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ABSTRACT: The (2,2,6,6-tetramethylpiperidin-1-yl)oxyl radi-
cal (TEMPO) has been employed for an extensive range of
chemical applications, ranging from organometallic catalysis to
serving as a structural probe in biological systems. As a ligand in
an organometallic complex, TEMPO can exhibit several distinct
coordination modes. Here we use ultrafast time-resolved
infrared spectroscopy to study the reactivity of TEMPO toward
coordinatively unsaturated 16- and 17-electron organometallic
reaction intermediates. TEMPO coordinates to the metal
centers of the 16-electron species CpCo(CO) and Fe(CO)4,
and to the 17-electron species CpFe(CO)2 and Mn(CO)5, via an associative mechanism with concomitant oxidation of the metal
center. In these adducts, TEMPO thus behaves as an anionic ligand, characterized by a pyramidal geometry about the nitrogen
center. Density functional theory calculations are used to facilitate interpretation of the spectra and to further explore the
structures of the TEMPO adducts. To our knowledge, this study represents the first direct characterization of the mechanism of
the reaction of TEMPO with coordinatively unsaturated organometallic complexes, providing valuable insight into its reactions
with commonly encountered reaction intermediates. The similar reactivity of TEMPO toward each of the species studied
suggests that these results can be considered representative of TEMPO’s reactivity toward all low-valent transition metal
complexes.

1. INTRODUCTION

(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) is a stable
nitroxyl radical with a remarkably broad range of applications in
chemistry, including numerous examples in the field of
organometallic catalysis. TEMPO is a popular reagent for the
oxidation of alcohols,1 and TEMPO-based catalysts have been
employed for various industrial applications, often with
environmental and health benefits over alternative methods.2

Further applications of TEMPO include catalysis of the
Pauson-Khand reaction,3 oxidative couplings of arenes,4

nitration of olefins,5 and the synthesis of monodisperse cobalt
oxide nanoparticles.6 TEMPO is also commonly used as a
radical trap and polymerization reagent7 and as a structural
probe of biological systems via EPR measurements.8

The behavior of TEMPO as a ligand is a topic of significant
interest, as its bonding and reactivity carry mechanistic
implications for the myriad of chemical processes mentioned
above. Literature reports have established three distinct modes
of coordination of TEMPO to individual metal centers (see
Figure 1), as well as additional examples involving TEMPO as a
bridging ligand between pairs of metal centers,9 demonstrating
that its behavior as a ligand is as varied as its chemical
applications. In the present study, we use picosecond time-
resolved infrared (TRIR) spectroscopy to directly characterize
the reactivity of TEMPO as a ligand toward coordinatively
unsaturated 16-electron (16e) and 17-electron (17e) organo-

metallic photoproducts, which are representative of commonly
encountered intermediates in organometallic reaction mecha-
nisms. Our observations make use of the structurally sensitive
CO-stretching frequencies of the metal−carbonyl photo-
products to monitor the reaction with TEMPO.
TEMPO may coordinate to individual metal centers with

either η1 or η2 hapticity, with two possibilities for the electronic
structure of the η1-coordinated TEMPO ligand. η1 TEMPO
ligands may either effectively undergo an internal oxidation/
reduction process with the metal center, resulting in an anionic
TEMPO ligand, or they may behave as radical 1e donors, with
no oxidation/reduction taking place.9−13 This distinction is
more than a mere issue of electron counting, as the two
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Figure 1. Representative examples of coordination geometries for
TEMPO adducts (refs 9−17).
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situations result in clearly distinguishable bonding geometries at
the nitroxyl nitrogen atom; anionic TEMPO ligands are
characterized by a nitrogen atom that adopts a pyramidal
geometry, while the radical TEMPO ligand maintains a planar
geometry about the nitrogen center. These differences have
been established by characterization of the crystal structures of
various TEMPO adducts involving metals including Li, Na,
Mg,9 Ti,10 Ga,11 Pd,12 Cu,13 Fe,14 and Al.11,14 Examples of η2-
coordinated TEMPO adducts include the 16-electron (16e)
complexes (TEMPO)Co(CO)2 and (TEMPO)Mn(CO)3, or
the 14-electron (14e) complex (TEMPO)V(CO)3, which are
formed via reactions with Co2(CO)8,

