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The nonenzymatic reduction of cyclopropene in molybdothiol- and related model
systems of nitrogenase yields cyclopropane and propylene in a pH-dependent fashion:
In alkaline media, cyclopropane is formed exclusively. In acidic solutions, cyclopropane
and propylene are produced. Cyclopropene is thus identified as a pH sensitive
chemical
probe of nitrogenase. Since substantial amounts of propylene are formed in the enzymatic
reduction of cyclopropene, it follows that the active site in functioning nitrogenase is in a
locally acidic environment. The protons required to sustain the acidic p H are presumably
generated by A T P hydrolysis; addition of substrate amounts of A T P to nonenzymatic
cyclopropene reducing systems also stimulates propylene- and cyclopropane production.
The stereochemical course of cyclopropene reduction to cyclopropane is exclusively eis,
both under enzymatic and nonenzymatic conditions. The formation of propylene from
cyclopropene is not stereoselective and mechanistically consistent with acid catalyzed ring
opening prior to reduction.

Nitrogenase has been shown recently to reduce
cyclopropene to a ca. 2:1 mixture of propylene and
cyclopropane, both in vivo and in vitro (eq. (1) [ 1 - 4 ] :
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Attempts to reduce cyclopropene under nonenzymatic conditions, e.g. with molybdothiol [5]
model systems of nitrogenase and NaBH4 as the
reductant have thus far yielded only cyclopropane,
but no propylene among the products [4]. Accordingly, cyclopropene was recommended as a
"chemical probe" for nitrogenase, and a " c y c l o propene criterion" was proposed to rate model
systems by the degree to which they show nitrogenase-like activity [4].
We have independently studied nonenzymatic
reductions of cyclopropene in molybdothiol- and
related model systems of nitrogenase and have
identified the reaction pH rather than model validity
as the key variable which determines the propylene : cyclopropene product ratio. The results of this
investigation will be described in the following.
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Results
In the initial experiments, the standard''Molybdocysteine" model system [5] of nitrogenase was
employed, consisting of the binuclear, /z-oxobridged
Mo(V)-complex of L( + )-cysteine, Complex I, as the
precursor of the molybdenum catalyst, a mononuclear Mo(IV)-cysteine complex usually designated
as " M o r e d " .
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The reduction of acetylene and of other substrates
is usually carried out in alkaline solutions, e.g. at
pH 9.6 in borate buffer. The high p H is chosen
primarily to conserve NaBH4. Reduction experiments can also be performed in neutral or acidic
media, however. This causes a more rapid decomposition of N a B H j and a lowering of the overall
yields of products, but still allows studies of the
effect of p H on product distribution. In alkaline
solutions, cyclopropene is reduced exclusively to
cyclopropane. If the initial pH is adjusted to near
neutral, a small amount of propylene is formed. At
the initial p H of 4, the propylene: cyclopropane
ratio is 1:5 after 30 min of reaction. At pH of about
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Table I. Reduction of cyclopropene under various conditions.
No.

1
2
3
4
5
6
7
8

9
10
11

12
13
14
15
a

b

System a

Init. p H

Buffer15

Reaction time

Propene/cyclopropene

Complex I/NaBH 4

9.6
6.5
6.5
6.5
4.0
1.5
1.0
7.0
2.0
1.5
1.25
1.9
2.0
2.0
2.0

Borate
Phosphate
Phosphate
Phosphate
Acetate
HCl/KCl
HCl/KCl
Phosphate

3
3
30
3
30
30
30
20
20
20
20
20
20
20
20

0/100
2/98
5/95
3/97
16/84
51/49
60/40
3/97
36/64
54/46
63/37
69/31
61/39
65/35
42/58

Complex I / N a B H 4
Complex I / N a B H 4 + A T P
Complex I / N a B H 4 + A T P
Complex I / N a B H 4
Complex I / N a B H 4
Complex I / N a B H 4
Mo(IV)-CN
Mo(IV)-CN
Mo(IV)-CN
Mo(IV)-CN
"Mo(III) + Mo(V)" (1:1)
" M o ( I I I ) + M o ( V ) " , + Cys ( 1 : 1 : 1 )
"Mo(III)"
" M o ( I I I ) " , + Cys ( 1 : 1 )

HCl/KCl
HCl/KCl
Phosphate
Phosphate
Phosphate
Phosphate

h
h
min
h
min
min
min
h
h
h
h
h
h
h
h

Reaction conditions, see Experiments Section. " M o ( I V ) - C N " denotes the Mo(IV) species generated in the
hydrolysis of [ M o ( 0 ) ( H 2 0 ) ( C N ) 4 ] " 2 ; " M o ( I I I ) " and " M o ( V ) " are hydrolysis products of MoCle" 3 and M0CI5,
respectively.
Buffer concentration, 0.2 F.

