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Abstract

Previous kinetic studies of photoinitiated transition metal-dinitrogen bond forming reactions are reviewed, with an emphasis on room
temperature reactivity, and in particular, the techniques of time-resolved infrared (TRIR) spectroscopy and UV-vis flash photolysis. Our recent
results on the reactivity of the formally 16-electron, but agostically stabilized, complex, mer,trans-W(CO);(PCy3), (W) (Cy = cyclohexyl) toward
N; in toluene and n-hexane solution are then discussed. Laser flash photolysis of a toluene solution of W-Nj, in the presence of excess N, resulted
in the photoejection of N,. The back reaction of W with N, was followed by monitoring the decay of the transient absorption of W at 600 nm. The
second-order rate constant for the reaction of N, with W in toluene to generate W—-N, was found to be (3.0 4 0.2) x 10° M~! s~!. The rate of the
reverse reaction was found to be 1004+ 10s~!, allowing an estimation of the equilibrium constant, Kx, = (3.0 £0.5) x 10> M~". Time-resolved
step-scan FTIR (s>-FTIR) spectroscopy was also used to spectroscopically characterize the W intermediate and monitor its back-reaction with N,
in n-hexane solution. The rate of formation of W—N, measured by s>-FTIR agreed well with that measured by flash photolysis. Finally, density
functional theory (DFT) calculations have been performed on the model complexes, mer,trans-W(CO);(PH3),(L) (L =none and N;) in order to
understand the observed IR and UV-vis spectra of W and W-N, and to determine the nature of the frontier molecular orbitals of W and W-Nj,,
allowing their lowest energy excited states to be assigned.
© 2006 Elsevier B.V. All rights reserved.
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metal—dinitrogen compounds have been synthesized and char-
acterized. This is due to intense interest in and the importance
of the development of chemical nitrogen fixation systems [2—5].
Some of the binding modes that are observed for dinitrogen to
transition metals are shown in Scheme 1 [5]. By far the most
commonly observed of these is end-on mononuclear.

Nitrogen fixation is the process in which the relatively inert
molecular gas, dinitrogen is converted into nitrogen-containing
compounds that are extremely useful for other chemical pro-
cesses, €.g. ammonia, nitrates and nitrogen dioxide. Nature has
perfected this process over millions of years, with biological
nitrogen fixation taking place in the iron—-molybdenum nitroge-
nase bacterial enzymes [6], many of which enjoy a symbiotic
relationship with legume plants. Chemical nitrogen fixation, in
which nitrogen gas is artificially fixed into useful chemicals, par-
ticularly fertilizers, is an extremely important industrial process.
The most common form of chemical nitrogen fixation used today
is the Haber—Bosch process [7], in which nitrogen and hydro-
gen gas are reacted over an iron-based catalyst at 400-650 °C
and 200400 atm to produce gaseous ammonia, which is then
used as a chemical feedstock. However, the precise mechanism
of this catalytic reaction is still not fully understood and the
reaction conditions are rather harsh. The ultimate goal would
be to develop a transition metal-based chemical nitrogen fixa-
tion catalyst that could efficiently convert gaseous nitrogen into
ammonia or other useful nitrogen compounds at, or close to,
ambient conditions, possibly using solar produced electrons and
protons rather than molecular hydrogen.

In order to develop such a catalyst, all of the reaction steps
that could potentially be involved in the catalytic cycle must
be fully understood. One important primary step would involve
the non-dissociative binding of dinitrogen to a coordinatively
unsaturated metal center in the catalyst, to generate a transi-
tion metal—dinitrogen complex. A deeper understanding of the
interaction between coordinated dinitrogen and metal centers,
including the rates and thermodynamics of formation, struc-
tures, bonding properties and reactivities toward other reagents,
is therefore required in order to advance the development of
nitrogen fixation catalysts. Multiple factors, such as solvation of
the metal center, the particular ligand environment (i.e., agos-
tic, steric and electronic effects) and the nature of the metal
center, including its oxidation state and spin multiplicity, can
have a major influence on the rate and selectivity of a transition
metal—dinitrogen binding process and hence on the potential of
such a species to act as an efficient catalyst. All of these factors
need to be examined in detail in order to aid the development of
the next generation of chemical nitrogen fixation catalysts.

A convenient route to coordinatively unsaturated transition
metal fragments is via the photolytic cleavage of a ligand from
some precursor complex using a source of UV-vis light e.g. a

xenon lamp or a laser. If dinitrogen is present in the reaction
vessel, it may then react with the unsaturated metal fragment
to form a transition metal-dinitrogen complex. One set of com-
pounds that have been successfully employed in such studies are
the transition metal carbonyls [8,9]. UV excitation of a transition
metal carbonyl compound often produces a ligand field excited
state, which results in the cleavage of a CO molecule and the
generation of a highly reactive, coordinatively unsaturated metal
fragment, which can then react with dinitrogen (see equations
below, where L represents one or more peripheral ligands),

h
LM(CO),=LM(CO),_; + CO

ko,
LM(CO),_; + N> 22LM(CO),_;(N2)

It should be noted that in solution, the unsaturated metal cen-
ter will generally be solvated, with a molecule of the solvent
behaving as a weak “token” ligand at the vacant coordination
site [10]. This solvation occurs on the pico- or sub-picosecond
timescale [11] and therefore dinitrogen will actually be react-
ing with the solvated species rather than the nascent unsatu-
rated fragment. However, exceptions to this rule do occur and
some of these will be discussed later. Transition metal dihydride
complexes with mutually cis hydride ligands are also a useful
alternative to metal carbonyls [12]. Photolysis of these hydrides
results in the elimination of molecular hydrogen and the for-
mation of an unsaturated metal fragment. The highly reactive
nature of coordinatively unsaturated transition metal fragments
presents certain challenges with regards to their characterization
and identification and for monitoring the rates of their reactions
with incoming ligands, such as dinitrogen. Such bimolecular
reactions will often occur on timescales as fast as nanoseconds at
room temperature. The traditional method of overcoming these
difficulties has been to use cryogenic media, such as frozen inert
gas matrices or liquefied noble gases, which stabilize the reac-
tive photofragments and photoproducts to such a degree that they
can be monitored at leisure by conventional spectroscopic tech-
niques like IR, UV-vis and EPR spectroscopy. Indeed, much of
our current knowledge about unsaturated transition metal frag-
ments is based upon the elegant results of early matrix isolation
experiments. However, only very limited, if any, kinetic infor-
mation can be obtained from such cryogenic studies. If better
catalytic systems are to be developed, it is desirable to obtain
experimental information regarding the reactivity of unsaturated
metal fragments toward dinitrogen at or above room tempera-
ture. In the last 20-30 years, time-resolved spectroscopic tech-
niques have improved dramatically, thus allowing the reactions
of dinitrogen with transition metal centers to be followed in real
time at room temperature, revealing the dinitrogen binding rates
and other thermodynamic information about the bond forming
process. In the following section, these techniques will be dis-
cussed briefly.

1.1. Introduction to TRIR and flash photolysis

As mentioned above, directly monitoring the reaction of
dinitrogen with a coordinatively unsaturated transition metal



D.C. Grills et al. / Coordination Chemistry Reviews 250 (2006) 1681-1695 1683

fragment requires the use of a fast technique that can operate
on timescales ranging from nano- to microseconds. In 1949,
Norrish and Porter developed the technique of flash photolysis
for the spectroscopic study of photogenerated reactive species
on the microsecond timescale [13]. In their experiments, a gas-
discharge flashlamp was used to initiate a photochemical reac-
tion and a second, smaller flashlamp, was used to probe changes
in the UV-vis spectrum following the flash, with photographic
film as the detector. With the advent of modern pulsed lasers
and fast UV—vis detectors, the technique of flash photolysis
has become invaluable for monitoring the dynamics of photo-
chemical reactions on timescales as short as femtoseconds [14].
However, a severe limitation of conventional flash photolysis
when applied to species such as transition metal carbonyls is
the broad, featureless nature of the UV—vis absorption bands
that are observed. Thus, little or no structural information can
be obtained about the reactive intermediates under study. How-
ever, the complementary technique of time-resolved infrared
(TRIR) spectroscopy, a combination of flash photolysis and fast
infrared detection, does provide excellent structural information
[15]. IR absorption bands, particularly those of metal carbonyls,
are intense and narrow, and their frequencies and intensities are
extremely sensitive to the structure of the metal complex. In
some cases, analysis of the IR absorption bands can even provide
an accurate estimate of bond angles within the metal complex
[16].