15 Mn2(CO)10,
16 or

V(CO)6 (a 17e complex),17 respectively. The reactions with
metal carbonyl dimers presumably proceed via homolysis of the
metal−metal bond.
While the mechanisms of TEMPO-catalyzed oxidation

reactions have been studied by several authors,18 the
coordination chemistry of TEMPO has been much less
thoroughly investigated, and many key reaction intermediates
have never been directly observed. There remains substantial
debate in the literature regarding the mechanism of alcohol
oxidations.13,14,19−23 At present, there exist no clear rules for
predicting the nature of coordination of a TEMPO ligand in a
given complex. In this study, we use ultrafast TRIR spectros-
copy to directly characterize the adducts formed following the
reaction of TEMPO with coordinatively unsaturated 16e and
17e metal carbonyl reaction intermediates in solution. Density
functional theory calculations are used to facilitate interpreta-
tion of the experimental results. Metal carbonyl complexes
represent one of the most widely used classes of organometallic
reagents and catalysts, and thus the reactivity of TEMPO
toward these species is broadly relevant to chemists working
with this increasingly popular, coordinatively versatile reagent.
For each of the 16e and 17e intermediates studied, TEMPO
coordination is observed to take place with concomitant
oxidation of the metal center, yielding adducts containing
anionic TEMPO ligands. No other ligand substitutions or
distortions are observed. The similar reactivity of TEMPO with
each of the intermediates studied suggests that these
observations are representative of TEMPO’s reactivity toward
low-valent transition metal complexes in general.

2. METHODS
2.1. Sample Preparation. CpCo(CO)2, Fe(CO)5, [CpFe-

(CO)2]2, Mn2(CO)10, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO), and cyclohexane were purchased from Sigma-Aldrich
Co. All samples and solvents were used without further purification.
Dilute solutions of all samples were stable in air at ambient
temperatures for at least a few hours (verified via FTIR).
B. Ultrafast UV/Visible Pump−IR Probe Spectroscopy. The

experimental setup consists of a Ti:sapphire regenerative amplifier
(SpectraPhysics, Spitfire) seeded by a Ti:sapphire oscillator (Spec-
traPhysics, Tsunami) to produce a 1 kHz train of 100 fs pulses
centered at 800 nm with an average pulse power of 1.1 mJ. The output
of this commercial system is split, and 30% of the output is used to
generate 400 and 267 nm pump pulses (80 and 6 μJ per pulse at the
sample, respectively) via second and third harmonic generation. The
other 70% is used to pump a home-built two-pass BBO-based optical
parametric amplifier (OPA),24 the output of which is mixed in a
AgGaS2 crystal to produce mid-IR probe pulses tunable from 3.0 to 6.0
μm with a 200 cm−1 spectral width and a ∼100 fs pulse duration. The
400 and 267 nm pulses pass through a 25 cm silica rod, which
stretches the pulses in time to 1 ps, and gives a cross correlation of the
mid-IR and 400 or 267 nm pulses of 1.1 ps at the sample. The
stretched 400 and 267 nm pulses are necessary to achieve high pump

powers without generating products resulting from multiphoton
excitation. The stretched pulses also reduce artifacts resulting from
nonlinear optical effects in the sample cell windows.

The polarization of the pump beam is held at the magic angle
(54.7°) with respect to the mid-IR probe beam to eliminate effects
from rotational diffusion. A computer-controlled translation stage
(Newport) allows for variable time delays up to ∼1.5 ns between
pump and probe pulses. The sample is flowed using a mechanical
pump through a stainless steel cell (Harrick Scientific) fitted with 2
mm thick CaF2 windows separated by 100, 150, or 250 μm spacers.
The pump and probe beams are spatially overlapped at the sample and
focused so that the respective beam diameters are ∼200 and 100 μm.
The sample cell is moved by computer-controlled translational stages
(Standa) during the course of data collection so that absorptions are
not altered by any accumulation of photoproduct on the sample
windows. Reference and signal mid-IR beams are sent along a parallel
path through a computer-controlled spectrograph with entrance slits
set at 70 μm (Acton Research Corporation, SpectraPro-150) and
detected by a 2 × 32 element MCT-array IR detector (InfraRed
Associates, Inc.) and a high-speed signal acquisition system and data-
acquisition software (Infrared Systems Development Corp.) with a
resolution of ∼2.5 cm−1. Collected signals are averaged over 2 × 104

laser shots to correct for shot-to-shot fluctuations. Differences in
optical density as small as 5 × 10−5 are observable after 1 s of data
collection.