1.5, the ratio of the two products approaches 1.0,
and at p H of about 1, propylene becomes the predominant product (Table I). The propylene:cyclopropane ratios change during the reactions, especially if a large excess of NaBH 4 is employed in a
solution with low buffer capacity. As NaBH 4
continues to be consumed, the p H increases and
more cyclopropane and less or no propylene are
formed. Accordingly, Table I specifies the time at
which the product yields were measured. In the
experiments under catalytic conditions in alkaline
solution, near quantitative yields of cyclopropane
from cyclopropene have been obtained. In acidic
solutions, the product yields decline but can still be
conveniently measured.
The production of propylene and of cyclopropane
is significantly accelerated by substrate amounts of
A T P (at 2 : 1 mol. ratio to molybdenum). As may be
seen from Fig. 1, the stimulatory effect persists for
at least 3 h of reaction.
The reduction of cyclopropene was also investigated in the absence of NaBH 4 or other external
reductants in experiments under stoichiometric
reaction conditions. Reactive Mo(IV) species were
generated in situ by the hydrolysis of Mo(IV)
complexes such as Na 2 [Mo(0)(H 2 0)(CN) 4 ] [6], as
well as by the joint hydrolysis of a 1:1 mixture of
K3M0CI6 and M0CI5 in the presence of cysteine. The
resulting Mo(IV) species react with cyclopropene in
a pH-dependent fashion (see Table I). Cyclopropene

Fig. 1. Reduction of cyclopropene b y Complex
I / N a B H 4 in p H 6.5 buffer in the presence (A) and
absence (B) of A T P . Reaction solutions contained, at
t = 0, in a total volume of 5 m l : Complex I, 100 ,uequ.
Mo; A T P ,
200 mmoles in expt. " A " ,
NaBH4,
0.67 mmoles, and 42 ^moles of cyclopropene in the gas
phase.

is also reduced by hydrolysis products of K3M0CI6
in the absence of added Mo(V). In these reactions
Mo(III)-species appear to act as reducing agents.
However, previous studies [7] have shown that the
reduction of acetylene with Mo(III) species is
accompanied by the evolution of hydrogen. This
is an indication that Mo(IV)-species are formed
under the reaction conditions and that these are
the actual reducing agents. In the reduction of
cyclopropene with hydrolysis products of MoCIe"3.
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Table II. Ligand effects in the stoichiometric reduction
of cyclopropene by reduced molybdenum species in
p H 7 phosphate buffer at 22 °C.

propene isolated from stoichiometric reduction
experiments in D 2 0 , as outlined in the Experimental
Section. The propylene was found to consist of a
ca. 1 : 1 m i x t u r e o f [CIS-1,3- 2 H2]- a n d [trans- 1,3- 2 H2]-

No.

Ligand added a

Propene / cy clopropaneb

1

None
Cysteine
Histidine
Homocysteine
EDTA
Glutathione
Glycine
Insulin (Chain A)

31/69
5/95
16/84
17/83
76/24
78/22
93/7
93/7

2
3
4
5
6
7
8

a

b

Reaction bottles contained, at t = 0, 100 //moles
(42 mg) of K3M0CL in 10 ml buffer solution
adjusted to p H 7, and 42 //moles of cyclopropene in
the gas phase.
The yields measured after 20 h of reaction ranged
between 0.5 moles (histidine) and 2.2 moles (insulin),
corresponding to 3 - 1 2 % , based on cyclopropene.

H2 is also formed, suggesting a similar mechanism
of reduction.
Table II shows that the propylene: cyclopropane
ratio depends on the nature of complexing agents
present in the solutions. In p H 7 buffer, cyclopropane is the predominant product of cyclopropene
reduction. However, with a number of other ligands,
i.e. E D T A , glutathione, glycine and Chain A of
bovine insulin, propylene becomes the main product.
These experiments were performed at limiting
initial concentrations of cyclopropene. Combined
cyclopropane-propylene yields of 1 2 % were obtained
under these conditions.
Reaction p H and complexing ligands were the
main variables which significantly influence the
propylene: cyclopropane ratios. The addition of
Fe + 2 , S - 2 , or of ferredoxin model compounds [8] to
either the catalytic or stoichiometric reaction
systems had no consistent effects on the propylene : cyclopropane ratios.

propylene.

