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’ INTRODUCTION

Hydrogen atom transfer (HAT, eq 1) is an elementary
chemical transformation that results in the net transfer of both
a proton and an electron.1,2 Metal�oxo complexes are widely used
to abstract hydrogen atoms from organic compounds through
HAT, which leads to the metal hydroxide (Scheme 1).3 In
oxidations by cytochrome P450, the mechanism is generally
accepted to be HAT to an iron�oxo species (FedO) followed
by radical rebound.4 Other enzymatic systems such as soluble
methane monooxygenase,5 ribonucleotide reductases and other
B12-dependent enzymes,6 lipoxygenases,7 isopenicillin-N
synthase,8 and TauD9 also utilize mechanisms with key HAT
steps.

A�Hþ B• f A• þ B�H ð1Þ
Considerable effort has been devoted to synthesizing and

studying biomimetic oxoiron complexes10 in order to help
elucidate the enzymatic mechanisms and to develop homoge-
neous iron-based oxidation catalysts. Studies on heme iron�oxo
complexes in the 1980s by Balch, La Mar, and Groves pioneered
this field.11 More recently, Que, Nam, and co-workers have
reported isolable non-heme oxoiron(IV) complexes that react
with hydrocarbons via HAT.12 Reactions proceeding by HAT

mechanisms have also been studied for terminal oxo complexes
of Mn, Ru, Cr, and V.13�19 In general, the selectivity of non-
enzymatic HAT reactions is thermodynamically controlled, and
reaction rates follow a linear correlation with the bond dissocia-
tion enthalpy (BDE) of the X�H bond being broken (the
Bell�Evans�Polanyi relation),1,20 i.e., homolytically weaker
substrate bonds react more rapidly.

Imido (NR2�) ligands are isoelectronic to oxo (O2�) ligands
(Scheme 1), and imido complexes are often proposed as inter-
mediates in hydrocarbon amination mechanisms in which the
imido species performs the cleavage of the C�H bond that
precedes C�N bond formation. Imido complexes are also more
versatile than oxo complexes, because there is an opportunity to
tune the steric and electronic properties of the complex by
changing the nitrogen substituent. However, the HAT reactivity
of imido complexes (MdNR) has not been investigated in as
much detail as that of their oxo counterparts. There has been a
recent renaissance of activity in the synthesis of imido complexes
of the late transition metals (groups 8�11),21 and this activity
has resulted in the isolation of late transition metal complexes
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ABSTRACT: In the literature, iron�oxo complexes have been
isolated and their hydrogen atom transfer (HAT) reactions have
been studied in detail. Iron�imido complexes have been isolated
more recently, and the community needs experimental evaluations
of the mechanism of HAT from late-metal imido species. We report
a mechanistic study of HAT by an isolable iron(III) imido complex,
LMeFeNAd (LMe = bulky β-diketiminate ligand, 2,4-bis(2,6-diiso-
propylphenylimido)pentyl; Ad = 1-adamantyl). HAT is preceded
by binding of tert-butylpyridine (tBupy) to form a reactive four-
coordinate intermediate LMeFe(NAd)(tBupy), as shown by equilibrium and kinetic studies. In the HAT step, very large substrate
H/D kinetic isotope effects around 100 are consistent with C�H bond cleavage. The elementary HAT rate constant is increased by
electron-donating groups on the pyridine additive, and by a more polar medium. When combined with the faster rate of HAT from
indene versus cyclohexadiene, this trend is consistent with Hþ transfer character in the HAT transition state. The increase in HAT
rate in the presence of tBupy may be explained by a combination of electronic (weaker FedN π-bonding) and thermodynamic
(more exothermic HAT) effects. Most importantly, HAT by these imido complexes has a strong dependence on the size of the
hydrocarbon substrate. This selectivity comes from steric hindrance by the spectator ligands, a strategy that has promise for
controlling the regioselectivity of these C�H bond activation reactions.
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with terminal imido ligands for the first time.22�27 Surprisingly,
only a few of the isolated late-metal imido complexes perform
HAT reactions, which has limited chemists’ ability to evaluate the
mechanism of HAT in imido systems. Warren’ group demon-
strated stoichiometric HAT with a nickel(III) imido complex,27c

and Theopold’s group showed that a Co�imido complex inserts
the imide into a ligand C�H bond upon heating to form an amine
complex.25d Betley’s group has shown that an isolated iron�imido
complex is capable of C�H amination, presumably through a
HAT-based mechanism.22m Gallo’s group reported an isolable RuVI

diimido complex that catalyzes hydrocarbon amination through
trappable radical intermediates.23f Che’s group evaluated the effect
of imido substituents and Ru(VI) reduction potential for imido
transfer by a series of (porphyrinato)Ru(NR)2 complexes.

23b

In the chemistry of iron and other first-row metals, there are
also reports of ligand C�H activation products that strongly
implicate HAT by a reactive (but unobserved) imido moiety. For
example, in 2003Que’s group observed ortho tosylamination of a
ligand phenyl group upon addition of PhIdNTs to an iron(II)
precursor and suggested an iron(IV) tosylimido intermediate.28

More recently, the groups of Power,22j Warren,29 Theopold,30

Borovik,31 Arnold,32 Betley,33 Peters,34 and Latour35 observed
amido complexes of Fe, Co, or Cu whose formation is most easily
rationalized as resulting from HAT by unobserved imido com-
plexes. Stephan’s group also observed radical reactivity of a
putative NiIII arylimido intermediate, in which radical attack at
the para position of the arylimido moiety results in nick-
el�ketimido products.36 In a few especially exciting cases,29,33

ligand C�H activation leads to formation of a new N�C bond
following the HAT step, likely through a “radical rebound”
mechanism akin to the one used for hydroxylation by cyto-
chrome P450.4 However, the inability to isolate the presumed
imido intermediates in these reactions prevented detailed study
of the mechanisms.

We recently characterized the three-coordinate imidoiron(III)
complex LMeFedNAd (1) (LMe = 2,4-bis(2,6-diisopropyl-
phenylimido)pentyl anion; Ad = 1-adamantyl) by EPR, NMR,
and M€ossbauer spectroscopies and density functional theory
(DFT),37 and subsequently by crystallography, EXAFS, and
magnetic susceptibility.38 It is especially notable that 1 brings
about facile HAT reactions: our preliminary results suggested
that the active species in HAT reactions was LMeFe(NAd)(tBupy)
(1 3

tBupy) (tBupy = 4-tert-butylpyridine), which derives from
weak coordination of 1 by added 4-tert-butylpyridine.37 Because
1 is the first isolated iron�imido complex that performs inter-
molecular HAT reactions, it offers a special opportunity to gain
insight into how these reactions proceed. In this study, we
investigate the kinetics and thermodynamics of hydrocarbon
HAT by 1 3

tBupy using experimental and computational anal-
ysis. This is one of the first systematic studies of HAT reactivity of
an isolated imido complex with any late transition metal.23b,39

Iron-based imido complexes are especially exciting since there

has been a surge in interest in the use of inexpensive and nontoxic
iron for catalysis.40

’RESULTS

Hydrogen Atom Transfer Reactions of 1 3
tBupy. The

imidoiron(III) complex LMeFedNAd (1) is produced upon
addition of 2 equiv of N3Ad to a THF solution of the formally
diiron(I) dinitrogen complex LMeFeNNFeLMe.38 In the presence
of tBupy, 1 exists in equilibrium with 1 3

tBupy (see below).