2.3. Data Analysis. Kinetic data in this work result from spectra
measured at delay times between 0 and 1000 ps between the visible-
pump and IR-probe pulses. Kinetic traces for each spectral feature
were obtained by integrating a narrow spectral region (∼5 cm−1 wide)
surrounding the reported frequency. The kinetic data were then fit to
exponential curves using Origin Pro 8 software.25 Errors on
experimental time constants are reported as 95% confidence intervals.

2.4. DFT Modeling. Density functional theory (DFT) calculations
have been carried out to facilitate assignment of the absorptions
observed in the TRIR spectra. Calculations were carried out using the
BP86,26 B3LYP,26a,27 M06,28 PBE0,29 PW91,30 and WB9731 func-
tionals in the Gaussian0932 package using the 6-311+g(d,p) basis33 for
all atoms. Geometry optimizations were followed by a frequency
analysis for use in interpreting the TRIR results and to ensure that all
geometries are genuine local minima. As DFT methods are known to
have difficulty accurately predicting bond enthalpies for TEMPO and
other radicals, we use only the calculated frequencies in interpreting
the experimental observations.34

3. RESULTS AND DISCUSSION

TRIR spectra in the CO-stretching region are presented as
difference absorbance spectra. Positive absorptions correspond
to newly formed species, while negative bands correspond to
the depletion of parent molecules. Data were collected using
400 nm excitation, as initial experiments indicated that the
relative absorption cross sections of TEMPO and the metal
carbonyl species, combined with the weaker 267 nm pump
power, rendered collection of quality TRIR spectra at the 267
nm excitation wavelength infeasible (see SI for the UV−vis
spectrum of TEMPO in cyclohexane solution).

3.1. Ultrafast Reactivity of TEMPO toward 16-Electron
Photoproducts. Beginning from a stable 18e organometallic
complex, thermal or photochemical dissociation of a 2e ligand
leads to the formation of a relatively reactive 16e species. In this
study, we have characterized the reactivity of the TEMPO
radical toward the 16e CpCo(CO) and Fe(CO)4 photo-
products, which serve as representative examples of 16e
intermediates in organometallic reaction mechanisms. The
literature contains ample reports on the reactivity of these
prototypical 16e photoproducts, which facilitates interpretation
of the experimental results in cyclohexane/TEMPO solution.
Spectra were collected at varied TEMPO concentrations; the
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spectra collected at lower TEMPO concentrations generally
yielded better signal-to-noise, and here we present spectra
collected at concentrations that allow clear visualization of the
conversion of each photoproduct to the corresponding
TEMPO adduct, while maintaining quality signal-to-noise
ratios.
3.1.1. Reactivity of TEMPO toward CpCo(CO). In alkane

solution, 400 nm photolysis of CpCo(CO)2 leads to formation
of 3CpCo(CO), characterized by its absorption band at 1989
cm−1, along with excitation into an electronically excited state
of the parent molecule that relaxes completely within the first
100 ps. Figure 2 shows TRIR spectra of CpCo(CO)2 collected

following 400 nm excitation in a 0.16 M solution of TEMPO in
cyclohexane solvent. At early delay times (see 5 ps spectrum),
the positive features in the spectra are dominated by broad
absorption bands due to the electronically excited parent
complex. The negative bleaches at 1967 and 2029 cm−1

correspond to depletion of the parent CpCo(CO)2 complex.
The band at 1989 cm−1, corresponding to 3CpCo(CO), decays
with a time constant of 274 ± 32 ps (kbimol = 2.3 × 1010

M−1 s−1),35 with the concomitant rise of a new band at 2025
cm−1, attributed to the TEMPO adduct. Data collected at
higher TEMPO concentrations (e.g., 0.32 M TEMPO) shows
complete conversion of 3CpCo(CO) at a 1 ns delay time.
It is noteworthy that this new CO absorption band is at a

higher frequency than that of 3CpCo(CO); coordination of a
solvent molecule as a token ligand to CpCo(CO) typically
results in a decreased CO-stretching frequency for the lone
carbonyl ligand, presumably due to increased π-backbonding
from the Co center.36,37 In the spectra shown in Figure 2, we
interpret the increase in CO-stretching frequency to suggest a
decrease in π-backbonding to the CO ligand upon coordination
of the TEMPO ligand, suggesting a decrease in electron density
at the Co center.
As was mentioned in the introduction, TEMPO can

