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The Chemistry of Niobium and Tantalum Dithiocarbamato-complexes. Part 5."
The Kinetics and Mechanism of the Hydrazine-forming Reactions between
[{M(S.CNEt,),}.(x-N.)] (M = Nb or Ta) and Acid: Rate-limiting Protonation
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The kinetics of the reactions between [{M(S,CNEt,),},(n-N,)] and HX (M = Nb, X =Clor Br, M =
Ta, X = Cl) to yield [M(S,CNEt,),X,] and hydrazine have been studied in MeCN at 25.0 °C. in all
cases the multistep mechanism involves rate-limiting protonation of the bridging dinitrogen atoms,
and in one case (M = Ta) the monoprotonated species [{Ta(S,CNEt,),},(p-N,H)]* was detected
spectrophotometrically. The cleavage of the metal-nitrogen bond occurs after the addition of at
least two protons. The factors influencing the rates of protonation of bridging and end-on co-

ordinated dinitrogen molecules are discussed.

Over the last two decades detailed studies have established how
a mononuclear, end-on co-ordinated dinitrogen molecule can
be converted into ammonia or hydrazine by a sequence of
simple electron- and proton-transfer reactions.? In contrast,
relatively little is known of how bridging dinitrogen ligands are
activated towards protic attack. Such information is crucial to
our goal of understanding how the enzyme nitrogenase operates
at the atomic level. We still have relatively little information
about the geometry of the active site in this enzyme, and
binuclear or even polynuclear interactions between metals and
the substrate remain a distinct possibility.

On the basis of kinetic analyses, polynuclear structures for
the reduction of dinitrogen have been proposed in several
chemical systems, most notably those based on vanadium and
titanium.3* However these systems are not ideally suited for a
detailed mechanistic interpretation since the reactions involve a
large number of steps, in some cases the structures of neither
the reactants nor the products are known, and in others
the molecule contains both bridging and end-on dinitrogen
ligands.* The development of the chemistry based on the
‘M(S,CNEt,);’ core has permitted mechanistic studies on the
protonation of bridging dinitrogen complexes free from many of
these restrictions.

The system shown in equation (1) (M = Nbor Ta,X = Clor

[{M(S,CNEt,);},(1-N;)] + 4HX —
2[M(S,CNEt,)3X;] + N,H, (1)

Br) has the major advantages that it is stoicheiometric,
that examples of the reactants and products have been
structurally characterised by X-ray crystallography,® that it
contains only one type of dinitrogen ligand, and that it is soluble
in MeCN, thus allowing a detailed quantitative analysis of the
kinetics.®

In this paper we describe the kinetics for the sys-
tems [{Nb(S,CNEt,);},(n-N;)] with HCl or HBr and
[{Ta(S,CNEt,);},(1-N,)] with HCI, all of which exhibit rate-
limiting protonation of the bridging dinitrogen ligand. In the
following paper we shall discuss the kinetics of the reaction
between [{Ta(S,CNEt,);},(u-N,)] and HBr which shows a
very different pattern. Together the two papers allow a
comprehensive mechanism to be defined for the protonation of
these dinitrogen complexes.

Experimental

All manipulations were routinely performed under an
atmosphere of dinitrogen using standard Schlenk and syringe
techniques.

The dinitrogen complexes. [{M(S,CNEt,);},(u-N)J (M =
Nb or Ta) were prepared as described before,® and gave
satisfactory microanalytical results and 'H n.m.r. spectra.
Acetonitrile was freshly distilled from CaH, immediately prior
to use, and solutions of anhydrous HCI? and HBr® were
prepared as described before.

Kinetic Studies—All kinetic studies were performed on an
Aminco-Morrow stopped-flow apparatus, modified for use with
air-sensitive solutions, and interfaced to a B.B.C. micro-
computer, efc., as described before.?

Analysis of the results was by the necessary straight-line
graphs (see below) and errors on the slopes and intercepts of
such graphs were established by a linear least-squares analysis.