Scheme 1. Analogy between HAT by Oxo and Imido
Complexes

Scheme 2. Intramolecular HAT by LMeFeNAd (1)

Scheme 3. Intermolecular HAT by LMeFeNAd (1)
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Although pyridine-free 1 is stable for several weeks at �45 �C,
1 3

tBupy is significantly less stable and decomposes to the
amidoiron(III) complex (LMe*)Fe(NHAd)(tBupy) (3 3

tBupy)
within a few hours at room temperature.37 In this reaction, the
LMe ligand undergoes intramolecular C�C coupling to form an
asymmetric dianionic ligand (designated LMe* here), presumably
by way of HAT (Scheme 2). A solution of 1 3

tBupy also rapidly
reacts with 1,4-cyclohexadiene (CHD) to afford the amidoiron-
(II) complex LMeFe(NHAd)(tBupy) (2 3

tBupy) and benzene
(Scheme 3).37 Kinetic studies presented below are consistent
with the mechanisms in Schemes 2 and 3.
Thermodynamics of Pyridine Coordination to 1. A neces-

sary first step in the mechanistic inquiry is to quantify the
equilibrium between 1 and 1 3

tBupy. The equilibrium constants
for binding of tBupy to compound 1 were explored by evaluating
the 1H NMR signals of mixtures of 1 and tBupy as a function of
[tBupy]. Plotting the change in chemical shift versus [tBupy]0
and fitting the data to a standard weak-binding equation41 gave
values for Keq in the temperature range�51 toþ40 �C (Table 1).
The van’t Hoff plot (Figure 1) gives values of ΔHeq� =
�7.0(2) kcal/mol and ΔSeq� = �20.6(6) cal/mol 3K, which
are reasonable values for the proposed equilibrium: the exother-
micΔHeq� value is consistent with a new bond being formed, and
the negative ΔSeq� value is consistent with combining two mol-
ecules into one. At 298 K, these values correspond to ΔGeq� =
�0.9(3) kcal/mol, a value that indicates very weak coordination.
Keq values for 4-phenylpyridine, 4-(dimethylamino)pyridine, and
4-(trifluoromethyl)pyridine were also determined at 40 �C. Table 1
shows that more electron-donating pyridines bind more strongly to
1, as expected from their greater basicity.
Kinetic Studies of the Intramolecular HAT Reaction. The

intramolecular hydrogen atom abstraction reaction (conversion
of 1 3

tBupy to 3 3
tBupy, Scheme 2) was studied by 1H NMR

spectroscopy in C6D6 at 40 �C with [1] = 29 mM. The progress
of the reaction was followed by monitoring the disappearance of
1 relative to a capillary integration standard.42 The concentration
of 1 decreased over time, and the relative integrations were fit to a
first-order exponential curve43 to obtain the observed pseudo-
first-order rate constant kobs. A plot of kobs versus [

tBupy] is
shown in Figure 2. At low [tBupy], the observed rate has a near
linear dependence on [tBupy], but the observed rate begins to
saturate at [tBupy] ≈ 0.2 M. The observed saturation kinetics
indicate a rapid pre-equilibrium involving tBupy association prior
to the rate determining step. The rapid equilibrium is consistent
with the dynamic averaging of signals in the 1H NMR spectrum
of 1 and 1 3

tBupy.

The intercept near the origin is consistent with the observation
that decomposition of 1 proceeds at a greatly decreased rate at
40 �Cwithout pyridine. When combined with the dependence of
kobs on [

tBupy], this indicates that 1 3
tBupy, and not 1, is the active

species in the HAT reaction. These data imply the rate law in eq 2,
where kintra is the first-order rate constant of the elementary HAT
step.

�d½1 3 tBupy�
dt

¼ kintra½1 3 tBupy� ð2Þ

Since tBupy coordinates weakly to 1 at 40 �C (Keq = 2.5(1)M
�1,

see above), we can use the weak-binding approximation
[1 3

tBupy]eq ≈ (Keq[1]0[
tBupy]0)/(1 þ Keq[

tBupy]0) to obtain
the rate law in eq 3, which expresses the rate in terms of the known

Table 1. Values of Keq for Binding of Various Para-Substi-
tuted Pyridines to the Imido Complex 1a

pyridine substrate T (�C) Keq (M
�1)

4-tBupy �51 250( 20

4-tBupy �30 70( 7

4-tBupy �15 27( 1

4-tBupy 0 15.4( 0.5

4-tBupy 25 4.4( 0.2

4-Me2Npy 40 4.7( 0.3

4-tBupy 40 2.5( 0.1

4-Phpy 40 1.8( 0.1

4-F3Cpy 40 0.8( 0.1
aData obtained in C7D8 with [Fe] = 18 mM.

Figure 1. van’t Hoff plot for tBupy binding to 1 over a temperature
range of�51(1) to þ40(1) �C. Data obtained with [Fe] = 19 mM and
[tBupy] = 0�0.53 M in toluene-d8.

Figure 2. Observed rate of intramolecular HAT as a function of tBupy
concentration. Data obtained in C6D6 at 40(1) �C with [Fe] = 29 mM.
The dashed line represents the fit to eq 3.
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parameters Keq, [1]0, and [
tBupy]0.

� d½1 3 tBupy�
dt

¼ kintra
Keq½1�0½tBupy�0
1þ Keq½tBupy�0

 !
ð3Þ

By fitting eq 3 to the data in Figure 2, the elementary rate
constant is calculated to be kintra = 5.1(1) � 10�2 s�1 for the

reaction of 1 and tBupy. The pseudo-first-order rate constants kobs
were also determined using several para-substituted pyridines (40 �C,
[Fe] = 26 mM, [pyridine] = 0.26 M). Assuming that the rate law in
eq 3 applies to each reaction, it is possible to calculate the rate
constants kintra for the HAT reaction using each para-substituted
pyridine (Table 2), using the independently determined values ofKeq

(Table 1). TheHammett plot of the elementary rate constant kintra as
a function of σp shows that more electron-donating pyridine substit-
uents (Figure 3) lead to faster HAT,44 with a F value of �0.77(4).
Intermolecular HAT Reaction with 1,4-Cyclohexadiene.

Addition of certain reagents with weak C�H bonds such as
CHD prevented intramolecular attack on the diketiminate ligand,
in favor of an intermolecular reaction. For example, the product
of reaction between 1 3

tBupy and CHD was LMeFe(NHAd)-
(tBupy) (2 3

tBupy), observed in 91% yield by 1HNMR spectros-
copy. Hydrocarbons with stronger C�H bonds (e.g., toluene,
with a benzylic C�H BDE ∼89 kcal/mol45) did not react with
1 3

tBupy prior to intramolecular HAT reaction. Therefore, the
intermolecular HAT reactivity of 1 3

tBupy is limited to substrates
that react more quickly than the intramolecular reaction.
The rate of the reaction of 1 3

tBupy with CHD was chosen for
detailed kinetic study by 1H NMR spectroscopy. The intermo-
lecular reaction with CHD is much faster than the intramolecular
HAT reaction discussed above, so the kinetic experiments were
performed at �51(1) �C, a temperature at which the intramo-
lecular HAT reaction is not observed. The disappearance of
1 3

tBupy and concomitant appearance of 2 3
tBupy were mon-

itored by integration against a capillary integration standard.42 In
each case, the spectroscopically observed yield of 2 3

tBupy was
g90%. Under pseudo-first-order conditions ([1] = 51 mM,
[tBupy] = 257 mM) at �51(1) �C in toluene-d8, the reaction
rate had a linear dependence on [CHD] between 0.13 and 0.79 M
(Figure 4a), suggesting that the rate-limiting step is attack on the
hydrocarbon. Similar to the intramolecular reaction, the intermole-
cular HAT rate is dependent on the presence of tBupy. If tBupy was
omitted, no reaction was observed in 3 h at�51 �C (<5% decrease
of the integration of 1, and no 2 was detected). Since tBupy binds
more strongly at �50 �C (Keq = 250 ( 20 M�1) than at 40 �C
(Keq = 2.5( 0.1M�1), the rate of reaction with CHD saturates at a
lower concentration of [tBupy] (Figure 4b) than the intramolecular
HAT reaction. As with the intramolecular HAT reaction, the

Table 2. Pyridine Substituent Effects on the Intramolecular
HAT Rate Constanta

pyridine para-substituent kintra (s
�1) at 40 �C

NMe2 1.5(2)� 10�1

tBu 5.1(1)� 10�2

Ph 3.1(2) � 10�2

CF3 1.3(2)� 10�2

aData obtained at 40(1) �C in C6D6 with [1] = 77 mM and [pyridine] =
0�0.80 mM.

Figure 3. Hammett plot of para-substituted pyridines for the intramo-
lecular HAT reaction (ref 44). Data obtained at 40(1) �C in C7D8. The
slope of the dashed line gives F = �0.77(4).

Figure 4. Observed rate of intermolecular HAT as a function of (a) 1,4-cyclohexadiene (CHD) concentration at constant [tBupy] = 257 mM and
(b) tBupy concentration at constant [CHD] = 150 mM. Data obtained in toluene-d8 at�51(1) �C. The dashed line in panel b represents the fit to eq 5.
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necessity for tBupy implicates 1 3
tBupy as the reactive form of the

imido complex.
With the first-order dependence on [CHD], one expects the

rate law in eq 4, where kinter is the second-order rate constant for
the elementary HAT step. The factor of 2 is added because CHD
contains two weak C�H bonds and thus requires 2 equiv of
1 3

tBupy to form benzene. This analysis assumes that the second
C�H bond reacts with a second molecule of 1 3

tBupy much
faster than the first HAT, which is reasonable because the C�H
BDE of cyclohexadienyl radical (22 kcal/mol) is significantly
lower than the C�H BDE in cyclohexadiene (77 kcal/mol).46

� d½1 3 tBupy�
dt

¼ 2kinter½CHD�½1 3 tBupy� ð4Þ

Since the reaction was monitored at low temperature where
Keq for

tBupy association is large (Keq = 250 ( 20 M�1), the
weak-binding approximation used to generate eq 3 cannot be
used here. Thus, the full expression for [1 3

tBupy] in terms of
Keq, [1]0, and [tBupy]0 must be used, which gives the rate law
in eq 5.