coordinate to a single metal center with either η1 or η2

hapticity, with either an anionic or radical electronic
configuration in the η1 geometry. To coordinate to 16e
CpCo(CO) with an η2 geometry and not exceed an 18e count
at the metal center, either the carbonyl ligand would have to
dissociate, or the Cp ring would have to distort. Considering
that the observed TEMPO adduct clearly contains a CO ligand,
and that the observation of a stable ring-slipped product in the
solution phase would be exceedingly rare,38 we conclude an η1

coordination geometry for TEMPO. Of the two possibilities for
η1 coordination, only the anionic coordination mode would be

expected to reflect an oxidation of the metal center, consistent
with the relatively high frequency of the IR absorption band
observed for the CpCo(CO)(TEMPO) adduct. This strongly
suggests that the TRIR results indicate an anionic TEMPO
ligand. Density functional theory (DFT) calculations were
carried out to further investigate the structure of this adduct.
Geometry optimizations and frequency calculations were

carried out using six DFT functionals (see Table 1), including

both hybrid and pure density functionals. Previous inves-
tigations into the ability of various DFT functionals to
accurately predict the difference in energy between the singlet
and triplet states for 16e CpCo(CO) have demonstrated that
pure density functionals (e.g., BP86 or PW91) are better able to
predict this energy gap.37,39 Upon coordination of the doublet
TEMPO ligand to 3CpCo(CO), our results suggest that a
doublet ground state is favored by 8−20 kcal/mol, relative to a
quartet.
Geometry optimizations indicate that TEMPO coordinates

to the metal center in an η1 fashion (see Figure 3), consistent

with our aforementioned reasoning. As discussed in the
introduction, previous work has established that anionic
TEMPO ligands are characterized by a pyramidal geometry at
the nitroxyl nitrogen, while a radical TEMPO ligand maintains
a planar geometry at the nitrogen center. With each functional
tested, the nitrogen atom of the CpCo(CO)(TEMPO) adduct
clearly adopts a pyramidal geometry, indicating the presence of
an anionic TEMPO ligand. The sum of the bond angles about

Figure 2. TRIR spectra of CpCo(CO)2 in 0.16 M TEMPO/
cyclohexane solution following 400 nm photolysis.

Table 1. Experimental and Calculated Frequency Shifts upon
Coordination of TEMPO (nitroxyl group) to 3CpCo(CO)a

functional
ΔυTEMPO

b

(cm−1)
ΔυButanol,singletb

(cm−1)
ΔυButanol,tripletb

(cm−1)

B3LYP 22 −59 −35
BP86 5 −43 −36
M06 23 −56 −36
PBE0 48 −56 −37
PW91 5 −43 −37
WB97 36 −66 −42
experiment: 36 −73 −42

aPrevious results for coordination of 1-butanol from ref 37c are
provided for comparison. bCalculated frequency shifts are reported
relative to the CO-stretching frequency calculated for 3CpCo(CO).
No scaling factors were used.

Figure 3. DFT (B3LYP) calculated structure for the CpCo(CO)-
(TEMPO) adduct (H-atoms omitted for clarity).
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the nitrogen atom is 336.1° (B3LYP value). For comparison,
calculations on the free (non-coordinated) TEMPO ligand
were also carried out, and each functional also correctly predicts
a nearly planar geometry for the free TEMPO radical.
Reduction of the TEMPO ligand, and thus oxidation of the
Co center, is consistent with the experimentally observed blue-
shift in the CO-stretching frequency upon TEMPO coordina-
tion; whereas coordination of most 2e donor ligands results in a
decrease in the experimentally observed CO-stretching
frequency, the fact that coordination of TEMPO results in an
increase in the CO-stretching frequency suggests decreased π-
backbonding from the Co center to the CO ligand.
Indeed, the calculated CO-stretching frequencies predict an

increase in CO-stretching frequency upon coordination of
TEMPO (Table 1). For comparison, the analogous exper-
imental and calculated values are also shown for both the
singlet and triplet 1-butanol-coordinated adducts observed in a
previous study;37c these are provided to demonstrate the ability
of DFT calculations to reproduce experimentally observed
changes in CO-stretching frequencies. While these calculated
frequency shifts are not expected to be quantitatively accurate,
it is striking that the changes in experimentally observed CO-
stretching frequencies upon coordination to TEMPO and 1-
butanol are qualitatively well-reproduced by the DFT
calculations. These calculated frequencies, in conjunction with
the experimental results and calculated geometries, support
assignment of TEMPO in the CpCo(CO)(TEMPO) adduct as
an anionic TEMPO ligand (refer to Figure 1), effectively
resulting in a Co(II) complex. As was mentioned earlier, the
simple fact that the experimental CO-stretching frequency
increases upon coordination of TEMPO provides strong, stand-
alone evidence that TEMPO has oxidized the metal center. The
good agreement between calculation and experiment in this
spectroscopically straightforward adduct (i.e., containing a
single CO oscillator) supports the notion that DFT methods
are useful for predicting the behavior of TEMPO as it reacts
with coordinatively unsaturated organometallic intermediates.
3.1.2. Reactivity of TEMPO toward Fe(CO)4. Photolysis of