The initial development of TRIR spectroscopy was ham-
pered, relative to flash photolysis, by poor IR light sources and
inferior detector technology. However, improvements in these
areas have since led to a series of powerful, modern TRIR
techniques that permit the IR absorption spectra of reactive inter-
mediates to be measured on timescales ranging from femto- to
milliseconds [17]. In this paper we shall focus on nano- to mil-
lisecond TRIR (so-called, ‘fast’ TRIR) since this is the timescale
on which bimolecular reactions of dinitrogen with transition
metal fragments occur in the gas and condensed phases at room
temperature. There are two general techniques for fast TRIR
spectroscopy; dispersive, or ‘point-by-point’ TRIR [15,17,18]
and step-scan FTIR [19-23]. Dispersive TRIR was the original
method of TRIR spectroscopy and is still the most commonly
used today. It typically employs either a conventional globar (a
black body source) or a continuous wave IR laser as the source
of IR probe light. When a globar is used, it is equipped with
a monochromator that selects an individual IR frequency with
which to probe the reaction mixture as a function of time fol-
lowing laser flash photolysis. More commonly nowadays, an IR
diode laser/monochromator or a CO laser is used as the IR light
source. These IR laser-based systems offer several advantages
over globar based systems [18]. However, modern TRIR spec-
trometers with globar sources are still used, with excellent results
being obtained [24-27]. In dispersive TRIR, individual kinetic
traces monitoring the change in absorbance of the sample at par-
ticular IR frequencies are built up on a point-by-point basis. The
kinetic traces are then combined and time slices taken to reveal
TRIR difference spectra at any desired time interval after pho-
tolysis. However, this technique, although it provides extremely
detailed kinetic information at precise IR frequencies, is rather

labor intensive. Step-scan FTIR spectroscopy has improved dra-
matically in recent years and has become a viable alternative to
dispersive TRIR. In step-scan FTIR, the moving mirror of a
conventional FTIR interferometer is moved stepwise in discrete
steps. At each mirror position, the mirror is held stationary, the
sample is excited by a laser flash and the change in intensity of
the interferogram at that mirror position is monitored as a func-
tion of time. If required, signal averaging can be performed by
repeating the measurement with multiple laser shots and then the
computer moves the mirror to its next position and so on, until
a complete time-resolved interferogram has been constructed,
from which high quality time-resolved FTIR difference spectra
can be generated. Advantages of step-scan FTIR are that it is a
fully automated, computer controlled technique and high quality
FTIR spectra, covering the entire mid-IR region can be obtained
in a single experiment on timescales down to 10 ns. A disadvan-
tage of step-scan FTIR is the large number of laser shots that
are required to complete a single experiment. Thus, the sample
must be either extremely photoreversible or it must be recycled
using a flow system during the experiment. Therefore, dispersive
TRIR and step-scan FTIR complement one another and paral-
lel access to both of these techniques in the same laboratory is
highly desirable.

1.2. Previously measured dinitrogen binding rates using
TRIR and flash photolysis

1.2.1. Gas-phase studies

Dinitrogen binding to transition metal centers has been well
studied in the gas phase by both UV-vis flash photolysis and
TRIR spectroscopy. An advantage of performing these experi-
ments in the gas phase is that it is a solvent-free environment,
thus eliminating the effect of solvent coordination at the metal
center, allowing the coordination of dinitrogen to truly “naked”,
unsaturated metal fragments to be easily monitored by changes
in both the observed spectra and kinetics upon addition of dini-
trogen gas. Due to the lower frequency of collisional deacti-
vation processes in the gas phase compared to in solution, the
photogenerated intermediates are often formed in vibrationally
excited states, which can sometimes complicate their IR spectra
and also induce multiple ligand dissociations and hence reac-
tion products. However, a number of gas-phase studies have
been performed, which have contributed greatly to our under-
standing of the kinetics and thermodynamics of the transition
metal-dinitrogen binding process. We do not intend to exhaus-
tively review all of the gas-phase studies in the literature, but
rather wish to highlight some of the prominent examples, focus-
ing in particular on the application of TRIR spectroscopy to
obtain kinetic data.

Gas-phase TRIR kinetic studies on the binding rate con-
stants of dinitrogen to W(CO)5, W(CO)4, and W(CO)4(N») were
carried out by monitoring the disappearance of these photo-
generated tungsten carbonyl intermediates and the formation of
the resulting dinitrogen complexes, W(CO)s(N3), W(CO)4(N»),
and W(CO)4(N>)2, respectively, following laser flash photolysis
of W(CO)g in the presence of N» [28]. XeCl excimer laser pho-
tolysis (308 nm) of W(CO)g in the gas phase generates W(CO)s,
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which exhibits two v(CO) IR bands at 1980 and 1942 cm™!
[29]. The growth of a new band at 1985cm™! was observed,
concurrent with the decay of W(CO)s on the ns—ws timescale.
The new band was assigned to the v(CO) mode of W(CO)s(N3)
having E symmetry (see Table 1), by comparison with the solu-
tion phase IR spectrum of its Cr analogue, Cr(CO)s(N3) [30].
The bimolecular rate constant for dinitrogen binding to W(CO)s
(kn, = (3.4 £0.9) x 10~ cm?3 molecule ™! s~y was derived
from the observed rates of decay of W(CO)s (at 1972cm™!)
and growth of W(CO)s5(N>) (at 1985 cm™1) as a function of
nitrogen pressure (0.1-1.5 Torr), while keeping that of W(CO)g
(10 mTorr) and the overall pressure (10 Torr buffered by Ar)
constant (see Table 1). In addition, H, and D> binding rates to
W(CO)s5 were measured in this manner. Interestingly, the rela-
tive reactivity of gas-phase W(CO)s with N», Hj, and D, was
found to be similar to that of the Cr(CO)5(cyclohexane) solvated
complex in cyclohexane solution (see later). W(CO)s(N>) was
found to have a lifetime greater than 1 ms (the observation limit
of their apparatus), which, by following a simplified statistical
mechanical analysis, suggested that the W—N, binding energy
is greater than 16kcalmol~! under the gas-phase reaction
conditions.

KrF excimer laser photolysis (248 nm) of gas-phase W(CO)q
produces W(CO)4 as the main photoproduct [29]. Following
vibrational cooling of the initially generated “hot” W(CO)4, this
molecule exhibited v(CO) IR bands at 1949 and 1919 cm ™" [28].
When N, was added, two new bands at 1925 and 1963 cm™1,
assigned to W(CO)4(N3), were observed to grow in as the bands
of W(CO)4 disappeared. Subsequently, these two bands decayed
concurrent with the growth of another new band at 1973 cm™!,
which was assigned to the formation of W(CO)4(N>)2. Once
again, the life time of the final species, W(CO)4(N3),, was
found to be greater than 1 ms. Nitrogen pressure dependence
experiments were performed in order to obtain the bimolecu-
lar rate constants for N binding. All of the kinetic data and IR
frequencies are summarized in Table 1, together with the reac-

Table 1

tion probabilities estimated by the authors, assuming collision
diameters of 0.75 nm for W(CO)5 and W(CO)4(N>), 0.70 nm for
W(CO)4, and 0.38 nm for N [31]. The large reaction probabil-
ities indicate that the coordination of N» to the coordinatively
unsaturated W(CO), (x=4 or 5) species has little or no bar-
rier in the gas phase. The faster binding rate of N> to W(CO)4
than to W(CO)5 could be a result of a less crowded and more
electron-rich tungsten center.

In similar experiments using Fe(CO)s, the binding rate
constants of molecular dinitrogen to the unsaturated interme-
diates, Fe(CO)3, Fe(CO)4, and Fe(CO)3(Ny) were measured
using TRIR [32,33]. For the addition of Ny to Fe(CO)3 [32],
the experiments were conducted under 50 mTorr of Fe(CO)s,
0-100 mTorr of N, and buffer He to bring the total pres-
sure to 90 Torr. Fe(CO)3 was generated upon 308 nm XeCl
excimer laser photolysis of the Fe(CO)s. The rate constant was
determined by following the N pressure dependent decay of
Fe(CO)3 monitored by its 1950 cm~! v(CO) band (see Table 1).
Although the formation of Fe(CO)3(N>) could potentially be
monitored at 1966cm™!, no accurate analysis could be per-
formed due to the extensive convolution of this signal by another
that was generated by a further reaction of Fe(CO)3(N3) on a
similar timescale. However, the rate of decrease of Fe(CO)3
and the rate of growth of Fe(CO)3(N3) proceeded on a com-
mon timescale when compared visually. The rate constant,
(2.5+1.0) x 10~ cm?® molecule ! s~! [32], is comparable to
those obtained for the addition of N> to the unsaturated tungsten
carbonyls discussed above [28] (see Table 1).

For the reaction of Ny with Fe(CO)4, the experiments were
conducted under 50 mTorr of Fe(CO)s, 0.0-18.4 Torr of Nj,
~9 Torr of CO, and He to bring the total pressure to 90 Torr.
Fe(CO)4 was produced by the addition of CO to the Fe(CO);3
that was photolytically generated by the 308 nm laser photoly-
sis of Fe(CO)s [32]. The rate constant for the addition of N to
Fe(CO)4 was determined by following the N, pressure depen-
dent decay of Fe(CO)4 monitored by its 1981 cm™! v(CO) band.