� d½1 3 tBupy�
dt

¼ 2kinter½CHD� ½1�0 þ ½tBupy�0 þ
1
Keq

 !"(

� ½1�0 þ ½tBupy�0 þ
1
Keq

 !2

� 4½1�0½tBupy�0

8<
:

9=
;

1=2
3
75=2

9>=
>;

ð5Þ
However, the rate law is greatly simplified in the saturation

regime ([tBupy] > 0.05 M), where there is a zeroth-order
dependence on [tBupy] (eq 6).

�d½1 3 tBupy�
dt

¼ 2kinter½CHD�½1�0 ð6Þ

Under pseudo-first-order conditions (saturated in [tBupy] and
with excess CHD), kobs = 2kinter[CHD], and the elementary
second-order rate constant for the HAT step (kinter = (9.1( 0.9)�
10�3 M�1 s�1) is calculated from the slope of Figure 4a.

H/D Kinetic Isotope Effect for the Reaction of 1 3
tBupy and

CHD. To probe the hypothesis that the rate-limiting step of the
mechanism is hydrogen atom transfer, we measured the inter-
molecular kinetic isotope effect (KIE) of the reaction with CHD
by extending the kinetic study to CHD-d8 (Figure 5). The

1H
NMRmethod was identical to that described above for CHD-h8,
although much higher concentrations of CHD-d8 were necessary
to speed up the reaction to a practical rate at �51 �C. The
calculated value kH/kD = 105 ( 28 is a very large primary KIE,
which clearly supports the contention that HAT from CHD is
the rate-limiting step in the transformation.
HAT from Larger Substrates. To explore the substrate

dependence of the HAT reactivity of 1 3
tBupy, we chose a range

of substrates with C�H bonds that are weak enough to react
prior to intramolecular attack on the supporting ligand. The
kinetics of the reactions of 1 3

tBupy with indene, 1,4-dihydro-
naphthalene (DHN), 9,10-dihydroanthracene (DHA), 1,4-di-
methyl-1,4-cyclohexadiene (Me2CHD), and 1,2,4,5-tetramethyl-
1,4-cyclohexadiene (Me4CHD) were each measured in experi-
ments analogous to those for CHD. No reaction was observed
with either Me4CHD or DHA at�51 �Cwith [Fe] = 30mM and
[substrate] = 1.2 M (<2% decrease in [1 3

tBupy] in 3 h). In each
of the other cases, a linear correlation of kobs with [substrate] was
observed (Supporting Information Figures S-2�S-7). In each
case, the reaction was performed with at least 0.2 M tBupy to
ensure saturation in [tBupy]. Thus, for the reactions with
substituted cyclohexadienes, the rate law is identical to eq 6.
For the reaction with indene, the rate law is given in eq 7, which
follows eq 6, except the factor of 2 is omitted since each indene
molecule supplies a single hydrogen atom.

� d½1 3 tBupy�
dt

¼ kinter½indene�½1 3 tBupy�

¼ kinter½indene�½1�0 ð7Þ
1,1,3-Trideuteroindene (indene-d3) was also studied to obtain

a KIE. Comparing the values of kobs for the reactions with indene
and indene-d3 (Supporting Information Figure S-10) gives a KIE
of kH/kD = 80( 12, similar to the KIE for the reaction of 1 3

tBupy
with CHD. The rate constants for the elementary HAT step
(kinter) for all substrates are summarized in Table 3. Conversion to
the expected products benzene, p-xylene, and naphthalene was
confirmed by GC/MS (92%, 99%, and 69%, respectively).47

Activation Parameters for Intermolecular HAT. The rate
constants kintra and kinter (for the reaction with CHD) were
determined over the temperature range of 10�50 �C, and it was
possible to determine the activation parameters of the HAT step
by plotting ln(k/T) versus 1/T (Eyring plot, Figure 6) and ln(k)
versus 1/T (Arrhenius plot, Supporting Information Figure S-1).
Activation parameters for the intramolecular HAT reaction
from the diketiminate ligand are ΔHq

intra = 14.6(5) kcal/mol,
ΔSqintra = �18(2) cal/mol 3K, ln(Aintra) = 22(1) s�1, and
Ea,intra = 15.2(5) kcal/mol. Activation parameters for the inter-
molecular HAT from CHD are ΔHq

inter = 14.4(8) kcal/mol,
ΔSqinter = �9(3) cal/mol 3K, ln(Ainter) = 26(1) M�1 s�1, and
Ea,inter = 15.0(8) kcal/mol. At 298 K, the activation barriers are
ΔGq

intra,298 = 20(1) kcal/mol andΔGq
inter,298 = 15(2) kcal/mol,

respectively.
Computations. To help understand the role of tBupy in the

HAT reactions of 1 3
tBupy, and to understand the steric depen-

dence of the reaction, computations were performed on the
amido products (2 and 2 3

tBupy), imido starting materials (1 and

Figure 5. Comparison of observed rate constants for the intermolecular
HAT reaction of 1 3

tBupywith CHD and CHD-d8. The ratio of slopes is
105( 28. Data obtained in toluene-d8 at�51(1) �Cwith 51mMFe and
0.26M tBupy (for CHD) or 25 mMFe and 0.20M tBupy (for CHD-d8).
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1 3
tBupy), and transition states.Computationsused amixedquantum

mechanical/molecular mechanics (QM/MM)model: B3LYP/6-
311þþG(d,p) on the N2C3Fe diketiminate core, the NC of the
imido, and the pyridine ring, and UFF molecular mechanics48 on
the remainder of the complexes.We performed initial computations
using a truncated model L0Fe(dNAd) (L0 = C3H5N2

�) and the
B3LYP/6-31G(d) functional/basis set to identify low-energy

states for further study. The truncated models showed that in
all imido ground states and transition states, the energies of the
doublet spin states were much higher than those of the other spin
states (g10 kcal/mol), and so only quartets and sextets were
considered in full QM/MM models. Moreover, tests with differ-
ent functionals (BP86, M06, B2LYP, and MPWPW91) did not
qualitatively alter the nature of the calculated potential energy
curves.
Computations: Iron(III) Imido Complexes. The QM/MM

methods were first validated on the crystallographically charac-
terized three-coordinate complex 1. The intermediate-spin state
(Figure 7a) was computed to be 12 kcal/mol more stable (ΔH)
than the high-spin isomer, which is in agreement with the S = 3/2
ground state identified by magnetometry and EPR spect-
roscopy.38 The calculated bond distances and angles differ
between the S = 3/2 and S = 5/2 states, and the corresponding
bond distances and angles from the crystal structure of 138 agree
with the computed S = 3/2 geometry (Table 4), further
supporting its intermediate spin-state assignment. In particular,
the Y-shaped geometry at Fe and the short Fe�Ndiketiminate and
FedNimido distances of the crystal structure are reproduced well in
the S= 3/2model. A literatureDFTmodel of the similar compound
LxylFedNMe (Lxyl = 2,4-bis(2,6-dimethylphenylimido)pentyl) also
predicted a spin-state dependence in the FedNbond length (1.68Å
for S = 3/2; 1.75 for S = 5/2).49

For the purposes of studying the HAT reactions, the four-
coordinate pyridine adducts are also important. Enthalpy com-
putations indicate that 1 3

tBupy is 2.4 kcal/mol more stable as a
quartet (IS) than a sextet (HS). Inclusion of entropic factors
yields a free energy difference in the HS and IS states of 1 3

tBupy

Table 3. Second-Order Rate Constants for Intermolecular HAT Reactions with 1 3
tBupyd

a Second-order rate constant relative to the slowest measurable substrate (dimethyl-CHD). bCalculated for the allylic C�H bond at B3LYP/6-
311þþG(d,p) level of theory (see text). cWith these substrates, even a high concentration of added substrate showed no intermolecular reaction at
�51 �C (see text). We can place an upper limit on kinter for these reactions at about 10

�7 M�1 s�1. dKinetic data obtained in toluene-d8 at�51(1) �C
with [tBupy] = 0.26�0.52 M and [Fe] = 30�51 mM.