Fe(CO)5 at 400 nm in cyclohexane solution leads to formation
of 3Fe(CO)4, characterized by absorption bands at 1965 and
1987 cm−1 , along with a small amount of 1Fe-
(CO)4(cyclohexane), characterized by absorption bands at
1950, 1970, and 1986 cm−1.40 TRIR spectra of Fe(CO)5
collected following 400 nm excitation in a 0.32 M solution of
TEMPO in cyclohexane solvent are shown in Figure 4. A
higher concentration of TEMPO was used in this case so that

the conversion of photoproducts to TEMPO-coordinated
adducts could be observed more clearly on the picosecond
time scale. Bands at 1965 and 1987 cm−1 decay with increasing
decay time, accompanied by the growth of new bands at ∼1985
and 2041 cm−1, attributed to formation of an Fe-
(CO)4(TEMPO) adduct; note that the band at 1987 cm−1

appears to shift as it decreases in intensity due to its overlap
with the band of the TEMPO adduct at at 1985 cm−1. The
relatively static absorption band at 1949 cm−1 is attributed to
1Fe(CO)4(cyclohexane). At a 0.32 M concentration of
TEMPO, the rise time of the band at 2041 cm−1 is 634 ±
102 ps (kbimol = 4.9 × 109 M−1 s−1). On the basis of
comparisons to previous time-resolved studies on Fe(CO)4
photoproducts,40 the TEMPO adduct may also be found to
have a weak absorption band near 1965 cm−1 overlapping that
of 3Fe(CO)4. Multiple CO-dissocaition processes can be ruled
out, as the incident photon energy at 400 nm is too weak to
lead directly to multiple CO-loss in the solution phase; also,
previous studies have examined the spectra of ligand-induced
multiple CO-loss for this photoproduct, and the presence of the
band at 2041 cm−1 is inconsistent with such a process.37a

Changes in geometry and the coupling of local modes upon
TEMPO coordination make it less straightforward to assign an
oxidation state to the TEMPO ligand based purely on the
experimental data than in the case of the CpCo(CO)-
(TEMPO) adduct. However, it is useful to compare the
present spectra to those observed in a previous solution phase
study on Fe(CO)4 adducts formed with the 2e donor PEt3, or
with alcohol solvents.37a For Fe(CO)4PEt3, the major CO-
stretching absorptions are located at 1932 and 2047 cm−1, and
for Fe(CO)4(alcohol) these are located at 1950 and 2047 cm

−1.
In each case, the lower frequency bands most likely correspond
to an overlapping combination of the B1 and B2 bands, with the
higher frequency band assigned to an A1 mode. The notably
higher frequency of the B1/B2 band (1985 cm−1) in the
TEMPO adduct may suggest that the Fe center is less able to
effectively π-backbond, though the similar frequencies of the A1
modes in all three cases are not as conclusive. For this reason,
DFT geometry optimizations and frequency calculations were
also used to study the oxidation state of the TEMPO ligand in
this adduct.
Using each of the six functionals tested, the DFT calculated

geometries show a pyramidal coordination geometry about the
nitrogen center (sum of bond angles equal to 334.1° with
B3LYP), indicating that TEMPO is reduced to an anionic
ligand. To check for consistency with the experimentally
observed IR spectra, frequency calculations were carried out.
We have used the calculated frequency gap between the
highest-frequency CO-stretching (A1) mode and the next
highest frequency (B1) mode to compare with the splitting
between the experimentally observed bands (Table 2). As is
evident from the values in Table 2, these calculated frequency
gaps are consistent with the gap observed experimentally,
supporting assignment of the experimentally observed TEMPO
adduct to anionic TEMPO ligand adduct. It is reassuring to
note that all six functionals uniformly predict a distinctly
pyramidal coordination geometry about nitrogen.
From these results, we thus conclude that both of the 16e

photoproducts studied react to form adducts containing anionic
TEMPO ligands (refer back to Figure 1), effectively increasing
the oxidation state of the metal centers by one. The bimolecular
rate constants demonstrate that the reactions between these

