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Reduction of Ethylene by Ni'(cyclam)™ in Aqueous Solutions’
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Ni(1,4,8,11-tetraazacyclotetradecane)’ reduces ethylene quantitatively to ethane plus butane (and hexane
traces) in neutral aqueous solutions. A radical mechanism is proposed.

Introduction

It was recently shown' that the central Ni(I) cation in the
complex Nil(1,8-di-2-propenyl-1,4,8,11-tetraazacyclotetrade-
cane)’ reduces the propenyl substituents in neutral aqueous
solutions. Due to the importance of the hydrogenation of alkenes
and due to the environmental advantage of carrying out such
reactions in aqueous solutions, it seemed of interest to check
whether Nil(1,4,8,11-tetraazacyclotetradecane)™, NiL™, reduces
alkenes dissolved in aqueous solutions. If such reductions indeed
occur, then by changing the redox potential of the complex by
either changing the structure of the ligand” or using another
central cation, one plausibly will be able to reduce selectively
a given double bond in a substrate without reducing other double
bonds. Furthermore, then one will plausibly be able to hydro-
genate alkenes selectively electrochemically! in aqueous solutions.

Experimental Section

All of the chemicals used were of analytical grade, purchased
from Aldrich or Fluka, and were used as is. Solutions were
prepared in deionized water, which was further purified by
passing through a MilliQ system by Millipore and had a
resistance of =10 MQcm™!. The C;H, gas was purchased from
Maxima, Israel, and was passed through two washing bottles,
containing 0.1 M V2% in dilute H,SO4 over a Zn amalgam and
pure water in order to remove traces of dioxygen. The ligand L
= 1,4,8,11-tetraazacyclotetradecane and the complex NiL(ClO4),
were synthesised according to literature procedures® and char-
acterized by NMR and UV—vis spectroscopy.’

Samples, in small glass vials, stoppered with a rubber septum,
were irradiated in a %°Co y source by Noratom with an average
dose rate of 3.0 Gy/min during this study. The product gases
were analyzed by GC using a Varian Model Star 3600CX with
a FID. The gases were separated on a Supelco 10 ft long 0.25
inch diameter column with a Poropaq QS 5080 Mesh filling.
The carrier gas was He with a flow rate of 40 mL/min. The
detector temperature was 290 °C, and the column temperature
was 60 °C for 3.5 min and then was raised by 40 °C/min up to
160 °C and was kept at this temperature throughout the analysis.
The ignition temperature was 70 °C.

Pulse radiolysis experiments were performed using the same
setup and procedures described in detail earlier.*?
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TABLE 1: Gaseous Products in Irradiated Samples®

[NiL>*], M total dose, Gy C,H yield, G C4H) yield, G
— 100 0.62 0.06
— 400 0.45 0.06
5x 107 100 1.5 0.14
5 x 107 400° 2.0 0.17

@ C,Hy4 solutions containing 0.3 M NaHCO, and 0.01 M phos-
phate at pH 6.1. The accuracy is +10%. ® In these samples, traces
of CgH 4 were detected.

Ionizing Radiation As a Source of Reducing Radicals.
When neutral dilute aqueous solutions are irradiated by ionizing
radiation, the following primary products are formed:®

H,0 —— -OH (2.65), ¢, (2.65), *H (0.60),
H, (0.45), H,0, (0.75), H;0" (2.65) (1)

The yield of the products is reported as G values, which are
the number of product molecules (species) formed per 100 eV
of radiation absorbed in the sample. The values in parentheses
in eq 1 are the G values for the different primary products in
dilute aqueous solutions.® In concentrated solutions the “radical”
(+OH, e™q) yields are somewhat higher, and the “molecular”
(H,, H,O», and +H) are somewhat lower.°

When formate is added to the irradiated solutions, it reacts
with the +OH radicals and the H atoms via’

HCO, + -OH/-H—CO,-~ + H,0/H,
koy=32x10"M"s"!
ky=2.1%x10°M"'s™" (2)

transforming the strong oxidizing agent, *OH radicals, in a
reducing agent, CO,* ™~ anion radicals. Thus, in these solutions,
there remains only two strong reducing radicals e, £° =
—2.87 V versus SHES and CO,+~, E° = —1.9 V versus SHE.®

We could not use N>,O saturated solutions, in which all of
the primary radicals are transformed into CO,*~ anion radicals,
as NiL* reacts in a fast reaction with N,O.?