Results and Discussion

The results we shall discuss herein are on the kinetic studies of
[{Ta(S,CNEt,);},(u-N,)] with HCI and [{Nb(S,CNEt,);},-
(u-N,)] with HCl or HBr in MeCN. The mechanistic
conclusions from these three studies are similar: that the rate-
limiting step in the hydrazine-forming reactions is protonation
of the bridging nitrogen atoms. However the very different
nature of the acid—base couples studied means that the kinetics
associated with the three systems are very different.

Reaction of [{Ta(S,CNEt,);},(n-N,)] with HClL—The re-
action of [{Ta(S,CNEt,);},(u-N,)] with an excess of HCI in
MeCN occurs in two phases, as shown by the absorbance-time
traces shown in Figure 1. Thus at A = 400 nm an initial rise in
absorbance is followed by a decrease to yield the products. Both
phases are exponential and the dependence of the slower phase
on the concentration of HCl was established at A = 450 nm
(Figure 1, main) where the absorbance change associated with
the fast phase was negligible. The kinetics of the slow phase
exhibited a first-order dependence on the concentrations of both
the dinitrogen complex and HC], as shown in Figure 2, and
described by equation (2), where a = (4.5 + 0.1) x 10° dm?
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Figure 1. Absorbance-time trace observed at A = 450 nm for the
reaction of [{Ta(S,CNEt,;);},(u-N;)] with HCl in MeCN at 25.0 °C.
Insert: same reaction monitored at A = 400 nm. Concentration of
[{Ta(S,CNEL,);},(1-N,)] = 5 x 10 mol dm™ and concentration
of HCl = 1.0 mmol dm™3
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Figure 2. Dependence of k., on the concentration of HCI for the
reaction between [{Ta(S,CNEt,);},(u-N,)] and HCl in MeCN at
25.0 °C, showing the data for the slow phase and (insert) the fast phase
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kobs. = a[HCI] )

mol! s~!. Here and throughout this paper, &, is the measured
first-order rate constant observed under conditions where the
acid is in a large excess over the concentration of dimer.
Furthermore the concentration of acid is that calculated having
allowed for the homoconjugation and acid-base equilibria
shown in equations (3) and (4) respectively, using the literature

HCl + CI === HCl,~ 3)
HCl + MeCN —= MeCNH* + CI~ @

values® of K, = 1.58 x 10> dm3 mol™! and K, = 1.26 x 107°.

Using the derived values for the observed rate constants for
the slow phase, the kinetics of the fast phase were established by
an exponential curve-fitting procedure to the traces observed at
A = 400 nm. In this manner the kinetics of the first phase was
shown to be first order in the concentrations of both the
dinitrogen complex and HCI as shown in Figure 2 (insert) and
described by equation (2),a = (1.3 4 0.1) x 10*dm?®mol's™.
Kinetic data for the reactions of HCI with [{Ta(S,CNEt,), },-
(u-N,)] are collected in Table 1.

Before we can interpret the biphasic behaviour shown in
Figure 1 it is important to appreciate that for consecutive
reactions of this type two mathematical solutions exist,” and the
behaviour shown at A = 450 nm does not dictate a fast initial
phase and a slow second phase. There is no general method for
solving this dichotomy, particularly when both phases exhibit
identical kinetics, as in the present case. However we have
developed an analysis for this system which not only defines
which phase comes first but also establishes the stoicheiometry
of the spectrophotometrically detected intermediate.

In the presence of an excess of HCl and [NEt, JCl the reaction
with [{Ta(S,CNEt,);},(n-N,)] exhibits a single exponential
absorbance-time trace at all wavelengths. The kinetic data
observed under these conditions are shown in Table 1. The
analysis of the dependence of the reaction rate on the
concentrations of HCl and Cl~ is complicated in aprotic
solvents by the homoconjugation and acid-base equilibria
shown in equations (3) and (4), respectively. Using the literature
values of K¢ and K, the values of [HCI] and [Cl™] were
calculated at equilibrium, and the dependence of k., on
[HCI]/[C17] is shown in Figure 3, from which the empirical
rate equation (5) was derived. This rate equation is consistent

(1.0 + 0.2) x 10°[HCIJ?