Figure 6. Eyring plots for intramolecular HAT (green diamonds) and
intermolecular HAT from CHD (red circles) measured from 10 to 50 �C.
The corresponding Arrhenius plots are given in Supporting Information
Figure S-1.



9802 dx.doi.org/10.1021/ja2005303 |J. Am. Chem. Soc. 2011, 133, 9796–9811

Journal of the American Chemical Society ARTICLE

of only 0.2 kcal/mol, slightly in favor of the quartet. Because
these are close to the same energy, both must be considered as
potential ground-state candidates.50 The optimized HS model of
1 3

tBupy is shown in Figure 7b, and the optimized IS model is

geometrically similar. Both spin states of 1 3
tBupy have an iron

coordination geometry that is distorted toward trigonal pyramidal.51

The metrical parameters are given in Table 5. It is notable that
regardless of spin state, the FedN bonds are significantly longer in
the four-coordinate imido models (1.76 and 1.77 Å) than the
quartet three-coordinate imido model (1.70 Å). These metrical
parameters reflect weaker iron�nitrogen π-bonding in the four-
coordinate species.
Spin density was observed on the imido nitrogen in each

complex. The nitrogen spin density is much greater in the S = 5/2
states (1.08 e� for 1 3

tBupy; 1.07 e� for 1) than in the S = 3/2
states (0.44 e� for 1 3

tBupy; 0.26 e� for 1). The spin localization
on the imido ligand suggests that the sextet states of both 1 and
1 3

tBupy may be alternatively described as iron(II) complexes
with an imidyl radical anion ligands, (Fe2þ)/(NAd•�).27c

Computations: Iron(II) Amido Complexes and N�H Bond
Enthalpies.The amido complexes 2 and 2 3

tBupywere modeled
with QM/MM methods in both triplet and quintet spin states.
Geometry optimizations of amido complexes utilized the same
QM/MM partitioning scheme applied to the full imido models,
with the amidoproton alsomodeled quantummechanically. Smaller
basis set QM/MM calculations (i.e., ONIOM(B3LYP/6-31þG-
(d):UFF)) indicated that the quintet amido product is more
stable than the triplet amido product by 12 kcal/mol for 2 and by
18 kcal/mol for 2 3

tBupy, which is consistent with their experi-
mental room-temperature magnetic moments (∼5.5 μB)

37,38 that
suggest quintet ground states. Hence, simulations of 2 and 2 3

tBupy
with a larger QM basis set, ONIOM(B3LYP/6-311þþG(d,p):
UFF), were performed only on the quintet spin state.
The geometries of LRFe�NHR0 have been found by crystal-

lography to be quite sensitive to the particular amido (R0 = tBu,
Ph, tolyl, 2,6-Me2Ph, 2,6-iPr2Ph) and β-diketiminate (R = Me,
tBu) substituents, as well as the presence or absence of a fourth
ligand (THF, tBupy),52 which provides an opportunity to test the
geometric predictions of the computations on 2 and 2 3

tBupy.
For the optimized structures of 2 and 2 3

tBupy, there is asym-
metry in the Ndiket.�Fe�Namido angles, large Fe�Namido�CAd

angles (∼136�137�), and corresponding small Fe�N�H an-
gles (∼113�). Table 6 compares the calculated bond lengths and
angles of 2 and 2 3

tBupy to those determined experimentally
from their crystal structures.37,38

The computed N�H homolytic BDEs are derived from the
enthalpies of the amido and imido complexes and the calculated
enthalpy of H• (eq 8).

LMeFeðNAdÞðtBupyÞ0=1 þH• f LMeFeðNHAdÞðtBupyÞ0=1
ð8Þ

Table 4. Comparison of Bond Lengths and Angles between
the Crystal Structure of 1 and the QM/MM-Optimized
Geometries for S = 3/2 and S = 5/2 Spin States

S = 3/2

model

S = 5/2

model

crystal

structurea

FedNimido (Å) 1.70 1.75 1.670(2)

Fe�Ndiket. (Å) 1.93; 1.94 1.99; 2.03 1.928(1); 1.918(1)

Ndiket�FedNimido (deg) 137; 127 157; 109 139.16(6); 126.82(6)

FedNimido�C (deg) 173 163 170.40(13)

Ndiket.�Fe�Ndiket. (deg) 95.6 94.1 94.02(6)
aRef 38.

Table 5. Bond Lengths and Angles of the QM/MM-Optimized
Geometries for S = 3/2 and S = 5/2 Spin States of 1 3

tBupy

S = 3/2 model S = 5/2 model

FedNimido (Å) 1.76 1.77

Fe�Ndiket (Å) 2.00; 2.01 2.07; 2.07

Fe�Npy (Å) 2.26 2.21

Ndiket�FedNimido (deg) 119; 138 118; 126

FedNimido�C (deg) 169 162

Ndiket�Fe�Ndiket (deg) 95.7 90.2

Ndiket�Fe�Npy (deg) 94.5; 100 109; 111

Npy�FedNimido (deg) 100 102

Figure 7. QM/MM-optimized geometries of (a) quartet 1 and (b)
sextet 1tBupy. Hydrogen atoms are removed for clarity. Key: iron, light
pink; nitrogen, dark pink; carbon, gray.
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For quintet 2, the N�H homolytic BDE is calculated to be
89 kcal/mol relative to the quartet ground state of 1. For quintet
2 3

tBupy, the N�H bond enthalpy is calculated to be 85 kcal/
mol relative to the sextet ground state of 1 3

tBupy.
Computations: HAT Transition States. Transition states for

C�H activation of CHD by 1 and by 1 3
tBupy were evaluated

with hybrid DFT/MM methods for both S = 3/2 and S = 5/2
spin states. Figure 8 depicts the quartet transition state for C�H
activation of CHD by 1 3

tBupy, which was slightly lower in
enthalpy (6.4 kcal/mol) than the corresponding sextet transition
state. In each transition state, the Fe�Nimido bond has length-
ened to 1.83�1.90 Å, and the Fe 3 3 3N�C linkage has become
more bent at 139�143�. The key three-center N 3 3 3H 3 3 3C
interaction shows a similar geometry regardless of spin state or Fe
coordination number, with a linear N 3 3 3H 3 3 3C angle (175�
177�) and a slightly longer N 3 3 3H (1.38�1.48 Å) distance than
the C 3 3 3H (1.23�1.33 Å) distance.
Interestingly, the barriers for HAT are calculated to be

similar for the quartet and sextet transition states. So, even
though sextet 1 3

tBupy has greater spin density on the imido
nitrogen atom in the ground state than quartet 1 3

tBupy, it does
not show a marked improvement in the kinetics of hydrogen
atom abstraction. Additional evaluation of the barrier using
other functionals and basis sets (BP86, M06, B2LYP, and
MPWPW91 with the 6-311þþG(d,p) basis set and B3LYP
with 6-31þG(d) and the 6-311þþG(d,p) basis sets) gave no
clear preference, with the sign and magnitude of the relative
quartet versus sextet barrier both being very sensitive to these
details of the computation.
C�H Bond Dissociation Energies: Homolytic and Hetero-

lytic. For a complete analysis of the HAT reaction, C�H BDEs
for each substrate are needed. However, to our knowledge there
are no literature values for the substituted cyclohexadienes used
in the experiments above. Typically, there is only a small effect in
the derived C�H BDE from peripheral substitution by hydro-
carbyl groups, so the BDE values formethyl-substituted CHD are
likely near the value for CHD. For example, xanthene (75.5) and
9-phenylxanthene (76.2) have nearly identical derived BDE
values,53 as do 9,10-dihydroanthracene (83.0) and 1,4,5,8-tetra-
methyl-9,10-dihydroanthracene (83.3).54 Notwithstanding, multiple
values for a single BDE are often encountered in the literature
since various methods are used in their determinations.55 Thus,
we chose to calculate the BDE values for each substrate in this
study using the B3LYP/6-311þþG(d,p) level of theory (gas-
phase simulations; enthalpies determined at 298.15 K and 1 atm)
in order to have self-consistent and comparable numbers for all
substrates. The computed C�H BDE values for each substrate
are given in Table 3 above.