Discussion
Cyclopropene resembles acetylene in reactivity
of the strained C = C bond and is reduced enzymatically as well as nonenzymatically with the net
transfer of 2 electrons and protons. The eis stereochemistry of reduction to cyclopropane is analogous
to that observed with acetylene as the substrate and
consistent with a mechanism which invokes the
symmetrical interaction of cyclopropene with the
reduced molybdenum catalyst (eq. (2)):

>

.D
(2)

The formation of propylene from cyclopropene is
best formulated in terms of a mechanism by way
of allylcarbocations which are believed [11] to be
generated from cyclopropene on protonation. Their
subsequent reduction to 2 H 2 -propylene as shown in
eq. (3) is in accord with the observed lack of stereoselectivity of cyclopropene reduction to propylene:

<
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The acid-catalyzed ring-opening of cyclopropene
could occur within the coordination sphere of
molybdenum.
Our experiments under stoichiometric conditions
showed that a near 1:1 mixture of [cis-l,3- 2 H2]- and
The stereochemical course of the reduction of cyclo- [fraws-l,3- 2 H 2 ]propene is formed. Enzymatically,
the two isomers and [2,3- 2 H 2 ]propene are formed in
propene to cyclopropane was determined by conthe ratios of ca. 1 : 2 : 1 . Thus, there are some
ducting the reduction with molybdocysteine catadifferences between the enzymatic and nonenzylysts, NaBD 4 as the reductant, in D2O. The cyclomatic reductions of cyclopropene whose resolution
propane isolated was shown to consist of the
requires further studies, e.g. with model systems
as-l,2- 2 H2 isomer by infrared analysis; an intense
involving larger ligands to simulate the enzyme
absorption at 845 c m - 1 was observed and is characprotein. For the time being, the overall coincidences
teristic of cis-l,2- 2 H2-cyclopropane [9, 10]. No band
observed are satisfactory as [2,3- 2 H2]propene is a
at 783 c m - 1 was present in the spectrum, which
would have indicated traces of the trans isomer [10]. minor product of enzymatic cyclopropene reduction.
On the basis of our study, the available enzymologThe stereochemistry of the reduction of cycloical evidence can be interpreted to suggest that the
propene to propylene was elucidated by analysis of
nitrogenase active site is in a locally acidic environthe deuterium-decoupled X H NMR spectrum of 2H2-

1442

G. N. Schrauzer et al. • The Chemical Evolution of a Nitrogenase Model

ment. Since it is well established that the nitrogenase
active site is "pocketed" it can be readily envisaged
that it is possible to generate, and to maintain, a
locally acidic p H in the immediate environment of
the active site. The protons required to create
acidity can be plausibly assumed to be furnished by
A T P , as A T P is hydrolyzed to A D P , inorganic
phosphate and protons during the transfer of
electrons to the M o - F e protein. Under nonenzymatie conditions, the effective p H required to
produce a 2 : 1 ratio of propylene and cyclopropane
is around 1. Table II shows, however, that certain
ligands added to the solutions containing reduced
molybdenum species create conditions favorable for
propylene production even at p H 7. W e conclude
from this that some ligands also create a "locally
acidic environment" in the vicinity of these reducing
molybdenum sites during the hydrolysis of the
MoCl6~3 anions.
C y c l o p r o p e n e t h u s is a pH sensitive chemical probe

of nitrogenase, and in this regard more specific than
acetylene, whose reduction to ethylene has been
demonstrated in acidic, neutral or alkaline media.
However, a number of other alternate substrates of
nitrogenase are also more effectively reduced in
acidic rather than neutral solutions under nonenzymatie conditions with molybdothiol catalysts,
azide, N2O, nitriles, for example, and even molecular
nitrogen itself. A locally acidic environment near
the nitrogenase active site would seem to be
particularly necessary to achieve an efficient reduction of molecular nitrogen. The formation of NH3
would otherwise create locally alkaline conditions,
which could have the effect of stimulating the
decomposition of the highly p H sensitive intermediate, diimide, into the elements.

Experimental Section
Reagents and chemicals

"Complex I " , Na 2 Mo 2 0 4 • 2 Cys • 5 H 2 0 , and
K2[MO(0)(H 2 0)(CN)4] were synthesized as described
elsewhere [15, 16]; K3M0CI6 and M0CI5 were purchased from Alpha-Ventron Corp. and used as
received. Cyclopropene was synthesized as described
in ref. [1]. It was stored at —196 °C in a glass trap
equipped with a stop-cock and rubber septum.
Gaseous samples were transferred with a gas lock
syringe after warming the trap to — 4 2 °C. Cylinder
argon ( 9 9 . 9 9 5 % ) was obtained from National Cylinder Gas Co. and used without further purification.
All other reagents and chemicals were commercially
available in a purity sufficient for direct use.

