture in diglyme-5% EtOH showed rhombic signals
(Fig. 1a, g;=2.26 and g, =2.13), indicating the for-
mation of the Nil species. These signals rapidly de-
creased after the addition of bromocyclohexane, which
suggests the catalytic intermediacy of the Nil species.
The reduction of nickel porphyrin is reported to pro-
duce a ligand anion radical with an ESR signal at g=
2.0.'® Thus, Ni'! can be reduced to Ni! in Ni(tmtaa).
The use of flexible Ni(tmtaa) is essential for Fy30-like
catalysis. The reduction of Ni(tmtaa) by 2% Na-Hg
yielded Na*[Nil(tmtaa)]~ (100 equiv of Na in THF, 0.5

gr226 97213
' ¥
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Fig. 1. ESR spectra (at —196°C) of a) Ni-
(tmtaa)/NaBH4 (1:100) in diglyme-5% EtOH,
b) Ni(tmtaa)/Na-Hg (1:100) in THF, c¢) Ni-
(tmtaa)/NaBH(OMe)s (1:100) in diglyme-5% EtOH.
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Table 3.
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Reductive Dehalogenation of Bromocyclohexane with NaBH(OMe)s

and NaBH3CN Catalyzed by Ni(tmtaa)®

: b
Run Reductant Solvent (v/v) Ni(tmtaa) ~_Turnover numbers”
moldm™3 3h 6h
1  NaBH(OMe); Diglyme 1.0x1072 275 36.4
2  NaBH(OMe); Diglyme-2% EtOH  1.0x1072 7.1 14.9
3  NaBH(OMe); Diglyme-5% EtOH  1.0x107%2 6.2 12.7
4 NaBH(OMe); Diglyme-10% EtOH 1.0x1072 2.3 3.1
5  NaBH(OMe); Diglyme 50x107%  45.5 72.9
6  NaBH(OMe); Diglyme-2% EtOH  5.0x1073  26.8 38.8
7  NaBH(OMe); Diglyme 2.0x107%  96.8 127
8  NaBH;CN Diglyme 1.0x1072 0 0.2
9  NaBH3;CN Diglyme-5% EtOH  1.0x1072 0 0.1

a) Bromocyclohexane=>5.0x10~! moldm—3, bromocyclohexane: NaBHs=1:2 at 30

°C. «c¢) Yielded cyclohexane/Ni(tmtaa).

Table 4.
Its Derivatives®

Reductive Dehalogenation of Bromocyclohexane Catalyzed by Ni(tmtaa) and

Run Catalyst

E, /gb) Reductant

Turnover numbers®

Solvent (v/v)

3h 6 h
1  Ni(tmtaa) —1.73 NaBH4 Diglyme-5% EtOH 18.5 24.3
2 Ni(tmtaa) NaBH(OMe)s Diglyme 27.5 36.4
3 Ni(tmtaa-(COOEt)2) —1.51 NaBH4 Diglyme-5% EtOH 0.1 0.2
4 Ni(tmtaa-(COOEt)2) NaBH(OME)s Diglyme 1.5 4.5
5 Ni(tmtaa-Mey) —1.85 NaBH4 Diglyme-5% EtOH 5.8 12.6
6 Ni(tmtaa-Mes) NaBH(OMe)s Diglyme 23.9 27.9

a) Catalyst=1.0x10"2 moldm~3, catalyst : bromocyclohexane : NaBH4=1:50:100 at 30 °C.

b) V vs. SCE in DMF.

h at 30 °C), showing relatively strong ESR signals at
9)=2.10 and g, =2.01 (Fig. 1b).’® The difference in
the ESR spectra between Ni(tmtaa)/NaBH, (Fig. 1a)
and Na*t[Ni!(tmtaa)]~ (Fig. 1b) suggests that some ad-
ditional ligand coordinates Ni' in Ni(tmtaa)/NaBH,.
Although the addition of BH3—THF (100 equiv) to
Na*[Ni'(tmtaa)]~ changed its ESR spectrum to g;=
2.24 and g, =2.07, this new spectrum differed from
that of Ni(tmtaa)/NaBH,. The additional ligand in
Ni(tmtaa)/NaBH, is not BH3, but may be H™ or
BH;. The Ni(tmtaa)/NaBH(OMe); mixture showed
ESR signals at g=2.14 and g; =2.03 in diglyme-5%
EtOH (Fig. 1c), which were somewhat different from Ni-
(tmtaa)/NaBH,4 (Fig. 1a). These ESR spectra of the Ni-
(tmtaa)/NaBH, and Ni(tmtaa)/NaBH(OMe); systems
indicate that some Ni!(tmtaa) complex is the active
species of this catalytic reaction, although details con-
cerning the active species are not yet clear.
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¢) Yielded cyclohexane/catalyst.
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