We also sought the pKa values for the substrates used in this
study, especially to compare indene to the cyclohexadiene series.
Empirical pKa values are available for indene (20)

56 and DHA
(30)57 in DMSO, but the corresponding values for the substi-
tuted cyclohexadienes are, to our knowledge, unknown. There-
fore, we computed the gas-phase enthalpy of heterolytic bond
cleavage to give R� and Hþ using the same B3LYP/6-311þþG-
(d,p) level of theory employed for homolytic BDEs. The
computed heterolytic C�H BDE values for each substrate are
given alongside the homolytic BDEs in Table 3 above.
The calculated heterolytic BDEs are in excellent agreement

with the available compiled enthalpic data.58 The heterolytic
BDE for 1,3-cyclohexadiene is given as 373.3( 4.1 kcal/mol,59,60

which compares favorably with the calculated value of 375 kcal/mol
for CHD. Two experimental evaluations of indene place its hetero-
lytic BDE at 354.3( 2.5 kcal/mol61 and 351.9( 2.1 kcal/mol,62

both of which agree well with the B3LYP/6-311þþG(d,p) value
of 351 kcal/mol. Hence, the agreement between computations
and the extant data is excellent with respect to both trends and
magnitude.

’DISCUSSION

MechanismofC�HActivationbyAn Iron(III) ImidoComplex.
Iron(IV) oxo species have been established to abstract hydrogen

Table 6. Comparison of Calculated (QM/MM) and Experimental Bond Lengths and Angles for 2 and 2 3
tBupy

LMeFe(NHAd) (2) LMeFe(NHAd)(tBupy) (2 3
tBupy)

QM/MM model crystal structurea QM/MM model crystal structureb

Fe�Namido (Å) 1.88 1.860(2) 1.93 1.904(2)

Fe�Ndiket. (Å) 1.97; 1.99 1.974(2); 1.986(2) 2.06; 2.04 2.028(2); 2.030(2)

Fe�Npy (Å) 2.23 2.171(2)

Ndiket.�Fe�Namido (deg) 121; 145 121.04(8); 145.86(8) 120; 136 116.60(8); 137.13(8)

Ndiket.�Fe�Ndiket. (deg) 94.4 93.09(3) 94.2 92.78(7)

Fe�Namido�CAd (deg) 136 134.7(2) 137 134.2(2)
a From ref 38(CSD refcode RUXBIW). b From ref 37 (CSD refcode XEPHEG).

Figure 8. Quartet QM/MM-calculated transition state for C�H acti-
vation of CHD by 1 3

tBupy.
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atoms from hydrocarbons through HAT, which forms a new
O�H bond and leaves an organic radical. The mechanisms of
these reactions have been examined in detail in a number of
important studies.12 However, HAT by iron�imido complexes
has not been studied because the few isolable iron�imido species
are not capable of well-characterized intermolecular hydrogen
atom abstraction reactions. In a few reported cases, additions of
nitrene sources to iron(II) complexes have given iron(III)
products that strongly imply HAT, but imido intermediates were
not observed.28,31,33,35 In contrast, the imidoiron(III) complex
LMeFeNAd (1) is isolable and characterized through crystal-
lography, EXAFS, EPR, M€ossbauer, NMR, computational chem-
istry, and magnetic susceptibility,37,38 and in the presence of
pyridines it reacts with hydrocarbons having weak C�H bonds.
The study of 1 thus offers an excellent opportunity to learn more
about the HAT ability of species with FedN bonds.
Interestingly, kinetic studies show that the HAT reactions of 1

take place almost exclusively through four-coordinate 1 3
tBupy,

as demonstrated by the dependence of the intramolecular
reaction rate on the pyridine concentration. In the absence of
pyridine, HAT requires significantly higher temperatures, and so
our mechanistic investigations focused on the more rapid reac-
tion of 1 3

tBupy.
The mechanistic studies reported here provide strong evi-

dence in support of a HAT mechanism for the reactions of
1 3

tBupy with cyclohexadiene (CHD) and indene. The isolation
and full characterization of the amidoiron products 2 3

tBupy and
3 3

tBupy37 clearly show the net transfer of H•. In addition, the
KIEs (KIE = ratio of rate constants with CHD/CHD-d8 or
indene/indene-d3) are g80. Because this large KIE is greater
than the classical limit of ∼7,63 the reaction is likely to have a
contribution from hydrogen tunneling.64 The near-linear N 3 3 3
H 3 3 3C angles in the calculated transition states are consistent
with the opportunity for hydrogen tunneling. Very large H/D KIEs
are a hallmark of HAT reactions.65 For example, HAT from hydro-
quinone to cis-[Ru(bpy)2(py)(O)]

2þ (bpy = 2,20-bipyridine)
shows kO�H/kO�D = 30,66 and HAT from 9,10-dihydroanthra-
cene to the octahedral iron(IV)�oxo complex (BPMCN)FeIV-
(O)(py) (BPMCN=N,N0-bis(2-pyridylmethyl)-N,N0-dimethyl-
trans-1,2-diaminocyclohexane) shows kC�H/kC�D = 200.12f Values
as large as kH/kD = 455 have been measured for a HAT reaction
in an Os system.67

Trends in HAT Rate with Different Substrates. There is an
extensive literature on HAT reaction rates, which have been
measured for substrates having a wide range of C�H and O�H
BDEs. In the 1960s, Ingold and co-workers studied HAT reactions
of peroxy radicals with a large library of phenols and determined
substituent effects on the second-order rate constants.68 In a
more recent example, Mayer and co-workers studied a range of
different Fe, Co, and Ru systems that react with hydrocarbons or
phenols via HAT69 and found that the rates of hydrogen atom
abstractions follow a linear free energy relationship20 with the
homolytic BDE of the bond being broken. Increasing interest in
HAT reactions by transition-metal�oxo complexes has led to
numerous studies that have supported similar correlations, even
with substrates of different sizes. In one example, an excellent
linear rate/BDE correlation was observed for a HAT from toluene,
ethylbenzene, and cumene to a RudO complex, despite the
steric difference in the substrates.14a

In contrast, the rates of intermolecular HAT reported here do
not correlate with the bond enthalpy of the bond being broken,
since 1 3

tBupy reacts at very different rates with substrates of

similar bond dissociation energies. Instead, we propose that the
main factor controlling the HAT rate is the steric accessibility of the
C�H bond to the reactive nitrogen atom. We used two series of
substrates with very similar C�H bond energies and differing
steric demands to illustrate this trend: HAT rate constants
decrease in the order CHD > Me2CHD > Me4CHD ≈ 0 for
the methyl-substituted cyclohexadiene series and CHD > dihy-
dronaphthalene (DHN) > dihydroanthracene (DHA) ≈ 0 for
the benzo-substituted cyclohexadiene series. In other words, as
the number and size of substituents near the weak C�H bond
increases, the rate decreases drastically. The rate of HAT drops
by a factor of 50�90 from CHD to Me2CHD or DHN, and
further substitution to Me4CHD or DHA renders the substrate
completely unreactive.
There are other examples of systems in which the log kHAT/

BDE relationship does not hold for large substrates, although the
effect is much less pronounced than the HAT reactivity of
1 3

tBupy. The HAT rate by an octahedral trans-dioxoruthenium-
(VI) complex showed a linear (log kHAT)/(C�HBDE) relation-
ship for a series of para-substituted phenols, with the exception of
2,6-di-tert-butyl-substituted substrates.70 The rate of HAT from
phenol was 4 times faster than from 2,6-di-tert-butylphenol,
despite the opposite order of O�H BDE values (phenol > 2,6-
di-tert-butylphenol by ∼5 kcal/mol). A similar trend is seen in
the rates of reaction of phenols with peroxy and alkyl radicals, in
which substituting the phenol substrate with two o-methyl
groups slowed the HAT rate by a factor of ∼2, and substituting
with two o-tert-butyl groups slowed the HAT rate by ∼100-
fold.71 A ruthenium(IV) sulfilamido species showed a good rate/
BDE correlation in the HAT reaction with xanthene, CHD,
DHA, and fluorene, but diphenylmethane and triphenylmethane
reacted, respectively, about 20 and 50 times slower than the trend
would predict based on BDE alone.72 A putative FeIVdO
intermediate reacted with fluorene and DHA in 80% yield, but
not at all with diphenylmethane, indicating that substrate access
to the FedO might be rate-limiting.73 A recent review describes
the range of selectivity factors (including sterics) controlling
C�H activation reactions of organic molecules.74