= —— )
[CI7] + (0.25 + 0.02)[HCI]

obs.

with the sequence of protonation steps shown in the Scheme.
If we treat the monoprotonated species, [{M(S,CNEt,;);},-
(u-N,H)]" (B), as a steady-state intermediate then the rate
equation (6) can be derived, which by comparison with (5)
allows the determination of the values k, = (4.0 + 0.2) x 10?
dm? mol! s and k,/k_; = 0.25 + 0.02. The most important
feature of equation (6) is that it defines unambiguously the rate

kg [HCIP?
k_[C1™] + k,[HCI]

©®

obs.

constant for the initial protonation step. The derived value of k,
is in excellent agreement with the rate constant measured for the
slow phase in the studies performed in the absence of [NEt, ]ClL.
Using the now established value for k, = (1.3 + 0.1) x 10*
dm? mol™! s~! (determined from the fast phase in the studies in
the absence of [NEt,]Cl) the value of k_, = (5.2 + 0.1) x 10*
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Table 1. Kinetic data for the reaction between [{Ta(S,(CNEt,),},-
(1-N,)] (2.5 x 1075 mol dm~?) and HCl in MeCN (25.0 °C, A = 400 or
450 nm)

koys /st
[HCI]*/ [C17]*¥ I - N
mmol dm3 mmol dm™3 fast slow
1.0 13.0(100)  3.0(2.5)
1.5 20.2 6.0(5.5)
20 28.0(20.0) 8.3
30 450(260) 102
4.0 552 16.1
50 60.3(453) 224
5.0¢ 61.0 21.6
50¢ 60.5 219
6.0 804 26.0(20.5)
100 130.097.0)  43.2(25.0)
150 (1440)  64.0(53.0)
200 90.0(71.3)
2.0 1.0 3.6F
20 14
40 0.8
10.0 1.0 270
20 23.0
40 15.6
5.0 13.0
6.0 9.7
20.0 1.0 85.0
20 75.0
40 65.0
50 550
6.0 50.0
8.0 36.0
2.5 1.0 3.6
50 11.8
10.0 270
15.0 56.8
20.0 80.3
50 4.0 33
10.0 19.0
15.0 46.2
20.0 76.3

% Concentrations of HCl and Cl~ shown are those added to the
reaction mixture. The concentrations shown in the Figures are those
corrected for the homoconjugation and acid-base equilibria of
equations (3) and (4). ® Chloride supplied as [NEt,]JCl ° Values
shown in parentheses are the rate constants measured using DCI.
45.0 x 10° mol dm™ [{Ta(S,CNEt,);},(1-N,)]. ©1.25 x 10~° mol
dm~3 [{Ta(S,CNEt,);},(u-N,)]. 7 Only single phase observed in the
studies with [NEt,]CL

dm® mol! s! can be calculated. These elementary rate

constants are collected in Table 3, and we shall return a little
later to a discussion of the rates of these protonation reactions.
Having established the correct rate constants for k&, and k,
the true visible absorption spectrum of [{Ta(S,CNEt,);},-
(u-N,H)]* was calculated ° as shown in Figure 4.

The monophasic absorbance-time traces observed in
the presence of [NEt,]Cl for the reaction between [{Ta(S,-
CNEt,)3},(1-N,)] and HCl on the one hand, and the
biphasic traces observed in the presence of HCI alone on the
other, are a consequence of the large excess of chloride present
in the former studies. The presence of this strong base has the
effect of rapidly deprotonating the [{Ta(S,CNEt,);},(p-
N,H)]* (B) so that it never attains a sufficiently high
concentration to be detected spectrophotometrically.

