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weight value was approximately half (within =8 %) the
value found in neutral salt solution.

That the polymer possesses an ordered helical struc-
ture was indicated by ultraviolet absorbance-tempera-
ture transition studies; poly d(I-C)-poly d(I-C) had
a melting value (T) of 43° in 0.02 M sodium chloride
solution (pH 7.2) and 54° in 0.1 M sodium chloride
solution (pH 7.2). Ninety-five per cent of the absorb-
ance transition occurred over a 3-5° range at both
salt concentrations. For these studies the polymer was
extracted with phenol and exhaustively dialyzed as
previously described.?® Hence poly d(I-C)- poly d(I-C)
has a considerably more stable structure than does poly
dl-poly dC.5® The molar extinction coefficient of poly
d(I-C) - poly d(I-C) was 6.9 X 102 at the wavelength
maximum (251 my) in 0.01 M NaCl-1 X 107* M
EDTA (pH 7.0).

It is significant to note that the polyribonucleotide
with alternating inosinic acid and cytidylic acid units
is synthesized de novo by the Azotobacter vinelandii
RNA polymerase!! whereas poly dI-poly dC is syn-
thesized de novo by the Escherichia coli DNA polym-
erase.’* Further properties of poly d(I-C)-poly
d(I-C) as well as the formation of poly d(G-C)-poly
d(G-C) are currently being studied.
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Catalytic Decomposition of Hydrogen Peroxide by
Copper Chelates and Mixed Ligand Complexes

of Histamine in the Presence of Phosphate Buffer
in the Neutral pH Region!

Sir.

The catalytic decomposition of H.O» to oxygen and
water, i.e., catalatic reactions, by metal salts and com-
plexes has been extensively studied.? Catalatic ac-
tivity is usually associated with catalase,® a hemopro-
tein, and iron compounds and chelates.>+¢ The non-
heme, oxygen-carrying copper protein, hemocyanin,
also exhibits catalatic activity™® as do copper salts and
chelates.'™='3 Many copper and iron complexes are
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also peroxidatic; i.e., they promote the oxidation of
hydrogen donors such as alcohols, phenols, and
amines.*”**4!  Thus, the complex compounds of cop-
per and iron provide relatively simple model structures
for investigating the mechanisms of action of vitally
important types of enzymes. However, for several
reasons, no significant quantitative studies on catalatic
reactions of copper complexes exist from which reaction
mechanisms can be deduced. For example, previous
investigations included various simplifying assumptions
regarding the species of copper complexes present such
as in 1:1 mixtures of Cu?t and ligand, L, where it was
arbitrarily assumed that no CuL, existed. Nor were
the known formations of hydrolyzed species taken
into account, e.g.,, LCuOH and L,Cu,(OH),. Experi-
mentally, little or no attempt was made to maintain con-
stant pH. In view of these oversimplifications, we are
investigating catalatic systems involving copper and
amino acids and related compounds in the pH region of
~6-9 in sodium dihydrogen phosphate buffer. We
have taken into account the formation of simple, mixed,
and hydrolyzed complex species. In this report, em-
ploying histamine as the ligand, our data conform best
to a combination of a free-radical and molecular mecha-
nisms involving the 1:1 chelate of copper-histamine.

The rates of decomposition of H»O, were determined
from manometric measurements of O, by the use of a
differential syringe manometer.!® The reproducibility
of our readings was =597, and the absolute accuracy
as determined by measurement of known volumes of O,
released from spectrophotometrically standardized solu-
tions of H,O, by crystalline catalase was =497, The
rates of O, evolution were determined by presetting the
micrometer syringe corresponding to a desired volume,
generally from 3 to 20 ul, and the time required for the
manometric fluid to reach the reference mark in a hori-
zontal capillary was recorded. At this point the mi-
crometer was reset for the next reading, etc., until the
run was complete. The apparatus was maintained on a
single station of a Warburg bath and the reaction refer-
ence flasks were completely immersed in the constant-
temperature water bath. The rates of O evolution
were independent of shaking speeds above 80 cycles/
min: a speed of 115 cycles/min was used throughout.
Under the experimental conditions employed, only
those solutions containing H,O,, copper, and histamine
possessed significant catalatic activity.