Figure 4. TRIR spectra of Fe(CO)5 in 0.32 M TEMPO/cyclohexane
solution following 400 nm photolysis.
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16e species and TEMPO occur at or near the diffusion-limited
rate.
3.2. Ultrafast Reactivity of TEMPO toward 17-Electron

Radicals. In addition to the 16e photoproducts described thus
far, we also explored the reactivity of the TEMPO radical
toward odd-electron reaction intermediates. Photolysis of
[CpFe(CO)2]2 and Mn2(CO)10 at 400 nm readily yields the
corresponding 17e radicals, which serve as representative
examples of 17e intermediates in organometallic reaction
mechanisms. Note that we have elected to present spectra at
higher TEMPO concentrations for these 17-electron photo-
products, so that formation of the corresponding TEMPO
adduct could be readily observed on the ultrafast time scale.
3.2.1. Reactivity of TEMPO toward CpFe(CO)2. In alkane

solution, photolysis of [CpFe(CO)2]2 at 400 nm leads to
formation of 17e CpFe(CO)2 radicals, characterized by
absorption bands at 1935 and 2006 cm−1 (the frequencies of
which are shifted slightly in the data in 0.64 M TEMPO
solution shown in Figure 5).41 A CO-loss product, Cp2Fe2(μ-

CO)3, is also formed and displays an absorption band at 1820
cm−1 (not shown);41 this species did not show dynamic
changes with delay time. Figure 5 shows TRIR spectra of
[CpFe(CO)2]2 collected following 400 nm excitation in a 0.64
M solution of TEMPO in cyclohexane solvent. As the delay
time increases, the bands at 1931 and 2003 cm−1,
corresponding to CpFe(CO)2 (shifted slightly from those in
neat cyclohexane), decay with the concomitant rise of new
bands at 1972 and 2020 cm−1, assigned to a CpFe-
(CO)2(TEMPO) adduct. The fact that two bands are present
in this adduct indicates that both CO ligands are still present.
Note that the CpFe(CO)2 band at 2003 cm

−1 overlaps a parent
bleach band at ∼2005 cm−1, which is not readily visible due to
overlap with the more intense positive band. At a 0.64 M
concentration of TEMPO, formation of the TEMPO adduct is
not substantially complete within the experimentally accessible

time delays, indicating that formation of the TEMPO adduct
from CpFe(CO)2 is notably slower than with either of the 16e
photoproducts studied.42 It does not appear that an equilibrium
is reached on the time scale studied, as the peaks continue to
show dynamic changes at delay times >1000 ps. In addition to
the observed frequencies themselves, the fact that dynamic
changes continue to occur beyond the first ∼200 ps rules out
the possibility of recombination of the nascent fragments to
incorporate a bridging TEMPO ligand, as previous studies have
demonstrated that picosecond bimolecular reactions involving
the fragments cease after diffusion out of the solvent cage,
which is complete within the first ∼200 ps.
Noting that both the frequencies of the symmetric and

antisymmetric CO-stretching modes of the CpFe(CO)2 species
increase upon coordination of the TEMPO ligand, it appears
that the amount of electron density at the Fe center has
decreased (i.e., that the metal center has been oxidized by
coordination of TEMPO). For comparison, coordination of the
strong 2e donor ligand P(OMe)3 to CpFe(CO)2 results in a
decrease of the CO-stretching frequencies, indicative of an
increase in π-backbonding to the CO-ligands. Thus, the
experimental results in this case again point to an anionic
TEMPO ligand. DFT calculations show a calculated pyramidal
geometry at nitrogen for this adduct, using all six functionals
tested (sum of angles equal to 336.5° with B3LYP), also
indicating an anionic TEMPO ligand.
As shown in Table 3, DFT results with each of the hybrid

functionals predict an increase in the CO-stretching frequencies

of both modes upon coordination of TEMPO to CpFe(CO)2,
consistent with the experimental results. The pure DFT
functionals tested (BP86 and PW91) instead predict similar
frequencies for CpFe(CO)2 and CpFe(CO)2(TEMPO).
Considering that the experimentally observed frequencies are
clearly higher for the TEMPO adduct, consistent with the
anionic ligand (whose geometry was correctly predicted by all
of the functionals tested), this difference indicates that the pure
DFT functionals do a poor job of describing the changes in
vibrational frequencies for CpFe(CO)2 upon coordination of a
TEMPO ligand.