Second-order rate constants, kn, for the gas-phase reactions of Ny with various photolytically generated coordinatively unsaturated metal carbonyl fragments,

measured by TRIR spectroscopy

Reaction (estimated reaction Product Rate constant Rate constant (M~ ! s~ 1) Observed v(CO) IR Ref.
probability) (cm?® molecule™! s~ 1) frequencies of the product
(em™hHP

W(CO)s +N; (0.06 4 0.02) W(CO)s(N) (3.440.9) x 10711¢ (2.040.6) x 1010 1985 (E), 1974sh (A1) [28]
W(CO)4 + N3 (0.14 4 0.03) W(CO)4(N3) (6.8+1.5) x 10711¢ (4.1£0.9) x 1010 1963 (B1, A1), 1925 (B2) [28]
W(C0)4(N3) + N, (0.03 £0.01) W(CO0)4(N3), (1.940.3) x 10711¢ (1.1£0.2) x 1010 1973 [28]
Fe(CO)3 + N, Fe(CO)3(Ny) (25+1.0)x 107! (1.54+0.6) x 1010 1973, 1966 [32]
Fe(CO)4 + Ny Fe(CO)4(N>) (2.84£0.2) x 10714 (1.7£0.1) x 107 1992, 1984 [32]
Fe(CO)3(N2) + N, Fe(CO)3(N>), (5.4+1.8)x 10710 (33+1.1)x 10° 2026, 1992, 1985sh [33]
(m%-C¢Hg)Cr(CO), + N (M%-C6He)Cr(CO)2(N2) (4.340.3) x 107124 (2.64+0.2) x 10° 1963 (A'), 1922 (A”) [38]
(%-CgHg)Cr(CO) + N, (M%-CgHg)Cr(CO)(N») (2240.2) x 107134 (1.3+0.1) x 108 v(CO) not observed [38]
CpMn(CO), +N; CpMn(CO),(N») (6.1£0.7) x 107134 (3.7+0.4) x 108 1997 (A'), 1948 (A”) [38]
CpMn(CO) + N, CpMn(CO)(N2) <1.7x 107124 <1.0x 10° v(CO) not observed [38]

4 We have converted all of the rate constants into units of M~! s~! in order to allow for a comparison with the solution phase rate constants that are discussed later.

b Symmetries of some of the bands are shown in parentheses.

¢ Originally reported in Torr~! s~! but we have converted to cm?® molecule™! s~!, based on an assumption that the kinetic studies were conducted at 298.15 K.

d Originally reported in cm® mol~! s~!. sh: shoulder.
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The rate constant, (2.8 +0.2) x 10~ cm3 molecule ! s, is

significantly slower than that observed for the addition of Nj
to Fe(CO)3 and other unsaturated transition metal carbonyl
fragments [32] (see Table 1). For comparison, the addition of
H,, CO, and CyH4 to Fe(CO)y4 all occur at similar rates, with
rate constants of (5.9 4 1.5) x 10714, (5.8 4+ 1.5) x 104, and
(1.7+£0.2) x 10713 cm3 molecule ! s~1, respectively [34-36].
These slow rates can most likely be attributed to the change
in spin multiplicity that occurs on addition of a ligand, L to
Fe(CO)4 to go from the triplet ground state of Fe(CO)4 to the
singlet ground state of Fe(CO)4L [37].

As discussed above, Fe(CO)3(N7) could potentially be mon-
itored at 1966 cm™~!, but under the experimental conditions, the
signal was convoluted with a further reaction of Fe(CO)3(N>)
and no accurate kinetic data could be obtained [32]. However, in
a later study in the same laboratory [33], the complicated results
were successfully analyzed by fitting data for the dependence
of the rate of disappearance of Fe(CO)3(N>) on the pressures of
N> and Fe(CO)s. It appeared to contain two competitive reaction
pathways that consume the transient Fe(CO)3(N3) species,

Fe(CO)3(N2) + N2 — Fe(CO)3(N2)2

Fe(CO)3(N2) + Fe(CO)s — Fea(CO)g(N2)

The rate constants obtained were (5.4 4+ 1.8) x 10710 cm?
molecule 's™! and (4.3+2.2) x 10713 cm? molecule ! s~!
for N, addition to Fe(CO)3(Nz) and Fe(CO)s addition to
Fe(CO)3(N»), respectively (see Table 1). The reaction of Ny
with Fe(CO)3(N3) appeared to be unique with respect to other
addition reactions of small ligands to coordinatively unsatu-
rated metal carbonyls, which are typically unactivated, in that
their data were consistent with this process having an activation
energy of 5.7 4 3.6kcalmol™!, thus leading to the extremely
small rate constant.

The gas-phase binding rates of dinitrogen to coordina-
tively unsaturated transition metal fragments that contain
other ligands, in addition to CO, have also been mea-
sured. For example, Fu and coworkers used TRIR spec-
troscopy to obtain kinetic data for the coordination of dini-
trogen to (n6-C6H6)Cr(CO)X and CpMn(CO), (x=1 and 2;
Cp=1°-CsHs) [38]. (nG-C6H6)Cr(CO)2 was generated by flash
photolysis of (1%-C¢Hg)Cr(CO)3 using a frequency tripled
(355nm) Nd:YAG laser. Monitoring the pseudo-first-order
decay of (nﬁ—C6H6)Cr(CO)2 at 1981 cm~! and growth of (~r|6—
CeHe)Cr(CO)2(Ny) at 1963 cm ™! following laser flash photoly-
sis of mixtures of 10 mTorr of (n°-CgHg)Cr(CO)3, 0.5-3.0 Torr
of Ny, and 10 Torr of Ar, gave a second-order rate constant for
the formation of (1°-CgHg)Cr(CO)2(N>), kn, = (4.3 £0.3) x
10~'2 cm?® molecule~! s~!. This rate constant is comparable to
those for the reactions of N, with other coordinatively unsat-
urated transition metal carbonyl complexes in the gas phase
(see Table 1). (n6-C6H6)Cr(CO) was produced as the major
photoproduct (5:2 mixture with (m®-CgHg)Cr(CO),) follow-
ing 266 nm laser irradiation of (1]6—C6H6)Cr(CO)3. An absorp-
tion band at ~1984 cm™!, observed in the TRIR spectra, was
assigned to the v(CO) of (nﬁ-C6H6)Cr(CO) overlapped with
the A; band of (n6-C6H6)Cr(CO)2. In the presence of Ny, the

1984 cm~! band was observed to decay via double exponen-
tial kinetics. No new absorption band was located that could be
positively assigned to the formation of (n6—C6H6)Cr(CO)(N2).
However, this was believed to be due to obstruction from
the much stronger bands of (n°-CgHg)Cr(CO),(N>) and (m°-
CsHg)Cr(CO)3. The fast component of the 1984 cm™! decay
was readily assigned to the reaction of (n6—C6H6)Cr(CO)2
with N», while the slow component was assigned to the reac-
tion of (n6-C6H6)Cr(CO) with Nj. A plot of the Nj-pressure
dependence of the slower component of the 1984 cm™! decay
gave a rate constant for the binding of dinitrogen to (m°-
CeHg)Cr(CO) to generate (n6—C6H6)Cr(CO)(N2), kn, = (22 £
0.2) x 10713 cm3 molecule ! s~ ! (see Table 1). The much
slower rate compared to that of (n6—C6H6)Cr(CO)2 is likely
the result of a spin-disallowed process, similar to the above-
mentioned dinitrogen coordination reactions to iron carbonyl
complexes. Laser flash photolysis (355nm) of CpMn(CO);3
afforded both of the coordinatively unsaturated fragments,
CpMn(CO); and CpMn(CO). CpMn(CO); exhibited two v(CO)
absorption bands at 1874 and 2021 cm™!, and CpMn(CO) fea-
tured a band at 1948 cm™!. The Nj-pressure dependence of
the decay of CpMn(CO); and the growth of CpMn(CO)2(N>)
was monitored at 1874 and 1997 cm™!, respectively, with-
out added Ar buffer gas because of the potential coordi-
nation of Ar to CpMn(CO),. A second-order rate constant
for dinitrogen binding to CpMn(CO),, kn, = (6.1 £0.7) x
10713 ¢cm3 molecule ! s~! was obtained (see Table 1), which
was also comparable to the rate of a spin-disallowed process.
Laser flash photolysis (266 nm) of CpMn(CO)3; was found to
generate CpMn(CO) as the only observable photoproduct. How-
ever, no Np-pressure dependence for the decay of this species
could be observed. This was presumed to be due to a fortu-
itous spectral overlap of the v(CO) bands of CpMn(CO) and
CpMn(CO)(N3). Due to the complexity of the TRIR spectra,
only an upper limit could be estimated for the binding rate
of N> to CpMn(CO), kn, < 1.7 x 10712 cm? molecule=! s~!
(see Table 1). However, this is greater than that for addition
to CpMn(CO), and it was therefore assumed that the coordi-
nation of dinitrogen to CpMn(CO) is a spin-allowed process.
Both (n6-C6H6)Cr(CO)2(N 2) and CpMn(CO),(N;) were found
to have lifetimes greater than 1 ms, which on the basis of a sim-
plified statistical mechanical analysis, suggested that the Cr—-N»
and Mn-N, binding energies were greater than 17 kcal mol~.