One final feature is worth noting in the context of these
studies and that related to the application of the steady-state
treatment to the species (B). Such a treatment assumes that
under all the conditions studied, k,[HCI] > k_,[Cl~]. Inspec-
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Figure 3. Graph of [HCI]/k,,. against [Cl~]/[HCI] for the reaction
between [{Ta(S,CNEt,);},(1-N;)] and HCI in the presence of
[NEt,]Cl in MeCN at 25.0°C. Data points shown: [HCI] = 2.0,
[C17] = 1.0—4.0 (m); [HCI] = 10.0,{C1"] = 1.0—6.0 (@); (HCI] =
200, [C1"] = 1.0—8.0 (A); [HCI] = 2.5—20.0,[C1"] = 1.0 (A); and
[HCI] = 5.0—20.0, [C1"] = 4.0 mmol dm ([])

tion of the data in Table 1 shows that this inequality is always
true, thus vindicating the steady-state treatment adopted.

Reaction of [{Nb(S,CNEt,);},(u-N,)] with HBr.—The
reaction of [{Nb(S,CNEt,);},(1-N,)] with an excess of HBr
exhibits a single, exponential absorbance-time trace and no
intermediates could be detected in this system. The kinetics of
the reaction exhibited a first-order dependence on the con-
centration of dinitrogen complex, but a complicated dependence
on the concentration of HBr as shown by the data in Table 2
and illustrated in Figure S (insert). Before analysing these data it
is informative to understand the kinetics of this system in the
presence of [NBu”,]Br.

In the presence of an excess of both HBr and [NBu”,]Br the
kinetics of the reaction with [{Nb(S,CNEt,), } ,(1-N,)] exhibits
a first-order dependence on the concentration of dinitrogen
complex but a complicated dependence on the concentrations
of acid and bromide as shown in Figure 5 and described by
equation (7). Kinetic data for the studies of the niobium

_ (24 +02) x 102[HBr]?
" [Br~] + (0.080 + 0.01)[HBr]

M

obs.

complex are shown in Table 2. Here, as before, the concen-
trations of HBr and Br~ have been calculated using the
literature values® for the homoconjugation equilibrium con-
stant (K, = 2.51 x 10?> dm® mol™!) and acid—base equilibrium
constant (K, = 3.16 x 10~°) for HBr corresponding to equa-
tions (3) and (4). Equation (7) is identical, in form, to (5) and (6),
and comparison with (6) permits the determination of k; =
(3.0 £ 0.1) x 10% dm? mol! s! and k,/k_, = 0.080 + 0.01.
Unfortunately, in this case, we do not have an independent
means of determining the value of k,.

Using the values of k, and k,/k_; obtained from the studies in
the presence of [NBu”,]Br, and calculating the concentrations
of HBr and Br~ for the original studies where no [NBu",]Br
was added, then the dependence on the concentration of HBr
can be predicted as shown by the curve in Figure 5 (insert).
Although the fit to the data is very good, it is not exact. In
particular, the fit tends to overestimate the values of kg,
particularly at low concentrations of HBr. This may be a
consequence of the literature value used for Ky, (determined
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Figure 4. Visible absorption spectrum of [{Ta(S,CNEt,), },(un-N,H)]*
detected in the reaction of [{Ta(S,CNEt,);},(u-N,)] with HCI in
MeCN

using the [NEt,]"* salt).® It may be that the nature of the cation
has an effect on the value of this homoconjugation equilibrium
constant.