The large difference in HAT rates of CHD versus Me2CHD
andCHD versus dihydronaphthalene with 1 3

tBupy is among the
most sensitive steric constraints observed for HAT reactions. We
attribute this in part to the presence of a large imido N-sub-
stituent, which, in combination with the bulky β-diketiminate
ligand, creates a substrate pocket to which access is greatly
hindered. The added steric hindrance from the coordinated
pyridine in the active species, 1 3

tBupy, is also likely to play a
role in limiting the size of the substrate binding site.
It is difficult to explain the 120-fold difference in the HAT rate

constants between indene (1.9(2) � 10�2 M�1 s�1) and dihydro-
naphthalene (1.56(4)� 10�4 M�1 s�1) using a steric argument.
This difference also cannot be explained by a difference in homolytic
BDEs, because the C�H BDE of indene (calcd 77 kcal/mol) is
larger than that of dihydronaphthalene (calcd 72 kcal/mol). A
more likely explanation is the difference between the heterolytic
bond enthalpies: deprotonating the hydrocarbon is calculated to
be significantly easier for indene (calcd 351 kcal/mol) than
dihydronaphthalene (calcd 366 kcal/mol). The correlation with
heterolytic BDEs suggests that there is proton-transfer character
in the transition state for HAT, with buildup of positive charge on
the metal fragment and negative charge on the hydrocarbyl
fragment. This is equivalent to stating that proton transfer and
electron transfer are concerted but asynchronous, with proton
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transfer slightly preceding electron transfer. A third way of
expressing this idea is that the imido ligand has some Brønsted
base character during the HAT reaction.1f,75

Gaining additional evidence for this idea was challenging
because the sensitivity of the imidoiron complex prevented us
from directly probing the proton affinity or the redox potentials
of 1 or 1 3

tBupy. Therefore, two alternative tests were used. First,
in a HAT step with asynchronous proton and electron transfer,
the charge buildup in the transition state should be stabilized by a
more polar environment. This hypothesis was tested by perform-
ing the HAT reaction between 1 3

tBupy and CHD in a solvent
with added electrolyte.We found that theHAT rate constant kinter is
a factor of 1.60(9) larger in THF-d8 containing 0.13 M [nBu4N]-
[BArF4] (1.16(4)� 10�2M�1 s�1) than in neatTHF-d8 (7.2(3)�
10�3 M�1 s�1) (Supporting Information Figure S-8). The faster
rate in a solvent of higher ionic strength is consistent with charge
buildup in the transition state. Second, we varied the basicity of
the coordinated pyridine, as described above. Even after correct-
ing for the differences in equilibrium binding constants, the more
electron-donating pyridines gave a larger rate constant for
intramolecular HAT (Figure 3). This trend is consistent with
the idea that 1 3

tBupy has basic character in the HAT reaction,
because electron-donating groups on the ligands are expected to
increase the basicity and hence the reactivity.
Steric Constraints on the HAT Transition State. Intermo-

lecular HAT reactions involving metal�oxo complexes typi-
cally have positive ΔHq values (on the order of 5�30 kcal/mol)
and large negative ΔSq values (on the order of �20 to
�50 cal/mol 3K).

13b,17,18b,19d,69a For the HAT reactions reported
here, the activation enthalpies of ΔHq

intra = 14.6(5) kcal/mol and
ΔHq

inter = 14.4(8) kcal/mol are positive, and the values of
ΔSqintra = �18(2) cal/mol 3K and ΔSqinter = �9(3) cal/mol 3K
are negative. It is somewhat surprising that the activation
parameters for the intramolecular and intermolecular reactions
are similar in magnitude, and that the values ofΔSqHAT are not as
negative as other HAT reactions, such as ΔSqHAT =�25 to�37
cal/mol 3K for phenol HAT to a (corrole)MndNTs complex.76

It is possible that the significant steric hindrance in the ground state
of 1 3

tBupy is somewhat relieved by lengthening the Fe�Nimido

bond to∼1.90 Å in the HAT transition state, and this in turn gives
greater flexibility. However, the value for the entropy of activation
should be viewed with due caution becauseΔSqHAT is derived from
extrapolation to 1/T = 0 of the quotient of two measured values
(Keq and kobs) that each have experimental uncertainty.
The rate of the HAT reaction had a surprisingly large

dependence on the size of the substrate. As described in the
Results section, the rate for CHD was about 50 times larger than
that for 1,4-dihydronaphthalene (DHN), and 9,10-dihydroan-
thracene (DHA) did not undergo HAT. To evaluate these reac-
tions computationally, HAT transition states for C�H activation
of DHN and DHA were calculated using the same ONIOM-
(B3LYP/6-311þþG(d,p)) level of theory employed for the
CHD reaction coordinate. The calculated quartet transition
states for CHD, DHN, and DHA all place the substrate roughly
in the equatorial plane defined by the β-diketiminate and imido
nitrogens and slightly away from the tBupy donor ligand (Support-
ing Information Figure S-13). The second ring of a DHN
substrate can position itself on the distal side of the equatorial
plane (away from tBupy) with minimal additional steric conges-
tion. However, the addition of a third ring to the substrate, as in
DHA, leads to steric hindrance with the tBupy and 2,6-diisopro-
pylphenyl substituents. The larger substrates have higher

calculated free energy barriers: ΔΔGq(DHN � CHD)calcd =
1.1 kcal/mol, ΔΔGq(DHA � CHD)calcd = 7.0 kcal/mol, con-
sistent with the experimentally observed selectivity patterns.
Analysis of the MM portion of the ONIOM extrapolated energy
yieldsΔΔEq(DHN�CHD)calcd = 0.9 kcal/mol,ΔΔEq(DHA�
CHD)calcd = 4.3 kcal/mol. Assuming that there is a rough
cancellation of entropic and enthalpic corrections to the free
energy, these simulations support the experimental hypothesis
that steric factors are primarily responsible for the selectivity
observed in HAT reactions of 1 3

tBupy.
Dependence of HAT on the Iron Coordination Number.

We now consider an intriguing question: why is four-coordinate
1 3

tBupy so much reactive than three-coordinate 1? Coordina-
tion-induced rate enhancement is not a unique phenomenon: the
rate of HAT and other reactions of oxo and nitrido complexes
can be accelerated by pyridine,77 pyridineN-oxide,78 and halide79

additives. Although 1 does react with CHD to form 2 and benzene,
the reaction is much slower (requiring hours at room temperature)
than the reaction of 1 3

tBupy and CHD to form 2 3
tBupy (requiring

minutes at�51 �C). There are several potential explanations for
why pyridine coordination could magnify the HAT rate.
Hypothesis 1: Coordination of tBupy Weakens the FedN

π-Bond. One possibility is based on the >0.06 Å increase in
M�L bond length upon coordinating tBupy, demonstrated
quantitatively in the computations on 1 and 1 3

tBupy. Lengthen-
ing the Fe�imido bond decreases orbital overlap and weakens π-
donation of the imido ligand into metal d orbitals. Thus, a longer
Fe�N bond predicts a buildup of electron density on the imido
ligand in 1 3

tBupy, which would magnify the rate of HAT
reactions like this one that have basic character at the imido
nitrogen (see above).
This explanation is consistent with literature observations on

iron�oxo complexes. The axial thiolate in heme enzymes increases
the basicity of the oxo ligand and makes it more effective for
HAT.80 In non-heme oxoiron(IV) complexes as well, faster HAT
rates correlate with a more basic trans ligand,12a,83b and with longer
FedO bonds.12e A similar dependence of HAT rate on axial
ligand basicity is evident in corrolazine-ligated oxomanganese-
(V) complexes.79

Hypothesis 2: Coordination of tBupy Bends the FedN�C
Linkage. In a second view, the bent FedN�C angle in the
ground state of 1 3

tBupy is more closely matched to the HAT
transition state geometry than is the corresponding FedN�C
angle in ground-state 1. This would lead to a faster rate for 1 3

tBupy
than 1 due to the smaller structural reorganization energy.81 This
explanation would fit into models of HAT reactions conforming
to the Marcus picture of electron transfer.75 Computations do
indicate that the FedN�C angle in 1 3

tBupy (169� for quartet,
162� for sextet) is somewhat closer to the four-coordinate transition
state (143� for the quartet, 140� for the sextet) than the FedN�C
angle in 1 (173� for quartet, 163� for sextet) is to the corresponding
three-coordinate transition state (138� for quartet, 139� for the
sextet). However, these geometric differences are small and
unlikely to be the major contributor to the huge difference in
reactivity between 1 and 1 3

tBupy. Furthermore, computational
studies have shown that bending the MdN�R linkage is not
energetically costly.82

