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’ INTRODUCTION

The transition metal-catalyzed transfer of atoms from small
molecules to larger substrates is an atom-economical method for
introducing functionality. Both synthetic and biological atom
transfer catalysts are known.1 For example, cytochrome P450 and
its isozymes catalyze the oxidation of multiple organic substrates
using O2 as the oxygen atom source. An iron(IV) oxo inter-
mediate is believed to be the active oxidant (Figure 1).2 Similar
oxygen atom transfer from transition metal oxo intermediates has
also been implicated as a keymechanistic step in the catalytic cycles
of other metalloenzymes, for example, oxygen-evolving chlorite
dismutase,3 nonheme dioxygenases,4,5 and oxotransferases.1,6

The mechanisms of oxygen atom transfer from metal oxo
complexes to substrates have been extensively investigated. The
rate of oxygen atom transfer can often be rationalized in terms of
thermodynamic driving forces,7 although other factors may be
important. For example, it has been found that oxygen atom self-
exchange is subject to similar considerations as outer sphere
electron transfer, with reorganizational energies being key to
determining the activation barrier for atom transfer.8 Changes in
metal spin state may also play a critical role in oxygen atom
transfer, as shown for group 5 complexes in 3-fold symmetry,
where the spin state energetics dictate the geometry of the
transition state (TS).9

Analogously to transition metal oxos, nitrido complexes have
the potential for mediating nitrogen atom transfer to organic
substrates, most notably using N2 as the nitrogen atom source.10

Despite this promise, transition metal-mediated nitrogen atom
transfer is not nearly as well developed as oxygen atom transfer.

Three electron reactions involving the complete transfer of
nitrogen atoms between two metal complexes are known,11

but few nonmetallic substrates are able to participate in three
electron reactions. Nitrido ligands can also participate in two
electron nitrogen atom transfer reactions, resulting in the
formation of new ligands (Figure 1). The substrate scope for
these incomplete atom transfer reactions appears to be similar to
that for oxygen atom transfer. Thus, for example, two electron
nitrogen atom transfer reactions to nucleophiles such as
phosphines,12 isonitriles,13 carbenes,14 and alkenes15 have been
reported, leading to the formation of phosphoraniminato, carbo-
diimido, ketimido, and aziridine ligands, respectively. An interest-
ing twist on this reactivity is the [4 + 1] cycloaddition of nitrido
ligands with cyclohexadienes to yield dihydropyrrolides.16

A priori, it may be expected that the factors that influence two
electron oxygen atom transfer will similarly impact nitrogen atom
transfer. This expectation appears to be true for nitrogen atom
self-exchange reactions, first investigated in metal porphyrins17

and subsequently in analogous salen18 and corrole19 complexes.

Figure 1. Two electron atom transfer from metal oxo and nitrido
complexes.
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ABSTRACT: The mechanism of nitrogen atom transfer from four-
coordinate tris(carbene)borate iron(IV) nitrido complexes to phosphines
and phosphites has been investigated. In the absence of limiting steric
effects, the rate of nitrogen atom transfer to phosphines increases with
decreasing phosphine σ-basicity. This trend has been quantified by a
Hammett study with para-substituted triarylphosphines, and is contrary
to the expectations of an electrophilic nitrido ligand. On the basis of
electronic structure calculations, a dual-nature transition state for nitrogen
atom transfer is proposed, in which a key interaction involves the transfer
of electron density from the nitrido highest occupied molecular orbital
(HOMO) to the phosphine lowest unoccupied molecular orbital
(LUMO). Compared to analogous atom transfer reactions from a 5d
metal, these results show how the electronic plasticity of a 3d metal results
in rapid atom transfer from pseudotetrahedral late metal complexes.
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In these reactions, the driving force for atom transfer is deter-
mined by the relative stability of higher oxidation states. The
insights from these studies have inspired intermetallic nitrogen
atom transfer as a protocol for the synthesis of new nitrido
complexes.20 There are fewmechanistic studies on the transfer of
nitrogen atoms to nonmetallic substrates,21 even though these
reactions have been known since the early 1970s.22 It has gen-
erally been assumed that nitrogen atom transfer involves
nucleophilic attack of the substrate on the nitrido ligand,23

analogously to oxygen atom transfer.
We have previously reported terminal iron(IV) nitrido com-

plexes supported by bulky tris(carbene)borate ligands (Chart 1).
Our initial report on the synthesis and electronic structure of the
complex PhB(tBuIm)3FetN (1) revealed a low-lying lowest
unoccupied molecular orbital (LUMO) that is stabilized by iron
spd mixing (Figure 2).24 The degenerate highest occupied
molecular orbital (HOMO) has mixed N lone pair and iron
character: the σ lone pair on nitrogen is much lower in energy.
The electronic structure suggested that the nitrido ligand should
be electrophilic, and consistent with this expectation, the com-
plex reacted cleanly with PPh3 to yield the iron(II) complex
PhB(tBuIm)3Fe�NdPPh3 (2)

25 Unfortunately, an attempt to
evaluate the electrophilicity of the nitrido ligand by a Hammett
study involving a series of para-substituted triarylphosphines was
unsuccessful, and no correlation between the relative rate of
nitrogen atom transfer and anyHammett parameter was observed.
This was tentatively attributed to the overwhelming impact of
steric interactions between the substrate and the bulky tert-butyl
substituents of the supporting tris(carbene)borate ligand.