1.2.2. Condensed-phase studies

The binding of dinitrogen to transition metal centers in the
condensed phase has been extensively investigated. In the major-
ity of this work cryogenic media, such as frozen dinitrogen
matrices [39] or liquefied noble gases doped with N [40,41],
have been used in order to stabilize the dinitrogen complexes and
their unsaturated precursors sufficiently to allow their study by
conventional spectroscopic techniques. Even supercritical flu-
ids, such as supercritical Xe doped with high pressures (up to
80 atm) of dinitrogen gas, have been used at room temperature
to photochemically synthesize transition metal dinitrogen com-
plexes [42]. However, the use of time-resolved spectroscopic
techniques, in particular TRIR spectroscopy, enables the rate
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Second-order rate constants, kx, for the reaction of various photogenerated transition metal intermediates with N to generate the corresponding dinitrogen complexes,

in solution at room temperature

Precursor Solvent Reacting intermediate Product Technique  kn, ™M~ 1s™h Ref.
Cr(CO)s C7Fy Cr(CO)s Cr(CO)5(N>) UV-vis (9.64£2.9) x 1082 [43]
Mo(CO)s C7F14 Mo(CO)s Mo(CO)s(N>) UV-vis (7.242.2) x 1082 [43]
Cr(CO)q Cyclohexane  Cr(CO)s(CgHj2) Cr(CO)5(Ny) TRIR <2.2x 10° [30]
Cr(CO)s n-Heptane Cr(CO)s(C7H1) Cr(CO)5(N>) TRIR 6.2 x 10° [49]
Mo(CO)¢ n-Heptane Mo(CO)s5(C7Hy) Mo(CO)5(N>) TRIR 6.0 x 10° [49]
W(CO)s n-Heptane W(CO)s5(C7H 6) W(CO)s5(N2) TRIR 54x10° [49]
(NBD)Mo(CO)4 n-Heptane fac-(NBD)Mo(CO)3(C7Hg)  fac-(NBD)Mo(CO)3(N3) TRIR 3.0 x 107 [49]
(NBD)Mo(CO)4 n-Heptane mer-(NBD)Mo(CO)3(C7Hs)  mer-(NBD)Mo(CO)3(N>) TRIR 9.0 x 10° [49]
CpMn(CO); Cyclohexane ~ CpMn(CO),(CgH)2) CpMn(CO)»(Ny) UV-vis (3.74£04)x10°  [l6]
CpMn(CO)3 n-Heptane CpMn(CO)2(C7Hj6) CpMn(CO),(N2) TRIR 4.7+0.5) x 10° [53]
Cp“Mn(CO); n-Heptane Cp*“Mn(CO),(C7H16) Cp“Mn(CO)»(N») TRIR (1.1+£0.1)x 106 [53]
CpF'Mn(CO)3 n-Heptane CpFtMn(CO),(C7H 6) CpF*™Mn(CO)»(N>) TRIR (2.64£03)x 10°  [53]
CpV(CO),4 n-Heptane CpV(CO)3(C7H6) CpV(CO)3(N») TRIR 1.5 % 108 [55]
Cp“V(CO), n-Heptane Cp”V(CO)3(C7Hj¢) Cp V(CO)3(Ny) TRIR 3.6 x 108 [55]
CpNb(CO)4 n-Heptane CpNb(CO)3(C7H ) CpNb(CO)3(N>) TRIR 4.9 % 10° [55]
CpTa(CO)4 n-Heptane CpTa(CO)3(C7Hi6) CpTa(CO)3(N>) TRIR 2.9 x 10° [55]
V(CO)s n-Heptane V(CO)s5(C7Hj¢) V(CO)s5(N3) TRIR 2.5 % 107° [55]
CpNb(CO)4 n-Heptane CpNb(CO)3(C7H ) CpNb(CO)3(N2) TRIR 2.2 % 10° [56]
CpTa(CO)4 n-Heptane CpTa(CO)3(C7Hi) CpTa(CO)3(N>) TRIR 1.3 x 100 [56]
(m-CoH7)Nb(CO), n-Heptane (m’-CoH7)Nb(CO)3(C7H16) (m’-CoH7)Nb(CO)3(N») TRIR 1.9 x 107 [56]
(m’-CoH7)Ta(CO)4 n-Heptane (m’-CoH7)Ta(CO)3(C7H6) (m’-CoH7)Ta(CO)3(N7) TRIR 1.1 x 107 [56]
[P(CH,CH;,PPh;)3Ru(H), Cyclohexane  [P(CH,CH,PPh;)3]Ru [P(CH,CH,PPhy)3]Ru(N>) UV-vis (75418 x 105 [57]
[P(CH,CH,PPh,)3]0s(H), Cyclohexane  [P(CH,CH,PPhy)3]0s [P(CH,CH,PPhy)3]0s(N3) UV-vis 2.2 % 10° [57]
mer,trans-W(CO)3(PCy3)2(N2)  Toluene mer,trans-W(CO)3(PCy3), mer,trans-W(CO)3(PCy3)2(N2)  UV-vis (3.0+£02) x 10° ¢

2 We have recalculated these values using the author’s original data. See main text for details.

Y The average of the two values that were reported.

¢ This work. C7F4: perfluoromethylcyclohexane; NBD: norbornadiene; Cp: (n°-CsHs); Cp*: (1°-CsMes); CpF': (n°-CsEts); (n°-CoHy): indenyl; Cy: cyclohexyl;

TRIR: time-resolved infrared spectroscopy; UV—vis: UV—-vis flash photolysis.

constant for the binding of dinitrogen to transition metal cen-
ters and the reactivity of the resulting dinitrogen complexes to
be directly measured in solution at room temperature. This is
important, since it is vital that we fully understand the nature
of the reactivity of transition metal centers toward dinitrogen
in solution, under the ambient conditions that would potentially
exist in a catalytic nitrogen fixation process. Therefore, in this
paper we do not intend to review the extensive and elegant work
on the formation and identification of dinitrogen complexes at
cryogenic temperatures or in supercritical fluids, and instead will
focus on time-resolved spectroscopic studies in room tempera-
ture solution.

In an early UV-vis laser flash photolysis study [43] on
M(CO)g (M = Cr and Mo) in room temperature perfluoromethyl-
cyclohexane solution saturated with dinitrogen, Kelly and co-
workers were able to monitor the growth of a transient species
that they assigned to M(CO)s(N3) from its absorption maximum
at 370 nm (for M = Cr), consistent with previous low tempera-
ture matrix isolation data [39]. The use of a perfluorinated sol-
vent was innovative since unlike conventional organic solvents,
which generally act as weakly bound “token” ligands at unsat-
urated metal centers [10], the perfluorinated solvent molecules
can be considered, at best, to be only extremely weakly coordi-
nating [44] with respect to the unsaturated M(CO)s fragments
that are generated upon photolysis of M(CO)g. Thus, the bind-
ing rates of Nj to the almost “naked” M(CO)s fragments could
be directly measured without any significant competition from

solvent molecules. From their data, the second order rate con-
stants for the binding of dinitrogen to M(CO)s (see Table 2)
are calculated to be (9.6 £2.9) x 103M 1 s~! (for M =Cr) and
(7242.2) x 108M~1s~! (for M=Mo)," which, as expected
for reaction with an almost unsaturated 16-electron fragment, are
approaching the diffusion-controlled limit for perfluoromethyl-
cyclohexane (4.2 x 10° M~ s~! at 25°C) [46].

Despite the fact that Kelly and co-workers had already mon-
itored the reaction of M(CO)s (M=Cr and Mo) with N, by
UV-vis flash photolysis, the first truly definitive identification
of a transition metal-dinitrogen complex in room tempera-
ture solution was by Grevels and co-workers in their TRIR
study of Cr(CO)¢ in dinitrogen saturated cyclohexane [30].
Flash photolysis of the solution initially generated the sol-
vated species, Cr(CO)s(cyclohexane) within the instrument
response time (5 ws). This was found to decay exponentially
(kops = 1.8 x 10* s~1) concurrent with the growth of five new
IR bands, which were assigned to the Cr(CO)5(N>) complex.
Three of these bands (at 2086, 1976 and 1966 cm™ ') are due
to the v(CO) vibrations of Cr(CO)s(Ny). However, the defini-
tive identification of Cr(CO)s5(N3) came from the observation

! We have recalculated the rate constants from the authors’ reported data using
a concentration of 1.67 x 1072 M per atm for N in perfluoromethylcyclohex-
ane [45], since it appears that the authors erroneously used a concentration of
1.2 x 1072 M in their calculations.
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of its »(NN) band at 2240cm™! and a 13CO satellite v(CO)
IR band at 1946 cm~!. Based on the pressure of N, gas that
was used to saturate their solutions and the solubility of Ny
in cyclohexane [45], an upper limit can be estimated from
their data for the second-order rate constant for reaction of
Cr(CO)s(cyclohexane) with N in cyclohexane solution, kN, <
2.2 x 106M~ 15! (see Table 2). This result clearly demon-
strates the strong influence that the nature of the solvent has
on the binding rate of N> to a transition metal center in solution,
since the formation of Cr(CO)s(N3) in the more coordinating
cyclohexane is slower than in the virtually non-coordinating per-
fluoromethylcyclohexane [43] by a factor of at least 500. The
activation barrier in cyclohexane will involve the dissociation of
the weakly bound solvent molecule as shown below,

Cr(CO)5(C¢Hy2) — Cr(CO)s +CgHi2

This has important implications for controlling the rates and
mechanisms of individual steps in transition metal catalyzed
nitrogen fixation cycles via the donating ability of the chosen
solvent. Cr(CO)5(N,) was found to decay to an unidentified
species via first-order kinetics with a lifetime of ~0.6 s. The rate
constants for the formation and decay of Cr(CO)5(N3) and the
related dihydrogen complex, Cr(CO)s(H») [47] in cyclohexane
are very similar, suggesting that these two species have similar
stabilities in room temperature solution.