Hypothesis 3: Coordination of tBupy Allows Reaction on a
Different Spin-State Surface. Spin-state-dependent reactivity is
a model that has been very useful in understanding HAT to
iron(IV)�oxo complexes.12,83,84 Many non-heme oxoiron(IV)
complexes have an intermediate (S = 1) ground spin state, with a
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low-lying high-spin (S = 2) excited state.85 In these systems,
computations suggest that spin crossover is important at the
HAT transition state, since the reaction on the quintet surface
has a lower barrier than the triplet surface.83 Thus, an accessible
high-spin state is thought to facilitate HAT in these complexes.
Magnetic susceptibility, EPR, and computational data show that
the ground state in compound 1 is intermediate spin (S = 3/2),
and the computational model places the high-spin state higher in
energy (þ12 kcal/mol). Addition of pyridine to 1 does bring the
S = 3/2 and S = 5/2 spin states to similar energy (computed to be
within 2 kcal/mol); however, in contrast to the octahedral
oxoiron(IV) systems, the calculated energy of the lowest transi-
tion state for HAT by 1 3

tBupy does not differ significantly by spin
state. Therefore, our computational results do not support the
idea of spin-state-dependent reactivity in this iron system.
Hypothesis 4: HAT by 1 3

tBupy is More Exothermic be-
cause tBupy Binds to 2 More Strongly Than to 1. The
Hammond postulate86 suggests that the faster HAT rate for
1 3

tBupymight follow from a greater driving force for HAT in the
pyridine adducts. This driving force may be quantified by
comparing the thermodynamics of tBupy coordination to 1
and to 2 and subsequently constructing a thermodynamic square
(Figure 9). Using the samemethod described above for quantifying
the equilibrium of 1 and 1 3

tBupy, we determined Keq for
tBupy

coordination to 2 over the temperature range of 25�110 �C
in toluene-d8. The van’t Hoff plot (Supporting Information
Figure S-11) gives ΔHeq� = �14.5(6) kcal/mol and ΔSeq� =
�30(1) cal/mol 3K for the equilibrium of 2 and 2 3

tBupy, which
corresponds to ΔGeq� = �5.6(9) kcal/mol at 298 K. Because of
the constraint imposed by the thermodynamic square, HAT by
1 3

tBupy must therefore be 5(1) kcal/mol more exergonic and
7(1) kcal/mol more exothermic than HAT by 1 at 298 K. Thus,
pyridine binding indeed makes HAT more thermodynamically
favorable.
We also sought to quantify the effect of tBupy on ΔHq and

ΔGq of the HAT reaction, to test whether or not the kinetic effect
of tBupy on the HAT rate follows the thermodynamic effect of
stronger binding to 2 than 1. Thus, we performed HAT reactions
between 1 andCHDwithout tBupy. An Eyring plot of the second-
order rate constant kinter for this reaction between 25 and 55 �C
(Supporting Information Figure S-12) gives the activation para-
meters for the HAT reaction without tBupy of ΔHq = þ12.2(3)
kcal/mol, ΔSq = �33(2) cal/mol 3K, and ΔGq = þ22(1) kcal/
mol at 298 K. Thus, the addition of tBupy results in a drop in
HAT barrier height by ΔΔGq = �5(2) kcal/mol, which is the
similar to the thermodynamic driving force. In summary, the
magnitude of change in thermodynamics for the HAT reactions
with and without pyridine is sufficient to explain the change in

rate, if the thermodynamic stabilization of binding in the product
is already realized in the transition state.
Thus, a combination of experimental data, computational

results, and chemical principles support both hypotheses 1 and 4.
In hypothesis 1, coordination of a fourth ligand gives weakening
of the FedNR bond. In this explanation, the basicity of the
pyridine is “relayed” through the iron to the imido group, which
abstracts a hydrogen atom through a transition state with proton
transfer character. It is reasonable that the current system has at
least asmuch dependence on basicity as the well-studied oxoiron-
(IV) species,84 because of the lower formal oxidation state of
these imido complexes (Fe3þ vs Fe4þ) and the lesser electro-
negativity of nitrogen as compared to oxygen.87 In hypothesis 4,
HAT becomes faster with an added pyridine donor because
coordination of pyridine to the product amido complex 2 is
stronger than coordination to imido 1, providing a thermody-
namic driving force for HAT. A explanation similar to hypothesis
4 for rate enhancement by added ligands was presented recently
in the context of oxomanganese chemistry.79

Limitations and Implications. How potent is the iron(III)
imido complex for HAT? A clue comes from the observation that
the intramolecular HAT reaction breaks a C�H bond of the
diisopropylphenyl substituent in the β-diketiminate ligand. As-
suming the BDE of the isopropyl methine C�H is similar to that
in cumene (∼86 kcal/mol),88 1 3

tBupy is thermodynamically
capable of breaking C�Hbonds significantly stronger than those
in CHD (71 kcal/mol). However, the “effective concentration”
of isopropyl groups in 1 3

tBupy is huge, since there are always
four methine protons near the metal. Thus, even added sub-
strates with a similar BDE would need to be in a large excess in
solution to compete kinetically with intramolecular ligand activa-
tion. It is also possible that fast trapping of the benzylic radical by
the diketiminate backbone drives the intramolecular HAT reac-
tion. Current efforts are devoted to the design of ligands that will
not be attacked by the reactive imido fragment, in order to
harness the full thermodynamic potential of imidoiron(III)
species for C�H activation reactions.
Although ligand activation limits the substrate scope of inter-

molecular HAT by 1 3
tBupy, this work is important because it

shows that sterically bulky, weak-field supporting ligands can
produce low-coordinate complexes that are reactive toward
homolytic C�H bond cleavage. It is noteworthy that other late
transition metal oxo and imido complexes that are reactive
toward HAT are also supported by weak-field ligand frame-
works,12,25d,31 suggesting that the use of weak-field (π-donor)
ligands may be a general advantage in the design of ligand
systems for productive HAT processes.

’CONCLUSIONS

The ability of bulky ligands to stabilize a reactive FedNR
species has enabled the first in-depth study of the mechanism of
H-atom transfer (HAT) reactivity of an imidoiron complex. The
imido complex LMeFedNAd (1) reversibly coordinates tBupy,
forming the highly reactive four-coordinate imido complex
LMeFedNAd(tBupy) (1 3

tBupy). Complex 1 3
tBupy activates

small substrates with weak C�H bonds (e.g., CHD and indene),
as well as the methine C�H on its own supporting ligand. In each
case, the iron�amido complex resulting from HAT was observed.
Significantly, 1 3

tBupy abstracts hydrogen atoms even at �51 �C.
Mechanistic studies were used to elucidate the details of the

HAT reaction. Large H/D KIEs of g80 in the intermolecular

Figure 9. Thermodynamic square relating pyridine binding to HAT
enthalpies and free energies.
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reactions with CHD and indene demonstrate rate-limiting C�H
cleavage. The magnified reactivity of the four-coordinate iron-
imido complex 1 3

tBupy is partly attributed to a “push” effect
where coordination of pyridine gives a longer FedN bond and
more basic imido nitrogen atom in the starting material, and
pyridine also stabilizes the amidoiron(II) product of the reaction.
The basicity of the imido nitrogen atom is important for HAT,22i

because there is charge buildup in the HAT transition state that
gives the HAT some proton-transfer character. Spin-state-de-
pendent reactivity does not appear to be an important factor in
these HAT reactions.

The potency of 1 3
tBupy toward HAT attests to the potential

of low-coordinate imido complexes with weak-field ligands for
C�H activation reactions. The considerable steric demands of
the supporting diketiminate ligand and large imide N-substituent
cause the imido complex to strongly prefer unhindered sub-
strates in HAT reactions. This sterically controlled reactivity is
significant because it represents a deviation from the typical
linear free energy relationships, where selectivity is determined
primarily by the C�H bond dissociation energy. In a system that
can activate stronger C�H bonds, one may be able to use this
steric control to develop catalysts that use nitrene-based inter-
mediates to selectively target the stronger, but more sterically
accessible, primary C�H bonds of organic compounds.