In a series of experiments run at 25° and pH 7.0, we
found that the over-all reaction rate, kopsq, varied as the
first power of the total molar concentration of copper
ion, [Cu?t]t and [H:O:}r. In order to identify the cata-
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Table I. Catalytic Decomposition of H:O: by Solutions of Copper Containing Histamine and Sodium Dihydrogen Phosphates

kobsa X 108 Concentration, M®
R, ul 1. mol~! [HyO:r [HOO-] [CuHm?*Y] [CuHm,?*] [CuHm(OH™)?] [CuHm(HPO,)] [CuHm(HOO™)%]

pH sec™! sec™! X 102 X 108 X 10¢ X 104 X 10¢ X 108 X 10¢
6.07 0.0976 3.99 6.66 0.195 2,68 0.300 0.313 3.17 1.47
6.60 0.12 4,91 3.33 0.33 1.66 0.881 0.663 4,61 1.55
7.04 0.15 6.14 2.00 0.55 0.940 1.42 1.03 4.04 1.45
7.57 0.25 10.2 1.33 1.25 0,382 1.87 1.42 2.11 1.32

.16 0.25 10.2 0.667 2.40 0.123 2.16 1.78 0.747 0.830
8.66 0.30 12.3 0.667 7.26 0.0360 2.02 1.65 0.223 0.767

a [Cu?*]y = 5.30 X 10~4 M, [Hm)r = 1.06 X 10~% M, [NaH,PO,]r = 0.028 M, 25.0°.

® The concentrations of these and other species

present in the solutions were calculated for the conditions employed using the following formation constants expressed as log X in parentheses
and where Hm = histamine free base and B~ = PO,*~: HHm™ (9.88), H.Hm?* (16.01), CuHm?* (9.55), and CuHm.?* (16.03) [B. L. Michel
and A. C. Andrews, J. Am. Chem. Soc., 77, 5291 (1955)]; Cu(OH~)* (6.5) and Cuy(OH™).2* (10.94) [D. D. Perrin, J. Chem. Soc., 3189 (1960));
CuHm(OH™)* (7.0) and Cu.Hmy(OH~),2* (11.8) [M. A. Doran, S. Chaberek, and A. E. Martell, J. Am. Chem. Soc., 86, 2129 (1964)]; HB2~
(11.6), H,B~ (18.5), and H;B (20.61) [G. Schwarzenbach and G. Geir, Helv. Chim. Acta, 46, 906 (1963)]; H,0, (11.6) [M. G. Evans and N.
Uri, Trans. Faraday Soc., 45, 224 (1949)]; CuH,B* (19.25) [J. Mercadie, Compr. Rend., 221, 581 (1945)]; CuHB (15.00) [H. Sigel, K. Becker,
and D. B. McCormick, Biochim. Biophys. Acta, 148, 655 (1967)]; H.B-Cu-Hm (27.5), HB-Cu-Hm (22.7) [calculated from equation given in
V. S. Sharma and J. Schubert, submitted for publication]; CuHm(HOO™)* (6.45) [see text].

lytically active forms of Cu?t and H,0,, we made a
series of runs at different pH’s, from pH 6.07 to 8.66,
using a ligand to copper ratio of 2. The observed rates
of O, evolution, R, in ul sec™!, obtained from the initial
slopes of a plot of microliters of O, evolved vs. time,
were converted t0 kypeq in units of mol=? 1. sec~! after
correcting the O, volume to 0° and 760 mm by the fac-
tor 4.09 X 1075

The percentage of the total copper present in various
species at different pH’s was calculated on an IBM
360/50 electronic computer using a FORTRAN programY
and the equilibrium constants cited in Table I.

In aqueous solution Cu(Il) is tetracoordinate and
shows little tendency to add more than four mono-
dentate ligands or two bidentate ligands.'®* All of the
simple, mixed, and hydrolyzed complex species taken
into account are given in Table I. When evaluating
rate-constant dependencies, some species could be dis-
regarded. For example, histamine-free solutions con-
taining cupric ions in buffer showed relatively little cata-
lytic activity; hence the contribution of the following
species are disregarded: [Cu?t], [CuH.PO.*], [Cu-
HPO], [Cu(OH™)*], [Cux(OH™),2t], as well as peroxide
complexes such as [Cu(HOO-)t].1*-2! In addition,
[CuHm(H,PO4)*]is disregarded because it is not formed
in significant amounts over the pH range studied.

From the data summarized in Table I, we calculated
the apparent rate constants,?? k', for various species as a
function of pH. The formulation which best fit the
experimental observations is given by

kepsa = ki'[CuHm*J[HOO-] +
ky'[CuHm(HOO-)*[HOO-] (1)

A plot of kypea/[CuHmM?>[HOO-] against [CuHm-
(HOO-)*}/[CuHm?*] gives a straight line for the pH
range 6.07-8.16. The apparent rate constants with
values of k;’ = 50 and k' = 45 were obtained from the

(17) D. D. Perrin and 1. G. Sayce, Talanta, 14, 833 (1967).

(18) D. D. Perrin, I. G. Sayce, and V. S. Sharma, J. Chem. Soc., 4,
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(20) L, L. Ingraham, Arch. Biochem. Biophys., 81, 309 (1959).