Results and Discussion

C,H, saturated solutions containing 0.3 M HCO, Na* and
0.01 M phosphate buffer at pH 6.1 in the presence and absence
of NiL(Cl0O4),'? were irradiated in the y-source, and the product
gases were determined by GC; the results are summed up in
Table 1.
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In these solutions, the CO,*~ and e™,q radical anions reduce
the NiL2" via®

NiL*" +e”,,—NiL", k=3.8x10"M 's' (3)

NiL*"+C0,-” —NiL", +CO, k=52x10"M's"'
4

Thus, the expected yield of NiL T, is G(NiL*aq) = 6.0; see the
Experimental Section. However, as NiL*aq reacts via a fast
reaction with H,O,, remembering that G(H,0,) = 0.75 and
assuming that two NiL™ species are oxidized by one H,O,
molecule,b!! the yield of NiL* available for the reduction of
CoH,y is G(NIiLT,q) = 4.5. As the reduction of C;Hy to form
C,Hg or C4H ) requires two electrons for each product molecule,
one expects G(CaHg + C4H ) = 2.25. The experimental result
in the samples irradiated by 400 Gy is G(C,Hg + C4H;p) =
2.17 £ 10%. Thus, clearly all of the NiL ", produced by the
irradiation reduces the C;Hj. (The somewhat smaller yields
obtained in the samples irradiated by the lower dose are probably
due to some oxidizing impurity present in the samples; e.g. 2.5
x 107 M O, would cause such an effect.)

In an effort to gain further mechanistic information on the
mechanisms of this process, pulse-radiolytic experiments were
performed. However, under the experimental conditions, satura-
tion of the solutions by C;Hy instead of Ar accelerated the
apparent second-order rate constant of the disappearance of
NiL" only from 2keps = 9.8 x 10* M1 s7! to 2kops = 2.7 X
10° M~ ! s~!. This small effect rules out a detailed mechanistic
study. Furthermore, the results suggest that the rate constant of
the reduction of CoHy by NiL* is relatively slow. Therefore,
high reduction yields, quantitative ones, are achieved only by
the application of the low-dose-rate y-source.

Finally, it is tempting to speculate on the mechanism of
reduction. The first step probably involves the formation of a d
— m* complex between the low-valent NiL.™ complex and the
ethylene

KS
NiL(H,0), + C,H, == (H,0)LNi—I)" )

The value of the stability constant, K5, is probably not high as
no spectral changes were observed during the reaction time,
though the rate constants of the axial ligand exchange of the
Jahn—Teller-distorted LNi(H,0),™ complex are probably very
high.

The following reaction is probably

—NiL*" + +CH,CH,

‘H+

(H,O)LNi—Il)"— (6)
—(H,0)LNi""—CH,CH,
which is followed by

K.
NiL>" + -CH,CH, == (H,O)LNi"'~CH,CH,  (7)

The value of K7 is probably relatively high as'?!3

K.
NiL*" + -CH, == (H,0)LNi""—CH*"

K,=11x10'M"" (7

The ethane is then most probably formed via
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NiL(H,0), + (H,0)LNi"'—CH,CH,*" —

NiL*" +LNi"~CH,CH;",, (8)

H+
LNi"'~CH,CH,",, — NiL*" + C,H, )

These reactions are proposed as heterolysis of the Ni''=C bonds
is well documented,!* whereas Ni'"—C bonds are known to
decompose via homolysis.'*

The butane is probably formed either via

2-C,H,—C,H,, (10)

in analogy to the formation of C;Hg in the decomposition of
(H,O)LNill—CH32* 1011 or via

(H,O)LNi"'—CH,CH,*" + +C,H;—NiL*" + C,H,
(11

a reaction which was not observed in the (H,O)LNi'—CH;2"
system.

As NiL(H,0)," is formed continuously under the experi-
mental conditions, reaction 8§ competes well with reactions 10
and 11, and therefore, the yield of C,Hg is considerably larger
than that of C4H .

Alternatively, C4Ho might be formed via

(H,0)LNi"—CH,CH,*" + C,H, —
cis-LNi"(C,H,)CH,CH," — (H,0)LNi"—C,H, —~
NiL*" +C,H,, (12)

This reaction requires an isomerization of the trans-Ni(Il)com-
plex to form the cis isomer.
Also, the reaction

((H,O)LNi—Il)" + «C,H, — (H,0)LNi"—C H," (13)

cannot be ruled out.

The formation of traces of CgHjs clearly proceeds via
analogous reactions. The formation of C4H;¢ and C¢H,4 proves
that the radicals *C,Hs and <C4Hy are intermediates in the
reduction mechanism.

Conclusions

The results clearly point out that NiL(H,O),™ reduces ethylene
in aqueous solutions. This result suggests that NiL?" can be
used as an electrocatalyst for the hydrogenation of alkenes in
aqueous solutions.
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