’EXPERIMENTAL SECTION

General Considerations. All air-sensitive manipulations were
performed under a nitrogen atmosphere in an MBraun glovebox
maintained below 1 ppm of O2 and H2O, or on a double-manifold
vacuum line using standard Schlenk techniques. For air-sensitive manip-
ulations, all glassware was dried overnight at 150 �C. 1-Azidoadaman-
tane was purchased from Aldrich and crystallized twice from pentane
prior to use. 1,4-Cyclohexadiene and indene were purchased from
Aldrich and vacuum-transferred from CaH2 and stored over 3 Å
molecular sieves (activated at ∼350 �C for 12 h under vacuum).
4-tert-Butylpyridine and 4-trifluoromethylpyridine were purchased from
Aldrich and degassed and dried over activated 3 Å molecular sieves prior
to use. 4-Dimethylaminopyridine and 4-phenylpyridine were purchased
from Aldrich and recrystallized from toluene prior to use. 1,4-Dihydro-
naphthalene was purchased from TCI and vacuum-transferred from
CaH2. 1,4-Dimethyl-1,4-cyclohexadiene

89 and 1,2,4,5-tetramethyl-1,4-
cyclohexadiene90 were prepared by literature methods. LMeFeNAd (1)
was prepared as previously described.38 Other reagents were obtained
commercially and used without purification. Benzene-d6 was dried over
flame-activated alumina, and toluene-d8 was vacuum-transferred from a
purple sodium benzophenone ketyl and stored over Na metal. Before
use, an aliquot of each solvent was qualitatively tested for dryness with a
drop of THF containing sodium benzophenone ketyl. NMR data were
collected on either a Bruker Avance 400 or Bruker Avance 500 spectro-
meter. 1HNMR spectra are referenced to residual C6D5H (δ 7.16 ppm),
C7D7H (δ 2.08 ppm), or TMS (δ 0.00 ppm). 2H NMR spectra are
referenced to a small added quantity of CDCl3 (δ 7.26 ppm). The NMR
probe temperature for the variable-temperature measurements was
calibrated using neat ethylene glycol or methanol.91 Mass spectral data
were obtained on a Shimadzu QP2010 system with electron impact
ionization.
Octadeutero-1,4-cyclohexadiene (CHD-d8). In our hands, the

published procedure92 using NH3 solvent gave the incompletely deut-
erated product C6D6H2. A modified procedure using ND3 is given here,
which gives the fully deuterated product C6D8. A small three-neck flask
equipped with a dry ice/acetone condenser was thoroughly flushed with
nitrogen, and ND3 was condensed into the flask (∼15 mL). Ethanol-d1

(2.7 mL, 46 mmol), benzene-d6 (1.5 mL, 16.9 mmol), and triglyme
(5 mL) were added to the liquid ND3 via syringe, and the mixture was
equilibrated to�40 �C in aMeCN/dry ice bath.Dry sodiummetal (1.17 g,
51mmol) was cut into small pieces and added in portions over a 2 h period
to the vigorously stirring reactionmixture by opening a stopper on the flask
against a positive pressure of N2. After an additional 30 min, the reaction
was warmed to room temperature to evaporate the ammonia, and the
reaction was slowly and carefully quenched with D2O until the excess
sodium metal was consumed and effervescence ceased. The reaction
mixture was transferred to a separatory funnel and washed with water (3
� 50mL). After draining the aqueous layer the final time, the neat product
was removed from the separatory funnel by pipet and transferred to a bomb
flask containing CaH2. The mixture was freeze�pump�thaw degassed
three times and stirred for 24 h, after which the product was vacuum-
transferred to a storage container containing activated 3 Åmolecular sieves.
The yield was 1.18 g (79%). 1H NMR (400 MHz, CDCl3): no peaks.

2H
NMR (61 MHz, CHCl3): δ 2.68 (s, 4D), 4.81 (s, 4D) ppm. EI-MSþ

(assignment, rel intensity): m/z 82 ([M � 3D]þ, 45%), 86 ([M � D]þ,
100%), 88 (Mþ, 93%).
1,1,3-Trideuteroindene (Indene-d3). The synthesis of indene-

d3 was adapted from a knownmethod.93 Freshly distilled indene (13.1 g,
113 mmol) was heated to 100 �C in a bomb flask with DBU (1.7 mL,
11.3 mmol), D2O (20.5 mL, 1.13 mol), and p-dioxane (20 mL). After
24 h, the reaction mixture was cooled and transferred to a separatory
funnel. The organic layer was washed with brine (200 mL), a 50:50
solution of 1MHCl/brine (200mL), and brine (2� 200mL). The neat
oil was then removed and distilled under reduced pressure. The re-
covered indene was recycled, and the DBU/D2O/dioxane reaction was
repeated for a total of three iterations. The final recovered material (9.16 g,
68%) was 98.7% d3-labeled by

1HNMR integration. Before use, the indene-
d3 was distilled from CaH2 and stored over activated 3 Å molecular sieves.
1HNMR (400MHz, CDCl3): δ 7.47 (d, 1H), 7.40 (d, 1H), 7.25 (m, 1H),
7.18 (m, 1H), 6.55 (s, 1H). 2H NMR (61 MHz, CHCl3): δ 6.88 (s, 1D),
3.38 (s, 2D) ppm. EI-MSþ (assignment, rel intensity): m/z 117 ([M �
D]þ, 34%), 118 ([M � H]þ, 72%), 119 (Mþ, 100%).
Equilibrium Studies. An NMR tube was loaded with 0.5 mL of an

18 mM solution of 1 in C7D8, and the tube was sealed with a rubber
septum. The NMR probe was equilibrated at the given temperature, the
given quantity of pyridine was added via microsyringe, and the tube was
vigorously shaken. (Note: for low-temperature measurements, theNMR
sample was precooled in an acetone/dry ice bath prior to inserting into
the probe in order to decrease the time to reach temperature equilibrium
in the NMR probe.) The sample was allowed to equilibrate in the probe
for ca. 2�3 min, and the 1H NMR spectrum was recorded. This
procedure was repeated for several different concentrations of
[tBupy]0, and the change in chemical shift of a selected resonance was
plotted as a function of [tBupy]0. The formula in eq 9 was used to fit the
data in order to extract the value of Keq.

Δδ � Keq½tBupy�0
1þ Keq½tBupy�0

 !
ð9Þ

Intermolecular HAT Kinetic Experiments. An NMR tube was
loaded with 1 in toluene-d8, the given amount of substrate, and a
capillary filled with a known amount of cobaltocene in toluene-d8 and
sealed with a rubber septum. The tube was cooled to �78 �C in a dry
ice/acetone bath, and the given amount of tBupy was added via
microsyringe. The tube was quickly shaken to ensure mixing, the sample
was quickly inserted into the NMR spectrometer (the probe was pre-
equilibrated to �51 �C), and the kinetic acquisition program was
started. Generally the first 2�3 data points were discarded to ensure
the sample had completely equilibrated to �51 �C. A plot of the
concentration of 1 3

tBupy (y) versus reaction time (t) was analyzed
with Kaleidagraph v. 3.51.43 These data were fit to the general first-order
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integrated kinetic equation [1] = aþ [b exp(�kobst)], where a and b are
constants and kobs is the pseudo-first-order rate constant.
Computational Details. The Gaussian 09 package94 was used for

this research unless noted otherwise. The B3LYP hybrid functional was
employed.95 Hybrid quantum mechanics/molecular mechanics (QM/
MM) calculations were used to study full experimental models of the
imido intermediates 1 and 1 3

tBupy. The QM/MM calculations utilized
the ONIOM96 methodology within the Gaussian suite of programs. The
B3LYP/6-311þþG(d,p) level of theory was applied to the QM region;
the MM region included the bulky substituents (Ar andMe substituents
of LMe and the entire adamantyl group except the carbon directly
attached to the imido nitrogen). The MM interactions were modeled
with the universal force field (UFF).97

Simulations did not use any symmetry restraints, and several different
initial guess and SCF convergence schemes were employed to help
ensure the isolation of the lowest energy state of a particular multiplicity.
Reactant, transition state, and product geometries were fully optimized
using gradient methods. The unrestricted Kohn�Sham formalism was
used for the description of all open-shell species, unless otherwise noted.
The energy Hessian was calculated and thus confirmed the calculated
stationary points as minima (no imaginary frequencies) or transition
states (one imaginary frequency). All reported enthalpies are calculated
at 1 atm and 298.15 K.
GC/MS Detection of Organic Products. Representative reac-

tions with CHD, Me2CHD, DHN, and indene were analyzed by GC/
MS to determine the yields of organic HAT byproducts by the following
method. At the end of the reaction (>95% consumption of complex 1 by
1H NMR spectroscopy), the NMR sample was exposed to air and
poured onto a packed silica gel column (0.5 cm �6 cm). Organic
products were eluted with∼10 mL toluene, and the mixture was spiked
with 0.10 mL mesitylene. GC integration of the HAT byproduct was
compared to mesitylene to derive the yield of the organic product.
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