(21) M. Anbar and I. Pecht in “Proceedings of the 9th International
Conference on Coordination Chemistry,” W, Schneider, Ed., Verlag
Helvetica Chimica Acta, Basle, Switzerland, 1966, pp 74-76.

(22) The term apparent is used because the sodium dihydrogen phos-
phate concentration term, while constant, was not included in the rate
expression for each species.

intercept and slope, respectively, of the straight-line
plot. The good fit of eq I to the experimental data indi-
cates that the contributions of species other than [Cu-
Hm?*t} and [CuHm(HOO™)*] to the catalatic activity
in the given pH range are relatively small. The rela-
tively inactive species include [CuHm(OH~)*], [CuHm-
(OH™),], and [CuHm,**]. We also tested the observed
rate data for a dependency on [CuHm(HOO~)*+][H,0,],
but no significant correlation was found.

In the absence of information on the formation con-
stant of the intermediate, [CuHm(HOO™)*], we esti-
mated it from measurements reported for ternary com-
plexes of nickel involving HOO~ for which values of
log K =2 4.5-5.0 were obtained.?® Since the formation
constants of Cu(II) complexes are generally 1 to 2 log
units higher than the corresponding nickel complexes, a
value of log K = 6.45 for [CuHm(HOO~)*] was used
in our computations. The experimental data conform
to eq | practically independent of the value chosen for
log K of the intermediate, and, in fact, the value of k;’
remains nearly constant of the value chosen for log K
of the intermediate. However, the value of k,’, the
slope of the straight-line plot, is roughly proportional
to the value of log K. It is obvious that an experimen-
tally determined value of the formation constant needs
to be made.

Equation 1 suggests that, in the neutral pH region,
the decomposition of H»O, by copper complexes may
proceed by a combination of a molecular mecha-
nism,*** in which a presumed intermediate species,
[CuHm(HOO™)*], reacts with[HOO™], and a free-radical
mechanism involving reversible oxidation-reduction
of a cupric-cuprous couple and the formation of free
radicals, e.g., HO, and OH, leading to a chain reaction.

Even though our experimental data give a remarkably
good fit over a more than 100-fold range of hydrogen
ion concentrations to the mechanism expressed in eq
1, we realize that alternative sequences of reactions may
also fit the experimental data for such an inherently
complicated process. The deviation observed at the
highest pH investigated, pH 8.66, can be due to several
reasons including oxidation of the ligand'4 and uncer-
tainties regarding the nature and stability constants of
the hydroxy, peroxy, and ternary copper species. A
fuller formulation of the reaction mechanisms will be

(23) R. Zell and H. Sigel, Hele. Chim. Acta, 49, 870 (1966).
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reported when we have completed additional chemical

and physical measurements with a variety of mono-,
di-, tri-, and tetradentate ligands.

Jack Schubert, V. S. Sharma

E. R. White, Linda S. Bergelson

Radiation Health Division, Graduate School of Public Health
University of Pittsburgh, Pittsburgh, Pennsylvania 15213
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Lithiation of Trimethylsilyl Compounds
Sir:

Lithiation of tetramethylsilane by s-butyllithium in
the presence of N,N,N’,N’-tetramethylethylenediamine
(TMEDA)! has recently been reported by Peterson.?
In work contemporaneous with Peterson’s, we have ob-
served lithiation of methyl groups in various organo-
silanes, with and without potentiating catalysts such as
TMEDA.? Silylmethyl protons appear to be dis-
tinctly more acidic than methyl protons in hydrocar-
bans. Probably silicon, like phosphorus,* stabilizes
the partial negative charge on attached CR:Li groups
by means of dative = bonding from carbon into low-
energy unfilled orbitals of the Si atom.

Under these conditions the metalation of tetramethyl-
silane requires several days, showing that the protons
in Me;SiCl are significantly more acidic than those in
Me,Si. Steric hindrance to coupling appears to be
vital for lithiation of trimethylchlorosilane, for with
n-butyllithium, either with or without TMEDA, tri-
methylchlorosilane gives exclusively the coupling prod-
uct n-butyltrimethylsilane.’

Other electronegative substituents on silicon lead to
variable and often unexpected results upon treatment
with z-butyllithium-TMEDA (Table I). Trimethyl-
fluorosilane gives exclusively the coupling product -
butyltrimethylsilane. The latter is also the principal
product with methoxytrimethylsilane, along with a
minor amount of the metalation product Me;SiCH,-
SiMe.OMe.! However, ethoxytrimethylsilane gives vir-
tually exclusive lithiation to yield ultimately Me;SiCHo,-
SiMe,OEt,® only a trace of coupling being observed.
Thus the slight increase in steric requirement from the
methoxy to the ethoxy compound changes the nature of
the reaction completely. Acetoxytrimethylsilane yields
3,3-dimethyl-2-trimethylsiloxy-1-butene® (2) in a rapid
reaction, The formation of this unsaturated product
can be accounted for by the following reaction se-
quence.