3.2.2. Reactivity of TEMPO toward Mn(CO)5. Photolysis of
Mn2(CO)10 at 400 nm yields a pair of Mn(CO)5 radicals,
characterized by an absorption band at 1985 cm−1 in alkane
solution.43 Figure 6 shows TRIR spectra of Mn2(CO)10
collected following 400 nm excitation in a 0.64 M solution of
TEMPO in cyclohexane. The bands at ∼1985 cm−1 decrease
with increasing delay time, along with the rise of bands at
2021−2033 (broad) and 2052 cm−1, assigned to an Mn-
(CO)5(TEMPO) adduct. The possibility of concomitant CO-
loss (from Mn(CO)5) to yield species with fewer CO ligands

Table 2. Experimental and Calculated Frequency Gap for the
A1 and B1 Modes of 2Fe(CO)4(TEMPO)

functional Δυ [A1 − B1 modes] (cm
−1)

B3LYP 54
BP86 65
M06 57
PBE0 55
PW91 67
WB97 54
experiment 56

Figure 5. TRIR spectra of [CpFe(CO)2]2 in 0.64 M TEMPO/
cyclohexane solution following 400 nm photolysis.

Table 3. Experimental and Calculated Frequency Shifts for
CO-Stretching Modes upon Coordination of TEMPO
(nitroxyl group) to CpFe(CO)2

functional Δυsymmetric (cm−1) Δυantisymmetric (cm−1)

B3LYP 40 22
BP86 6 −2
M06 40 21
PBE0 41 23
PW91 6 −3
WB97 59 37
experiment 41 17
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was assessed via DFT frequency calculations, and these
predicted a strong red-shift (∼50−80 cm−1) of the strongest
CO-stretching absorption band, relative to bare Mn(CO)5, in
each case, thus ruling out potential CO-loss structures. Similar
to the situation with [CpFe(CO)2]2, the fact that dynamic
changes take place on time scales longer than that for diffusion
out of the solvent cage eliminates the possibility of
recombination to form an adduct with a bridging TEMPO
ligand. Considering the delocalization of the vibrational modes
of Mn(CO)5, and lack of existing TRIR results on the
coordination of ligands to Mn(CO)5, it is not necessarily
straightforward to correlate the experimentally observed
frequency shifts to changes in the amount of electron density
at the Mn center. DFT calculations were thus used to
investigate the oxidation state of the metal center to check
for consistency between the experimentally observed and
calculated CO-stretching absorptions.
Similar to each of the other adducts in this study, all six

functionals tested indicate that the Mn(CO)5(TEMPO) adduct
adopts a pyramidal geometry about the nitrogen center (sum of
angles = 333.8° using the B3LYP functional), again indicating
an anionic TEMPO ligand. The calculated frequency shifts for
Mn(CO)5(TEMPO), relative to bare Mn(CO)5, are in good
agreement with those observed experimentally; the highest
intensity absorption band (observed experimentally at 1985
cm−1) is predicted to remain at a similar frequency and
decrease in intensity, with higher frequency bands becoming IR
active at frequencies blue-shifted by ∼20−85 cm−1 relative to
the band at 1985 cm−1. On the basis of comparison between
the DFT results and the experimental spectra, we conclude that
Mn(CO)5(TEMPO) is characterized by an anionic TEMPO
ligand.
We point out that 17e complexes are typically fairly

unreactive toward many 2e donor ligands, relative to their
16e counterparts, and that only strong Lewis bases (e.g.,
phosphines, phosphites) have been previously observed to
undergo associative reaction mechanisms with 17e photo-
products on the ultrafast time scale.44,45 Even among 17e
photoproducts, Mn(CO)5 is particularly unreactive in this
regard, as a recent study demonstrated that it does not react to
any detectable extent in concentrated P(OMe)3 solutions on
the picosecond time scale.46 Also of relevance to the
Mn(CO)5(TEMPO) adduct are previous studies that have
isolated a final product of Mn(CO)3(TEMPO) from the
reaction of TEMPO with Mn2(CO)10, with TEMPO behaving
as an η2 anionic ligand (refer back to Figure 1) in the 16e