Reaction of [{Nb(S,CNEt,);},(u-N,)] and HClL—The
reaction between [{Nb(S,CNEt,);},(u-N,)] and an excess of
HCI in MeCN occurs with a single exponential absorbance—
time trace (A = 370 nm). The rate of the reaction exhibits a first-
order dependence on the concentration of dinitrogen complex
and a first-order dependence on the acid concentration over the
range studied, 5.0 < [HCI] < 50.0 mmol dm™3. The kinetic
data are collected in Table 2, and the rate equation is given by
(2), where a = 0.62 + 0.05 dm® mol~! s~!. This rate equation is
consistent with the expression (6), if k,[HCI] » k_,[Cl7], in
which case the limiting form of equation (6) is that shown in (8).

kops. = k1 [HCT] ®

Table 2. Kinetic data for the reactions of [{Nb(S,CNEt,);},(u-N,)]
(2.5 x 105 mol dm™3) with HCI or HBr in MeCN (25.0°C, A = 370
(C]) or 420 nm (Br)

X [HX]4/mmoldm=  [X~]*“}/mmol dm™ kgus /87!
14 5.0 1.8 x 1073
6.5 40 x 103
12.5 7.8 x 1073
18.2 124 x 103
23.5 13.8 x 103
28.6 17.2 x 1073
333 18.3 x 1073
37.8 23.0 x 1073
Br 2.0 1.2
3.0 3.7
5.0 10.5
5.0¢ 10.2
507 11.6
6.0 15.8
8.0 250
10.0 25.7
12.5 38.3
15.0 50.0
17.5 43.5
20.0 50.0
Br 5.0 0.5 9.2(5.0)
1.0 49(3.2)
2.0 2.5(2.1)
50 0.42(0.42)
10.0 0.16
10.0 0.5 22.0(11.0)
1.0 26.0(11.3)
2.0 14.5(7.0)
5.0 52
20.0 0.5 44.1(21.8)
1.0 48.0(27.0)
20 42.2(20.5)
50 25.0(17.3)
10.0 (6.8)

¢ Concentrations of HX and X~ shown are those added to the reaction
mixture. The concentrations shown in the Figures are those corrected
for the corresponding homoconjugation and acid-base equilibria.
® Bromide supplied as [NBu",]Br. © Values shown in parentheses are
the rate constants measured using DBr. 7.2 x 10°> mol dm™3
[{Nb(S,CNEt;)3},(1-N;)].° 1.6 x 10> moldm™ [{Nb(S,CNEt,);},-
(1-N,)]. 7 3.2 x 107> mol dm™ [{Nb(S,CNEL,); },(u-N,)].

The Rates and Sites of Proton Transfer to Bridging Dinitrogen
Ligands—In the three studies described herein the reaction
between an acid and [{M(S,CNEt,);},(u-N,)] to form
hydrazine according to equation (1) is rate-limited by either the
first or second protonation of the dinitrogen residue. The
elementary rate constants measured in all these systems and the
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Table 3. Summary of elementary rate constants and primary isotope effects in the reactions of acid with [{M(S,CNEL,);},(u-N,)] (M = Nb or Ta)

Metal Acid
Ta HCl

k,/dm* mol!s7!
4.5+ 0.1) x 103

Nb HCl
Nb HBr

0.62 + 0.05
(3.0 + 0.1) x 10°

ky/dm? mol* s~
(13 +0.1) x 10*

kalk_y
0.25 + 0.02

Comments and isotope effects
k,=(52+01 x 10*dm?® mol* s!
KK = 1.25
S =137
0.08 + 0.01  KH/K? =197
(kS/ETDI(RS/KS) = 0.67

6001
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[HBr)/mmol dm-3
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103[HBr k' fmol dm™3s

o
(8]
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10.0 200 300
[Br7)/ [HBr]

Figure 5. Graph of [HBr]/k,. against [Br~]/[HBr] for the reaction
between [{Nb(S,CNEt,;);},(u-N;)] and HBr in the presence of
[NBu”,JBr in MeCN at 25.0 °C. Data points shown: [HBr] = 5.0,
[Br~] = 0.5—10.0 (A); [HBr] = 100, [Br™] = 0.5—5.0 (W); and
[HBr] = 20.0, [Br~] = 0.5—5.0 mmol dm™? (@). Insert: graph of k.
against the concentration of HBr. Curve drawn is that predicted by
equation (7)

primary isotope effects associated with the proton-transfer
reactions are collected in Table 3.