Poliakoff and co-workers later made elegant use of IR spec-
troscopy to investigate the photocatalytic mechanism of the
hydrogenation of norbornadiene (NBD) by group 6 metal car-
bonyls in n-heptane solution [48,49]. During the course of their
investigations they used TRIR spectroscopy to probe the reac-
tivity of M(CO)s(n-heptane) (M = Cr, Mo and W) and fac- and
mer-(NBD)Mo(CO)3(n-heptane) with Np. XeCl excimer laser
flash photolysis (308 nm) of M(CQO)g or (NBD)Mo(CO)4 in
n-heptane generated M(CO)s(n-heptane) or a mixture of fac-
and mer-(NBD)Mo(CO)3(n-heptane), respectively as the pri-
mary photoproducts, identified by TRIR. In solutions that were
saturated under 1 atm of Nj, they monitored the pseudo-first-
order decays of the v(CO) bands of the n-heptane complexes
and the growths of the v(CO) bands of the dinitrogen complexes
that were formed by reaction with Nj. Experiments were also
conducted under argon and the data were used to calculate the
second-order rate constants for the reactions of the various n-
heptane solvated complexes with Ny (see Table 2). It can be
seen that Cr(CO)s(n-heptane) reacts at least 2.8 times faster with
N, than the corresponding Cr(CO)s(cyclohexane) species. It is
tempting to conclude that this difference in reactivity is simply
aresult of n-heptane interacting more weakly with the Cr center
than cyclohexane. However, recent studies [S0—-52] have shown
that the difference in reactivity between cyclic- and linear-alkane
solvated complexes toward small molecules can be explained by
changes in the entropy of activation, AS* of these reactions and
not by variations in the interaction energy between the unsat-
urated metal center and solvent. Thus, the increase in the AS?
term upon displacement of the coordinated alkane by a small
molecule, such as N3, is more pronounced for longer chain lin-
ear alkanes than for shorter chain and cyclic alkanes, leading to

enhanced rate constants. Another interesting result was that fac-
(NBD)Mo(CO)3(n-heptane) reacts with Ny ca. 33 times faster
than mer-(NBD)Mo(CO)3(n-heptane). This was concluded to
be due to steric and electronic factors in the fac configuration
causing a labilization of the coordinated solvent ligand.

Room temperature solution studies have not been restricted
to the group 6 carbonyls. UV flash photolysis of CpMn(CO);3
in cyclohexane generated CpMn(CO);(cyclohexane) as the pri-
mary photoproduct, which was detected by its broad absorp-
tion maximum at ca. 580nm [16]. Support for this assign-
ment also came from the positions of the two transient v(CO)
bands observed in the corresponding TRIR spectrum recorded
in n-heptane solution. The second-order rate constant for
the subsequent reaction of the cyclohexane solvated species
with added N3, to form CpMn(CO);(N;) was measured by
UV-vis flash photolysis to be (3.7+£0.4) x10°M~ s~ A
subsequent, more detailed TRIR investigation into this type
of reaction in n-heptane solution using the series of com-
plexes, ('r]5 -CsR5)Mn(CO)s (R=H, Me and Et) was per-
formed [53]. The second-order rate constants for reaction of
N, with the photogenerated species, (m°-C5R5)Mn(CO)» (n-
heptane) to form (m°-CsR5)Mn(CO)»(N,) were calculated
from the pseudo-first-order rates of decay of the transient
V(CO) bands in the absence and presence of Nj. These
binding rates were found to be (0.47 +0.05) x 10°M~ 15!
(for R=H), (1.1+£0.1)x 10°M~!s~! (for R=Me) and
(2.6+0.3) x 10°M~1 s~ (for R =Et), see Table 2. Due to the
fact that the electron density at the metal center is lower for
R =H than for R=Me and Et (in which it is approximately the
same) and the fact that the steric bulk of the cyclopentadienyl
ligands steadily increases in the order, R =H < Me < Et, the ori-
gin of the effect on the dinitrogen binding rate constant (and
also the rate constants observed for reaction with other small
molecules) was concluded to be steric rather than electronic,
because electronic factors should be similar for R =Me and Et.
The precise nature of the steric influence could not be defini-
tively determined. However, it was suggested that since steric
interactions with small incoming molecules, such as N, H, and
CO, are likely to be small, the major steric effect is probably
a gradual weakening of the Mn. . .(n-heptane) interaction as the
cyclopentadienyl ligand is substituted with more and more bulky
substituents. This would make it easier to displace the coordi-
nated solvent molecule and thus increase the rate of dinitrogen
binding in the order, R=H <Me<Et. This was an important
result, since it shows that substituents some distance from a
metal center can strongly influence the rate of reaction at that
center. Therefore, even minor modifications of peripheral lig-
ands could have large effects on competitive reaction steps in
catalytic nitrogen fixation cycles.

Group 5 metal—dinitrogen complexes have also received con-
siderable attention in room temperature TRIR investigations.
Following an initial report [54] in which TRIR was used to
monitor the photochemical generation of CpV(CO)3(N>) from
CpV(CO)4 in n-heptane solution saturated under 1.5 atm Nj,
a subsequent, much more detailed and thorough, investigation
[55] used IR spectroscopy to study the photochemical reactions
of Nj (and also Hy) with CpM(CO)4 and Cp*V(CO)4 M=V,Nb
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and Ta; Cp” =m>-CsMes) both in liquid xenon at —80 °C (using
FTIR) and in n-heptane at room temperature (using TRIR).
The TRIR experiments were performed in the absence of Ny
(under argon) and in the presence of Nj, by monitoring the
first-order decay of one of the v(CO) bands of Cp’M(CO)3(n-
heptane) (Cp’=Cp or Cp”), which was formed immediately
after the laser flash, and the growth of one of the v(CO) bands
of Cp’M(CO)3(N»). These pseudo-first order rates were then
used to calculate the second-order rate constants for reaction
of Cp’M(CO)3(n-heptane) with N3 to generate Cp’M(CO)3(N»)
(see Table 2). Note that the V complexes are up to 100 times
more reactive toward Ny than the Nb and Ta complexes and
that the Cp’V(CO)3(n-heptane) species are ca. 320 times more
reactive than Cp'Mn(CO),(n-heptane) toward N, under similar
conditions. CpV(CO)3(N;) was found not to be stable in solu-
tion at room temperature, reacting slowly with photodissociated
CO to regenerate CpV(CO)4. However, the investigators clearly
demonstrated that its lifetime could be extended by increasing
the pressure of Ny over the solution. Indeed, the lifetime was
lengthened from 1 to 4 ms upon increasing the pressure of Ny
from 0.5 to 2 atm. The Nb and Ta dinitrogen complexes were
significantly longer lived and therefore their decay could not
be monitored accurately with the TRIR apparatus. The pho-
tochemical reaction of V(CO)¢ with Ny was also investigated
by TRIR in n-heptane solution in order to compare the behav-
jor of d> vanadium with the d* complexes. The binding rate
constant of N, to the photochemically generated V(CO)s(n-
heptane) complex to generate V(CO)s5(N3) was ca. 10 times
lower than that for CpV(CO)3(n-heptane) (see Table 2), indi-
cating the much lower reactivity of V(CO)s(n-heptane) toward
N». However, V(CO)5(N») was much less thermally stable in
solution (t = 0.2 ms) than CpV(CO)3(N») (r =4 ms) under 2 atm
of N».

The group 5 studies were recently extended in the same
laboratory, using a combination of two different TRIR tech-
niques; conventional diode laser-based point-by-point TRIR and
step-scan FTIR spectroscopy [56]. The photochemical reac-
tions of CpM(CO)4 and (m’-CoH7)M(CO); (M=Nb and Ta;
n°-CoH7 =indenyl) with N, and other small molecules were
monitored in n-heptane solution. Second-order rate constants
for reaction of the various photochemically generated tricar-
bonyl n-heptane solvated species with N, were determined more
accurately than in previous studies by repeating the experiments
over a range of different N, concentrations and plotting graphs
of observed decay rates versus [N;] to obtain the second-order
rates from the slopes (see Table 2). The rate constants measured
for CpM(CO)3(n-heptane) are slightly lower than the previously
published values [55], presumably due to the more accurate
method of their determination. Interestingly, the indenyl com-
plexes were found to be approximately one order of magnitude
more reactive toward Ny than the corresponding Cp complexes.
Furthermore, the resulting indenyl-dinitrogen complexes were
20-26 times less stable than the corresponding Cp-dinitrogen
species. The difference in rate constants and stabilities of the
indenyl complexes compared to the Cp complexes was con-
cluded to be a subtle combination of steric effects and decay of
the indenyl complexes via a ring-slipped intermediate species.