Caution: NaBH 4 sometimes is contaminated by
relatively large amounts of heavy metals. This may
give rise to background reducing activity with
respect to acetylene and other substrates. It is
recommended that NaBH 4 of highest commercial
purity be used, i.e. NaBH 4 "analytical grade" as
offered by Alfa-Ventron.
Standard gas chromatographic

techniques

Cyclopropene, cyclopropane and other hydrocarbon products were measured by GLC using a
Varian 1440 Aerograph laboratory gas Chromatograph equipped with a 6 ft phenyl isocyanate
Porasil C, 80-100 mesh column, using F I D detection. Individual gases were identified by comparison
of the observed retention times and coinjection
with authentic samples, as required.
Standard experiment technique for reduction
experiments with complex I

In most experiments, 31 mg of Complex I
(100 //moles Mo) were weighed into a glass bottle of
38 ml capacity (from Pierce Chemical Co, Rockford,
111.) and dissolved in 4 ml of buffer solution (e.g.
pH 9.6, 0.2 F, borate buffer, or in buffers as
indicated in Table I). The bottle was closed with a
silicone septum and flushed with argon for 15 min.
After injecting 1 ml of cyclopropene gas at 1 atm.,
the reaction was initiated by the injection of 1 ml
of an aqueous, 0.67 M, freshly prepared solution of
NaBH 4 . Product yields were measured by periodic
withdrawal of 0.5 ml das samples. Since hydrogen
is evolved during the reaction, the internal pressure
was brought to 1 atm. by allowing the gas inside
the bottle to expand into an empty syringe of 50 ml
capacity. After sampling, the gas in the syringe was
reinjected into the reaction vessel.
Experiments in the presence of A T P were performed similarly except that A T P was weighed into
the bottle, which was then flushed with Ar prior to
addition of cyclopropene and buffer. Typically,
120 mg of A T P (200 //moles) was used. The reactions
in the presence of A T P must be initiated immediately
after adding the buffer solution. For results of a
typical experiment, see Fig. 1 A and B.
Reductions of cyclopropene under
conditions

stoichiometric

In experiments with K 2 Mo(0)(H 2 0)(CN 4 ) as the
source of Mo(IV), 1 ml of a freshly prepared solution
of the complex corresponding to 50 //moles, was
injected into an argon-filled reaction bottle of 38 ml
capacity. To this was added 10 ml of buffer solution
and 1 ml of cyclopropene gas (1 atm.). The reaction
was allowed to proceed for 20 h at 22 °C. The
product yields reached a maximum around p H 4
(15%, cyclopropane and propylene total, based on
cyclopropene). A similar p H maximum was previously observed in experiments with acetylene as
the substrate.
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The reduction of cyclopropene b y Mo(IV) species
generated from mixtures of Mo(V) and Mo(III)
was studied at the total molybdenum amount
of 25 pinoles and at different Mo(III) :Mo(V) ratios
in the presence and absence of added L( + )cysteine. The highest combined propylene and
cyclopropane yields were observed at the 1:1 ratio
of Mo(III) :Mo(V), in the presence of L(-f)-cysteine.
In the experiments with K3M0CI6 as the sole source
of reduced Mo species, 42.0 mg (100 mmoles) of the
crystalline complex salt was weighed into the reaction bottle. After flushing with argon for 14 min,
one ml of gaseous cyclopropene (at 1 atm.) was
injected, followed by 1 ml of a freshly prepared,
0.1 M solution of L( + )-cysteine in buffer (see
Table II). Immediately thereafter, 9 ml of the
respective buffer solution was injected and the
bottle was kept for 20 h at room temperature.
Samples for gas analysis (0.5 ml) were withdrawn
at various time points; individual results are summarized in Table I.
In experiments with ligands other than L ( - f )cysteine, K5M0CI6 and the ligand in question were
weighed in or added in buffered solutions. A
ligand: Mo ratio of 1:1 was maintained in all cases
except with insulin chain A. In this case an amount
corresponding to one Mo per sulfhydryl group was
used.
Stereochemistry of cyclopropene

reduction

[ 2 H2-]Cyclopropane was prepared by reducing
cyclopropene (20 ml, 1 atm.) in a septum-stoppered
bottle of 1000 ml capacity, using 400 mg of Complex I and 400 mg NaBD 4 in 70 ml of D 2 0 . The
gaseous reaction products were passed through a
trap at — 1 9 6 °C and were dried over P2O5 before
transfer to a gas infrared cell of 10 cm path length
with K B r windows. The product was identified as
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