Several features of these collected rate constants are worthy of
further discussion. In particular the influence of the metal on the
rate of proton transfer to the dinitrogen residue can be
compared in the two studies with HCIl, where kT2/kY° =
6.9 x 10°. The greater reactivity of the complex containing the
third-row metal towards protonation has been observed in
the reactions of mononuclear complexes containing end-on co-
ordinated dinitrogen molecules”!° such as, trans-[M(N,),-
(L-L),] M = Mo or W, L-L = chelating ditertiary diphos-
phine). This reactivity trend is a consequence of the more
electron-releasing nature of the heavier element,’! which
increases the basicity of the dinitrogen ligand. This effect

has one further consequence in the studies on the bridg-
ing dinitrogen complexes described herein. The acidity of
[{Ta(S,CNEt,);},(u-N,H)]* (B) is so low in the HCI system
that it attains a sufficient concentration to be detected. In
contrast, with the less electron-releasing niobium system, the
high acidity of [{Nb(S,CNEt,);},(u-N,H)]" precludes its
spectrophotometric detection, and its presence can only be
implied from the kinetics.

The influence of the acid on the rate of proton transfer to the
bridging dinitrogen ligand can be judged from the studies with
[{Nb(S,CNEt,);},(u-N,)] where kB /KT = 48 x 103, This
difference in reactivity for the reactions with the two acids
correlates well with their acid strength in MeCN,® K!Br/KHC! —
2.5 x 103, and is a reactivity pattern which has also been
observed for mononuclear dinitrogen complexes.

The crucial difference between bridging dinitrogen com-
plexes and mononuclear dinitrogen complexes lies in the
rates of proton transfer to the nitrogenous residue. The proton-
transfer rate constants to the bridging dinitrogen ligand in
[{M(S,CNEt,);},(u-N,)] are relatively low (Table 3), whereas
the corresponding rate constants for the protonation of
mononuclear dinitrogen ligands in trans-[M(N,),(L-L),] have
been estimated to be k > 4 x 10° mol ! s™!, and are probably
diffusion-controlled.'? The origin of this difference in reactivity
resides, at least in part, in the availability of a lone pair
of electrons on the remote nitrogen atom of mononuclear
dinitrogen complexes. Protonation at this lone pair can result in
rapid rates of protonation for thermodynamically favourable
reactions. In binuclear systems no such lone pair is available,
and thus protic attack at a bridging dinitrogen residue must
involve a higher-energy interaction of the acid with the
delocalised electron density of the bridging unit.

In the Scheme we have proposed, like others before, 13 that
the site of the second protonation is the unprotonated nitrogen
atom, to give a diazene species, [{M(S,CNEt,);},(u-NH-
NH)]2*(C). However we cannot convincingly dismiss the
other possibility, namely [{M(S,CNEt,);},(u-NNH,)}**.
The solution to this dichotomy can only be resolved by isolation
and structural characterisation of this species (impossible in
the present system because of the rapidity of the subsequent,
hydrazine-forming reactions), or the design of a hetero-
binuclear system which cleaves after diprotonation to give
kinetically inert products and the identification of these
cleavage products.

It has been argued,>!® without any firm experimental
evidence, that two metals bound to dinitrogen can impart a
greater basicity to the dinitrogen than a single metal, and that
during the transformation to ammonia or hydrazine each metal
has to supply relatively fewer electrons than a mononuclear
system. These claimed advantages of a nitrogen-fixing cycle
based on a polynuclear dinitrogen-binding site must be
balanced against the kinetic and thermodynamic disadvantages
of forming and breaking more than one metal-nitrogen bond
during the catalytic cycle. Furthermore, we have shown in this
study that the rates of proton transfer from acid to dinitrogen
ligand can be much faster for mononuclear systems than in
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bridging dinitrogen complexes: another kinetic advantage for
mononuclear, end-on co-ordinated dinitrogen complexes.
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