The formation of group 8 dinitrogen complexes has
also been studied in solution. UV laser flash photolysis
of the dihydride precursors, M(PP3)Hy (M=Ru and Os;
PP3; =P(CH,CH;,PPhj;)3) in cyclohexane solution resulted in the
elimination of dihydrogen and the instantaneous formation of
the transient species, M(PP3), which exhibited single absorption
maxima at 395 nm (M =Ru) and 390 nm (M = Os), respectively
[57]. Although they could not eliminate the possibility of sol-
vent coordination to these unsaturated transient intermediates,
the investigators concluded that instead, an agostic interaction at
the vacant coordination site via a C—H bond of one of the phenyl
groups offered the most satisfactory explanation of all of their
experimental observations. Thus, the reaction of these agosti-
cally stabilized d3 M(PP3) transients with N, was monitored
by flash photolysis in nitrogen saturated cyclohexane solution.
Second-order rate constants for the binding of N, to gener-
ate M(PP3)(N») were found to be (7.5+1.8) x 10° M~ !s~!
(M=Ru) and 2.2 x 10°M~1s~! (M=0s), respectively (see
Table 2).

2. Rate of binding of dinitrogen to mertrans-
W(CO)3(PCy3)2

2.1. Introduction

In 1983, Kubas and co-workers isolated the first example of a
molecular dihydrogen complex, mer,trans-W(CO)3(PPr3 )2(m?-
H,) (‘Pr=isopropyl) [58-61]. This was a remarkable discovery
since it had previously been believed that molecules containing
strong o bonds, such as H-H in Hy and C-H in hydrocar-
bons, were incapable of forming stable bonds with a metal
center. The bonding in M—(nz-Hz) is non-classical and simi-
lar to that of three-center, two-electron bonding in carbocations.
It involves a simple donation of electrons from the o-bonding
electron pair of the side-on bound H; ligand to a vacant orbital
of the metal. However, the metal center further stabilizes the
H, bonding by backdonation from a filled d orbital to the o
orbital of the H-H bond. The family of W(CO)3(PR3)> and
W(CO)3(PR3),(H2) complexes are now often referred to as the
‘Kubas complexes’. The deep purple W(CO)3(PR3), complexes
readily react with Nj to produce stable, yellow dinitrogen com-
plexes [62]. In the case of W(CO)3(PCy3); (Cy =cyclohexyl),
the product was identified as the terminally bound dinitrogen
complex, W(CO)3(PCy3)2(N>), based on the observation of
its V(NN) stretching frequency at 2120 cm™! in the solid state
[62]. However, in the case of W(CO)3(P'Pr3),, the N, bridged,
W(CO)3(P'Pr3),-N=N-W(CO)3(P'Pr3), species, with v(NN) at
1939 cm™! and mixed v(NN)/v(CO) at 1996 cm ™!, was isolated
as a product of the reaction and the structure was confirmed by
a single crystal X-ray diffraction study [63].

Hoff’s group elegantly employed stopped-flow kinet-
ics, measuring the indirect substitution reaction of W-L
(W =W(CO)3(PCy3)2, L=Hj; and Nj) with pyridine in toluene
to evaluate kfg, and kg, to be (2.2+0.3)x 10% and
(5.0 1.0) x 10° M~ 157! respectively (Eq. (1)), on the basis
of the reaction mechanism outlined in Egs. (1)—(4), using
kepy)=8.0 x 10° M1 s™1 [64]. Since the value of kfqy) for
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Eq. (2) is too fast to measure on a stopped-flow apparatus,
they calculated it from the competition reaction (Eq. (4)) with
P(OMe)3, whose reaction rate (Eq. (3)) can be accurately deter-
mined. Calorimetric data were also determined for reaction
1. The enthalpies for the addition of L to W were found to
be, 13 (L=Ny), 10 (L=H,), 15 (L=CH3CN), 19 (L=py), 26
(L =P(OMe)3) and 30kcal mol~! (L =CO) [65,66].

kr
W—Lk:W +L (D
f
Kt(py)
W + py— W-py ()
W + P(OMe); O W_P(OMe), 3)
W-py + P(OMe); — W-P(OMe); + py @)

W is formally a 16-electron species, however an agostic
interaction with the tungsten center from a C-H bond of a
cyclohexyl group on one of the phosphine ligands, stabilizes
the electronic unsaturation to such a degree that W is stable in
solution at room temperature. The agostic interaction is clearly
seen in the X-ray structure (2.27 A for the W-H distance) [62]
and its energy is estimated to be 10 4= 6 kcal mol~! [65]. In our
study, a combination of nanosecond UV-vis flash photolysis
and time-resolved step-scan FTIR (s2-FTIR) spectroscopy was
used to spectroscopically characterize the photoproduct, W and
to directly measure the rate constant for binding of N> to W to
reform W-Nj, following laser flash photolysis of W-N>. When
a toluene or n-hexane solution containing W—Nj and a known
amount of additional N, was irradiated with a 355 nm laser pulse,
W-N, bond dissociation took place to form W. Subsequently,
clean regeneration of W—N, was observed using time-resolved
UV-vis and s2-FTIR spectroscopy. In addition, we performed
density functional theory (DFT) calculations at the B3LYP level
of theory on W’ and W'-N, (W’ =W(CO)3(PH3);) in an effort
to understand the UV—-vis and s>-FTIR results.

2.2. Experimental

mer,trans-W(CO)3(PCy3), (W) was prepared as previously
described [62] and characterized by NMR, UV-vis and FTIR
spectroscopy. Toluene and n-hexane were distilled over sodium
benzophenone ketyl and CaHy, respectively under an Ar atmo-
sphere and stored inside a glove box. Ultra high purity N, and Ar
(Praxair) were used without further purification. UV-vis spec-
tra were measured on a Hewlett-Packard 8452A diode array
spectrophotometer. Toluene solutions containing W were pre-
pared in home-built glassware equipped with an optical cell,
inside a glove box. After the UV—vis spectrum was measured, a
known amount of dinitrogen gas was added using a vacuum line
equipped with a pressure gauge in order to generate W—N,. The
solubilities of N5 in toluene and n-hexane were calculated from
previously published data [45]. The following values were used;
[N2]=5.39 and 10.7 mM in toluene and n-hexane, respectively,
at a N partial pressure of 1 atm.

UV-vis flash photolysis experiments were conducted using
an apparatus described previously [67,68], with excitation being

provided by the third harmonic (355 nm, ~5 ns, ~20 mJ/pulse)
of a Continuum Surelite I-10 Nd: YAG laser. These experiments
were performed in toluene at 25 °C under 1 atm of Ar or under
a known pressure of Nj.

FTIR spectra were recorded on a Bruker IFS 66/S spec-
trometer. Time-resolved step-scan FTIR (s>-FTIR) experiments
were performed by operating the FTIR spectrometer in step-scan
mode and using the third harmonic of the Nd: YAG laser to excite
the sample at a repetition rate of 5 Hz (Laser master/FTIR slave).
A 1 mm photovoltaic HgCdTe infrared detector equipped with a
20 MHz pre-amplifier (Kolmar, KMPV11-1-LJ2/239) was used
in these experiments. Due to intense absorptions of toluene in the
metal carbonyl infrared region, the s>-FTIR experiments were
performed in n-hexane solution. The dry, degassed purple n-
hexane solutions of W were saturated with a known pressure
of dinitrogen in order to generate W—N», which was a pale yel-
low color. The solutions were handled in an air-sensitive manner
and flowed cyclically through an air-tight, home-built flow sys-
tem consisting of 1/8in. o.d. stainless steel tubing, a sample
reservoir vessel, a CaF, IR flow cell (Harrick Scientific Prod-
ucts, DLC-S25) and a recirculating gear pump (Micropump,
GA-V23). Complete details of the s>-FTIR apparatus will be
provided in an upcoming paper [69].

The Gaussian 03 package of programs [70] was employed
for DFT calculations on the model complexes, mer,trans-
W(CO)3(PH3), (W') and mer,trans-W(CO)3(PH3)2(N>)
(W-N») in the gas phase, using the Hay-Wadt VDZ (n+ 1)
ECP (LANL2DZ ECP) basis set for W [71-73] and the 6-31G™"
basis set for H, C, N and O [74-76]. Geometry optimizations
were performed using the B3LYP method [77-79]. Time-
dependent B3LYP DFT calculations and frequency analysis
were carried out in order to predict the UV—vis and FTIR
spectra, respectively. In our experience [80], B3LYP DFT cal-
culations on second- and third-row transition metal complexes
yield binding energies that are accurate to within 4-6 kcal mol !
compared with experimental data and MP2 calculations.