Mn(CO)3(TEMPO) complex.16 This implies that to ultimately
achieve the more thermodynamically stable product, Mn-
(CO)5(TEMPO) must loose two additional carbonyl ligands
and rearrange its TEMPO ligand to an η2 coordination
geometry.
A final point we wish to make is that the fact the metal

centers are clearly oxidized upon reaction with TEMPO (which
is clear from the experimental data alone in the case of
CpCo(CO) and CpFe(CO)2) is indication that the dynamic
changes observed in the TRIR spectra cannot be the result of
an electron transfer process independent of TEMPO
coordination. Were this to be the case (i.e., were electron
transfer to cause oxidation of the metal centers), electron
transfer would need to occur from an already electron deficient
metal center to TEMPO, and electron transfer f rom a species
which is already electron deficient to a species which is stable
under ambient conditions would be unprecedented. Were such
a rare event to be observed, there is furthermore no reason it
should take place with all four of the photoproducts studied.
The time scales observed for this reaction at the concentrations
studied are consistent with the body of existing literature
surrounding bimolecular reactions involving electron deficient
organometallic photoproducts on the picosecond time scale,
and the DFT results further indicate both that TEMPO should
coordinate to these metal centers as an anionic ligand, and that,
upon coordination, the frequencies should shift in a manner
consistent with the experimental observations.

4. CONCLUSIONS
In this study we have examined the reactivity of the TEMPO
radical toward coordinatively unsaturated 16e and 17e metal
carbonyl reaction intermediates. In each case, we observe that
this coordinatively versatile ligand coordinates to the metal center
associatively with a concurrent internal oxidation−reduction
process, yielding adducts with anionic TEMPO ligands. The
oxidation state of each metal center has thus increased by one,
and these adducts are characterized by a pyramidal geometry at
the nitroxyl nitrogen atom. Overall, the 16e complexes appear
to react more readily with TEMPO than do the 17e complexes,
despite the fact that TEMPO is a radical species. The fact that
TEMPO coordinates to each of these intermediates similarly, as
an anionic ligand, suggests that these results can be considered
generally representative of the reactivity of TEMPO toward
coordinatively unsaturated low-valent 16e and 17e reaction
intermediates. In light of this result, one can rationalize the
tendency for the TEMPO ligand to adopt an anionic character
by the low-valency of the metal center, making the internal
oxidation−reduction process facile.
This result is relevant to existing studies on TEMPO

catalyzed reaction mechanisms. For example, Sheldon et al.
have suggested a reaction mechanism in which TEMPO
coordinates to a Cu(I) complex as an anionic ligand to yield a
Cu(II) intermediate, which subsequently effects alcohol
oxidation.47 An alternative mechanism for this same reaction
suggests a different role for the metal complex, where
disproportionation of TEMPO yields a hydroxylamine which
is then oxidized by the metal complex to yield the active
catalytic speices, an oxoammonium TEMPO cation.48 The
latter mechanism has been proposed to characterize the same
reaction catalyzed by a variety of other metals as well. While the
present results do nothing to rule out the possibility of the
latter mechanism, they clearly demonstrate that TEMPO can
react as proposed in the former mechanism, via anionic

Figure 6. TRIR spectra of Mn2(CO)10 in 0.64 M TEMPO/
cyclohexane solution following 400 nm photolysis.
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coordination to a low-valent metal center. Similar anionic
coordination of TEMPO has also been proposed previously in
other situations, such as a C−H arylation mechanism in which
two TEMPO molecules coordinate as anionic ligands to a low-
valent Rh(I) complex yielding a Rh(III) intermediate.49 Other
mechanisms have been proposed for reactions involving higher-
valent metal complexes.
The structure and reactivity of organometallic TEMPO

adducts are important to developing a clear understanding of
their mechanistic role in a wide range of chemical processes,
including the oxidation of alcohols, oxidative arene coupling,
free radical polymerization, and radical trapping experiments. In
addition to the insight gained into the chemistry of this
important ligand, we have demonstrated that time-resolved
infrared spectroscopy, combined with electronic structure
calculations, allows for direct characterization of the structure
of organometallic TEMPO adducts in the solution phase.
Continued studies into the reactivity of well-characterized
TEMPO complexes will help to further elucidate the
mechanistic details and patterns governing TEMPO-mediated
organometallic reactivity.
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Schmid, C. R.; Corteś, D. A.; Chou, C. S. J. Am. Chem. Soc. 1984, 106,
3374.
(49) Vogler, T.; Studer, A. Org. Lett. 2008, 10, 129.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja404476m | J. Am. Chem. Soc. 2013, 135, 11266−1127311273