Table I. Reactions
r-BuLi,* TMEDA, Temp, Reacn

Silane (M) M M °C time Products (7} yield)e
Me,SiCl (0.36) 0.12 0.00 —78 2 hr Me;SiCH,SiMe.Cl (33); Me,SiCMe; (25); Me;SiCH,SiMe:-z-Bu (10)
Me,;SiCl (0.2) 0.05 0.012 15-30 <Imin Me;SiCH:SiMe,Cl (20); MesSiCMe; (20); Me;SiCH,SiMe,CMe; (40)
Me,Si (0.12) 0.1 0.025 25  4days (Me;Si).CHy (40)
(Me;Si)0 (0.22) 0.1 0.025 25 1ldays Me;SiCH:Me,SiOH? (30)
Me;SiOCH,CH, (0.07) 0.03 0.008 25  2days Me;SiCH,SiMe,OFt (50)
Me;SiOMe (0.2) 0.05 0.012 25  6hr Me;SiCMe; (40); Me;SiCH.SiMe,OMe (15)
Me;SiF (0.2) 0.05 0.012 15-30 <1min Me;SiCMe; (85)
Me;SiOC(O)CH; (0.2) 0.05 0.012 15-30 <lmin Me;SiO(Me,C)C=CH; (65)

o The solution of +-BuLi (1.3 M, Foote Mineral) in pentane was added to a solution of the silane and TMEDA.
¢ After derivatization with trimethylchlorosilane.

and pentane used as solvent.
obtained by distillation after removal of LiCl by filtration.

We now find that certain methylsilyl compounds can
be metalated in the methyl group by z-butyllithium even
when the silicon bears substituents highly reactive to-
ward nucleophilic displacement. For example, tri-
methylchlorosilane undergoes lithiation by z-butyl-
lithium at ~78° in tetrahydrofuran, to give 339, Me;-
SiCH,SiMe,ClI5 (1) after work-up.

MesSiCl
—
Me;SiCH,SiMe.Cl
1,339

— 780
#-BuLi + Me;SiCl };}“) LiCH,SiMe,Cl

A substantial amount of the coupling product of 1
with z-butyllithium, Me;SiCH.SiMe.-#-Bu,® is also pro-
duced (Table I). Trimethylchlorosilane is also lithiated
rapidly and exothermically by the z-butyllithium-
TMEDA complex in pentane at room temperature.

(1) G. G. Eberhard and W. A, Butte, J. Org. Chem., 29, 2928 (1964).

(2) D.J.Peterson, J. Organometal. Chem, (Amsterdam), 9, 373 (1967).

(3) P. C. Jones, Ph.D. Thesis, University of Wisconsin, 1968, and
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(4) D. J. Peterson and H. R. Hays, J. Org. Cheni., 30, 1939 (1965).

(5) M. Kumada, J. Nakajima, M. Ishikawa, and Y. Yamamoto, ibid.,
23, 292 (1958).

(6) All new compounds reported here gave satisfactory analyses for
C, H, and Si, and nmr spectra consistent with the assigned structure.

® Equal volumes of THF

¢ After aqueous work-up. ¢ Yields are based on products

(0] (0]

O
) é t-BuLi . \é t-BuLi I .
Me;SiOCCH; —> Me;SiOLi + Me;CCCH;; —> Me;CCCH.Li

3 wt

o} MeSiO N
| MesSiOCCH; é'
CH, <———— Me;CC=CH,

, AN
LiOCCH; + C=

Meac
2

Compound 2 is also formed when a pentane solution of
t-butyllithium is added to an excess of z-butyl methyl
ketone (3) and trimethylchlorosilane.
Hexamethydisiloxane and z-butyllithium give, after
aqueous work-up, the unexpected silanol, Me;SiCHa-
SiMe,OH, as the only significant product along with
unchanged starting material. The reactions leading
to formation of the silanol are not clear, but lithiation

(7) Trimethylchlorosilane is frequently employed as a derivatizing
agent for active organometallic compounds. It is evident from our re-
sults that unexpected metalation products may be found with sterically
hindered bases. Cf. also R. P, Bush, N. C. Lloyd, and C. A, Pearce,
Chem. Commun., 1271 (1967).

(8) D. Seyferth and E. G. Rochow, J. Org. Chem., 20, 250 (1955).
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