2.3. Results and discussion

2.3.1. UV-vis and flash photolysis

UV-vis spectra of W and W-N3 in toluene are shown in
Fig. 1. When 760 Torr of N, was added to a purple solution of
W, the 566 nm absorption of W completely disappeared due to
the high stability of the W-N; species being formed (Eq. (5)).
Upon removal of N, by freeze—pump—thaw cycles, from the
solution containing the W-Nj species, the original W spectrum
was cleanly reproduced.

ke
W+ Ny = W-N,
Kr 5)

The transient absorption spectrum of the short-lived species
observed by flash photolysis, 2 s after excitation of a toluene
solution containing W—N>, indicates that this transient species
is W, by comparison with the UV-vis spectra shown in Fig. 1.
Clean reformation of W—N», was observed in less than a few ms.
The observed pseudo-first order rate constant for the reformation
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Fig. 1. UV-vis spectra of W (solid line) and W-N, (dashed line) in toluene.

process is described by Eq. (6). The forward dinitrogen binding
rate constant (k¢=(3.0£0.2) x 100M~! s_l) and reverse rate
constant (k; = 100 & 10 s~ 1) were determined from the slope and
intercept, respectively, of the graph shown in Fig. 2, which was
generated by repeating the experiment over a range of Ny pres-
sures. The equilibrium constant, Kn, = (3.0 £ 0.5) x 10°M1,
for the formation of the dinitrogen complex was esti-
mated using Eq. (7). Our second-order rate constant,
ken,) = (3.0 4 0.2) x 10° M~ s71, is similar to that (kg,) =
(5.0 4+ 1.0) x 100 M~!s~1) obtained by Hoff using stopped-
flow kinetics of the indirect substitution reaction of W—N, with
pyridine [64]. However, the equilibrium constant, Kn, = (3.0 £
0.5) x 10> M~!, determined in the present study is smaller than
that (Kn, = 6.7 x 10> M—!) which we have calculated, accord-
ing to Eq. (7), from the k¢ and k; rates reported by Hoff and
co-workers in their stopped—flow study [64]. While their KN, is
ca. x2 larger than ours, considering the large experimental errors
involved in both techniques, the values are actually in reasonable
agreement

kobs = kf[NZ] + kr (6)
KN, = kt/ ke (7N
[ T T T T T ]
1500 e
'.'m | ]
% 1000 -
Q
o l
= |-
500 E
C 1 1 1 " 1 L 1
0.001 0.002 0.003 0.004 0.005 0.006
N1 M

Fig. 2. Plot of observed rate constants for the formation of W-Nj as a function
of Ny concentration in toluene at 25 °C. [N>]=5.39 mM/atm at 25 °C [45]. The
data were obtained from single exponential fits to the decay of W (at 600 nm)
that was generated following flash photolysis of W—Nj.
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Fig. 3. FTIR spectrum of W-N in n-hexane solution under 1.8 atm N, at 23 °C.
*: Minor trans-W(CO)4(PCy3), impurity. See text for details.

2.3.2. Time-resolved step-scan FTIR

Fig. 3 shows the FTIR spectrum of W—Nj in n-hexane, sat-
urated with 1.8 atm of N». Multi-peak curve-fitting reveals that
there are two overlapping bands at 2117 and 2113cm™! in the
V(NN) region (see DFT section later) and that there are three
v(CO) bands, two of which are heavily overlapped at 1857 and
1853cm™!, while the third appears at 1953 cm™'. A shoul-
der due to minor contamination by trans-W(CO)4(PCy3), is
also present at 1865cm™!. Solutions of W and W-L (L=Ny,
Hb», etc.) are known to slowly decompose via disproportiona-
tion and/or minor air-oxidation into the extremely stable trans-
W(CO)4(PCy3), and therefore their IR spectra often contain
a small v(CO) band due to trans-W(CO)4(PCy3), impurity
[62,81]. We have found that the rate of this decomposition
appears to be greater in n-hexane than in toluene and therefore
the trans-W(CO)4(PCy3), peak sometimes increased slightly in
intensity during the course of the s>-FTIR experiments.

A series of s>-FTIR spectra recorded at 5 ps intervals fol-
lowing 355 nm excitation of this solution are shown in Fig. 4 as
a 3D plot. On this timescale, an instantaneous depletion of the
V(NN) and v(CO) bands of W-N5 is observed, accompanied by
the formation of two new transient v(CO) absorptions at 1837
and 1819 cm™~!. These are assigned to W, by comparison with

Ry ‘Mﬁ
Uy » 2
iy ‘ sl
mbEr 1900 100 ﬁme “l
s (cm~1 ) 180

Wa"enu

Fig. 4. Step-scan FTIR spectra recorded at 5 ws intervals following 355 nm
excitation of W—Nj in n-hexane saturated with 1.8 atm of N at 23 °C. Negative
bands are due to the depletion and subsequent recovery of W-N, and positive
bands are assigned to the formation and subsequent decay of W as it regenerates
W-Nj; by reaction with Nj.
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Fig. 5. TRIR kinetic traces from the W—N, s2-FTIR experiment, obtained from
the areas of the bands at (a) 1837 cm™! (v(CO) of W), (b) 2115 cm™" (v(NN) of
W-N3) and (c) 1853 cm™! (1(CO) of W-Nj). Dots: experimental data points;
curves: exponential fits to the data.

the FTIR spectrum of W that we had previously recorded in n-
hexane under argon. In the s>-FTIR experiment, W is formed
by photo-ejection of the Ny ligand from W-N,, as was also
observed in the UV—vis flash photolysis experiments. The third,
much weaker band of W, which should appear at 1949 cm™! is
too close to the 1953 cm™! depletion to be clearly observed at
the spectral resolution of this experiment.

The transient v(CO) bands were subsequently observed to
decay exponentially at an identical rate, within experimental
error, (kobs = 6530 £ 6505~ 1) to the recovery (kops = 6840 £ 680
and 5730 £570s~1, respectively) of the v(CO) and v(NN) bands
of W-N, (Fig. 5), thus indicating a clean reformation of the
W-N, complex by reaction, under pseudo-first order condi-
tions, of W with the excess N, present in solution. In contrast
to the UV—-vis flash photolysis experiments, the spectra in Fig. 4
demonstrate the power of TRIR spectroscopy to definitively
identify transient species from their well-defined and narrow
IR absorption bands. Furthermore, the s>-FTIR spectra clearly
reveal that W and W-N, were the only carbonyl containing
products formed during the photoreaction i.e. no secondary pho-
toproducts were observed.

Despite the fact that it was necessary to perform the s2-FTIR
experiments in n-hexane rather than in toluene (due to intense
IR absorption bands of toluene in the v(CO) region), the pseudo-
first-order lifetimes of W and W—Nj observed by s>-FTIR are
in good agreement, within experimental error, with the pseudo-
first order lifetime predicted from Eq. (6) using the k¢ and k; rate
constants that were determined from our UV—vis flash photolysis
experiments in toluene, and the concentration of N; in n-hexane
at a Nj partial pressure of 1.8 atm [45].

2.3.3. Density functional theory calculations

We also performed gas-phase DFT calculations at the
B3LYP level of theory on the model complexes, mer,trans-
W(CO)3(PH3)2(N2) (W'—N3) (for both end-on and side-on
bound dinitrogen) and mer,trans-W(CO)3(PH3), (W’). These
calculations were initially performed in an effort to confirm our

Table 3

Gas-phase DFT calculated bond energy (kcal mol~!), orbitals, bond distances
(A), and IR frequencies (cm™") for W and W-N, complexes, together with the
experimentally observed IR frequencies for W and W-Nj, in n-hexane solution

Properties w W'-N,

W-N; bond energy  — 25.7
HOMO? dy +(mer —CO ") dp+(Nom* +mer—CO m")
LUMO d 2 + trans-COT* Now" +mer,trans — CO "

W-N, distance - 2.110

N-N distance - 1.121

v(CO)® 1898(38), 1919(91), 1934(9), 1938(5), 2006(1)

1999(1)
V(NN) - 2184(2)

1853s, 1857sh, 1953w
2113w, 2117w

Exptl. »(CO)° 1819m, 1837s, 1949w
Exptl. v(NN)¢ -

% The orbitals in parentheses are minor characters.

b Relative intensities in parentheses.

¢ For W and W-N in n-hexane.

d For W-N in n-hexane, s: strong; m: medium; w: weak; sh: shoulder.

observation of three v(CO) bands in the IR spectrum of W-N»,
since only two bands had previously been reported in the lit-
erature [62]. The DFT calculated W'-N, bond energy, bond
distances for W' and W'-Nj, and DFT and experimental v(CO)
and v(NN) IR data are summarized in Table 3. The bond energy
quoted here is not corrected for basis set superposition error
(BSSE). However, a counterpoise calculation on the optimized
geometry of the N adduct indicated that the BSSE is approx-
imately 4.4 kcal mol~!, resulting in about a 16% overestimate
of the bond energy. The frequencies of the calculated IR bands
have been scaled by 0.9613, in accordance with an earlier rec-
ommendation [82] for the B3LYP functional when used with the
6-31G" basis set. The absolute frequencies are still predicted too
high, partly because the calculations were performed on PH3
complexes in the gas phase, as opposed to PCy3 complexes in
n-hexane solution. However, the relative frequencies and inten-
sities of the bands are in excellent agreement with our experi-
mental results (see Table 3). The DFT calculations predict three
v(CO) bands and one v(NN) mode at 2184 cm~! for W-Nj.
However, the experimental v(NN) data for W—N, suggest the
presence of two overlapping bands at 2113 and 2117 cm™!. This
indicates the possibility of the existence of different coordina-
tion modes for the dinitrogen complex in solution. The end-on
dinuclear complex, W(CO)3(P'Pr3),-N,—W(CO)3(P'Pr3); has
been isolated and characterized by single crystal X-ray diffrac-
tion [63]. However, v(NN) and mixed v(NN)/v(CO) modes were
observed at 1939 and 1996cm™!, respectively for this com-
pound, which are quite different to our experimental observation
for W-N,. In addition, involvement of a dimeric species is
unlikely, since the formation rate constant of W—N; remained
the same when we changed the laser intensity in our flash pho-
tolysis experiments. Therefore, for comparison we carried out a
DFT calculation on the side-on bound mononuclear dinitrogen
complex (where the N-N bond is parallel to the P-W-P bond
axis). Since the calculated energy of this complex was found
to be 16.1 kcal mol~! higher than that calculated for the end-on
mononuclear dinitrogen complex, the presence of such a species
is extremely unlikely. Therefore, the shoulder observed on the
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Fig. 6. DFT calculated frontier molecular orbitals of mer,trans-W(CO)3(PH3),(N>). For clarity, the orientation of the molecule in these diagrams is also shown,

together with the cartesian axes used.

V(NN) stretching band of W—N» could possibly be attributed
to either an overtone or a combination band, although from the
results of our calculations we cannot identify likely candidates.
The results of the DFT calculations on W’ show that the
HOMO is mainly an overlap of the W d,, orbital (where the
xz-plane contains the P-W-P(x) and mer-CO(z) axes: z is the C3
symmetry axis) and the 7} orbital of the mer-CO, giving rise to
a W-C 7 bond. The LUMO is largely an overlap of the W d 2
orbital with the 7} orbitals of both trans-CO ligands, leading to
a large lobe in the vacant coordination position. The LUMO + 1
is primarily composed of the 7} orbitals on the two trans-CO
ligands. For W-N,, the HOMO is mainly an overlap of the W
dy, orbital with the =} orbitals of the N, and mer-CO ligands,
giving rise to W-N and W-C m, bonds. The LUMO is largely
located on the N, ¥ and mer,trans-CO 1% orbitals, indicating
that the W—N; bond can be easily photo-cleaved. The calculated
frontier molecular orbitals for W'—N, are shown in Fig. 6. The
lowest-energy transition is the HOMO to LUMO excitation
mixed with HOMO — 2 to LUMO + 2 and HOMO to LUMO + 3
contributions at 380 nm, with an oscillator strength of 0.0480.
The next lowest transition is the HOMO to LUMO + 1 at 367 nm
with an oscillator strength of 0.0120. The LUMO + 1 is largely
located on the n;‘ orbitals of the two trans-CO ligands. The third
lowest transition is the HOMO — 1 to LUMO +2 at 338 nm,
with an oscillator strength of 0.0051. While the shape of the
calculated spectrum for W'—N, matches well with the observed
spectrum of W-N», the calculated absorptions are at slightly
higher energies. More detailed calculations are currently
underway, including calculations on the actual complexes
used in our experiments, W and W—N,. The results of these
calculations will feature in an upcoming publication [69].

3. Conclusions and outlook
Kinetic studies of the photoinduced formation of transition

metal—dinitrogen complexes using time-resolved infrared and
UV-vis spectroscopy at room temperature, in both the gas phase

and in solution have been summarized. Reactions of transition
metal complex fragments with dinitrogen in the gas phase are
typically much faster than those in solution, since the photogen-
erated fragments are coordinatively unsaturated and extremely
reactive, with no interference from a solvent. Whereas in solu-
tion, solvent molecules generally behave as weak “token” lig-
ands [10], interacting on the femto- to picosecond timescale
[11] with the vacant coordination sites of unsaturated interme-
diates. Thus, the interaction with N, and the formation of a
metal—dinitrogen bond tends to be slower in solution, due to the
necessary displacement of a solvent molecule from the metal
coordination sphere, coupled with the inherently lower diffu-
sion rate in solution. However, many other factors such as metal
oxidation state, spin multiplicity, and the size of the metal center,
as well as steric and electronic effects of the peripheral ligands,
can have a significant influence on the rate of N, binding and
the structure and reactivity of the N, complex. This is demon-
strated graphically in Fig. 7, which logarithmically compares the
second-order rate constants observed for the reactions of vari-
ous photogenerated intermediates with dinitrogen to generate
the corresponding dinitrogen complexes, both in solution and in
the gas phase at room temperature. In the gas phase, the major
factor determining the rate of dinitrogen binding is the spin state
of the metal center, since there is typically no activation barrier
for this process. The difference in rate constant between a spin-
allowed and a spin-disallowed binding step, for similar reacting
species, can be up to three orders of magnitude. One excep-
tion is the reaction of Fe(CO)3(N;) with Ny in the gas phase
[33], which was found to have a significant activation barrier of
5.7+ 3.6kcalmol~!, causing the rate constant to drop consid-
erably, to a value that is even low for a solution phase reaction.
mer,trans-W(CO)3(PCy3); (W) was found to react relatively
slowly with N in solution, most likely because of a fluxional
internal agostic (W—H-C) interaction with the bulky cyclohexyl
groups of the PCy3 ligands and a possible interaction of the tung-
sten center with the solvent. This agostic “competition” for W
between the ligand and solvent is currently under investigation.
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norbornadiene.

CpM(CO),(alkane) complexes (M=Mn and Re) have previ-
ously been shown to exhibit an unusually low reactivity toward
CO in solution, when compared to other early transition metal
alkane complexes [83,84]. Indeed, CpRe(CO),(cyclopentane) is
the least reactive transition metal-alkane complex that has been
observed in solution at room temperature [52]. This observa-
tion appears to hold true for reaction with dinitrogen, with the
CpMn(CO);(alkane) complexes being the least reactive toward
dinitrogen binding of all the solvated transient complexes that
have so far been investigated [16,53] (see Fig. 7). Furthermore,
recent data has revealed that CpRe(CO)» (n-heptane) is consider-
ably less reactive toward dinitrogen binding, with a rate constant,
kn, = 3.0 x 10°M~! s’l(log(sz) = 3.48) for the formation
of CpRe(CO)2(N») in n-heptane [85]. The remaining transition
metal complexes that have been studied in solution show a grad-
ual increase in reactivity toward dinitrogen binding, similar to
previously observed trends in the reactivity of these complexes
toward CO [52,83,84,86]. Thus, upon moving from group 7 to
group 5 and from the third to first row, the reactivity increases
dramatically. One exception is the much higher reactivity of
Jfac-(NBD)Mo(CO)3(n-heptane) toward N, binding compared
to mer-(NBD)Mo(CO)3(n-heptane) [49]. This was attributed to
a weakening of the Mo-heptane interaction in the fac configu-

ration caused by steric and electronic effects. Furthermore, an
increase in the steric bulk of the peripheral ligands in a sim-
ilar set of complexes has been shown to cause an increase
in the reactivity of the solvated intermediate species toward
N>, due to increased interactions with, and thus a weakening
of, the metal-solvent bond [53]. The most reactive complexes
toward dinitrogen binding that have been studied in solution are
M(CO)s M =Cr and W) in perfluoromethylcyclohexane [43].
Their remarkably high reactivity is due to the fact that, unlike in
conventional solvents, the perfluoroalkane solvent is practically
non-coordinating. Thus, the photogenerated M(CO)s interme-
diates are virtually “naked” unsaturated species and there is
very little barrier for their reaction with dinitrogen other than
diffusion. The W—N» bond in mer,trans-W(CO)3(PCy3)2(N2)
is sterically protected by the bulky cyclohexyl groups and the
adduct lives for many days in a sealed vessel. This is in contrast
to other dinitrogen complexes that do not possess such bulky
ligands, for example, Cr(CO)s(N3) and CpM(CO)3(N2) M =Y,
Nb and Ta), which decay within seconds in solution at room
temperature [30,55,56].

Time-resolved spectroscopic studies of M—N; bond forma-
tion by us and others clearly demonstrate that TRIR spectroscopy
is a powerful tool for identifying transient intermediates, for



1694 D.C. Grills et al. / Coordination Chemistry Reviews 250 (2006) 1681-1695

elucidating the structures and binding modes of these intermedi-
ates and products, and for the determination of reaction pathways
and kinetics. The facile observation of a bound dinitrogen v(NN)
IR stretching frequency with the W-N, system and others
[30,56], provides a unique opportunity to extend the technique
in future kinetic and mechanistic investigations of N; activation
by protons and photoinduced electrons, with complexes that
do not possess conventional IR reporter ligands such as CO.
Furthermore, TRIR spectroscopy complements flash photolysis,
which provides electronic information on intermediates and
extremely accurate decay kinetics. Parallel to experimental
investigations, theoretical studies will play an increasingly
important role for confirming vibrational and UV-vis spectral
assignments, identifying the most stable conformers, and
understanding the energetics of the reaction mechanisms
involved in catalytic chemical nitrogen fixation cycles.
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