In this paper we report further mechanistic studies on nitrogen
atom transfer from iron(IV) nitrido complexes to phosphorus-
(III) nucleophiles. Since the topology of the supporting tris-
(carbene)borate ligand in PhB(MesIm)3FetN26 (3) makes the

[FetN] unit more accessible to the incoming substrate, we have
been able to evaluate the electronic character of the transition
state through a combination of experimental and computational
methods. Although the nitrogen atom transfer reaction is spin
forbidden, spin state changes do not play a role in the rate of
reaction or its electronic selectivity. We find that nitrogen atom
transfer involves a dual-nature transition state in which the
nitrido ligand has both electrophilic and nucleophilic character.

’EXPERIMENTAL SECTION

General Considerations. All manipulations were performed
under a nitrogen atmosphere by standard Schlenk techniques or in an
M. Braun Labmaster glovebox. The quality of the glovebox atmosphere
was periodically checked with a toluene solution of “titanocene”.27 Glass-
warewas dried at 150 �Covernight. Diethyl ether, pentane, tetrahydrofuran,
and toluene were purified by the Glass Contour solvent purification
system. Deuterated benzene was dried first over CaH2, then over Na/
benzophenone, before vacuum transfer into a storage container. Before
use, aliquots of Et2O, tetrahydrofuran (THF), and toluene were tested
with a drop of sodium benzophenone ketyl in THF solution. Magnetic
susceptibilities were determined in solution by the Evans’method.28 The
iron(IV) nitrido complexes 122 and 324 were prepared according to
literature procedures. Phosphines were obtained from Strem Chemicals
and Sigma-Aldrich, and were recrystallized twice from diethyl ether or
THF prior to use. All other reagents were purchased from commercial
vendors and used as received. 1H NMR data were recorded on a Varian
Unity 400 spectrometer (400 MHz) at 22 �C. All resonances in the 1H
NMR spectra are referenced to residual C6D5H at δ 7.16 ppm.
Kinetic Measurements. Reaction of PhB(tBuIm)3FetN (1) with

Phosphines and Phosphites. Tetrahydrofuran and toluene solutions of
1 and phosphine/phosphite were prepared in the glovebox at room
temperature. All kinetics experiments used the initial concentration
[1] = 0.565 mM. Reactions were monitored in 10 mm quartz cuvettes
fitted with screwcaps using a temperature regulated CARY 100 Bio
UV�visible spectrophotometer. The reactants were mixed inside the
glovebox before being transferred to the spectrophotometer (thermally
equilibrated at 26 �C). Reactions were monitored by measuring the
decrease in absorbance at 480 nm. Pseudo first order rate constants were
obtained from the slopes of plots of ln(At � A∞) versus time and were
found to be linear over 2�3 half-lives. The observed pseudo first-order
rate constants for the phosphines and phosphite were found to depend
linearly on substrate concentration in the range 0.125 M�0.500 M.29

Reaction of PhB(MesIm)3FetN (3) with Triarylphosphines.Toluene
solutions of 3 and triarylphosphines were prepared in the glovebox at
room temperature. All kinetics experiments used the initial concentra-
tion [3] = 0.468 mM while the initial phosphine concentrations were
varied between 5.2 and 27.5mM. The reagent solutions were loaded into
syringes with fitted with locks and then attached to an Olis Rapid
ScanningMonochromator stopflow spectrophotometer. Before each set
of experiments the anhydrous environment was tested by monitoring
the decay of 3 in the absence of substrate. The typical rate of decay was
found to be 3 orders of magnitude slower than the slowest kinetic run.
Reactions were monitored measuring the decrease in the absorbance at
500 nm. Pseudo first order rate constants were obtained using the Olis
Globalworks software.30 During the Eyring study the reagent solutions
were allowed to thermally equilibrate for 10 min before kinetic measure-
ments. Activation parameters were calculated by plotting ln(kobs/T) vs
1/T over the range of 283�323 K.27 Hammett studies were conducted
using 5.3 mM solutions of para-substituted triarylphosphines.
Competition Experiments. The relative rates of nitrogen atom

transfer from 3 to phosphine and phosphite substrates were determined
by competition experiments and monitored by 1H NMR spectroscopy.
Thus, when the iron nitrido 3 (12.0 mg 17 μmol) is combined with a

Chart 1

Figure 2. Qualitative frontier orbital diagram for tris(carbene)borate
iron(IV) nitrido complexes.
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solution of PPh3 (5.0 mg, 19 μmol) and P(OPh)3 (45 μL, 170 μmol) in
C6D6 (0.50 mL) the resulting

1H NMR spectrum shows a 1:1 mixture
of PhB(MesIm)3Fe�NdPPh3 and PhB(MesIm)3Fe�NdP(OPh)3.
Likewise, when 3 (14.0 mg, 20 μmol) is combined with a solution of
PPh3 (6.0 mg, 23 μmol) and P(OMe)3 (25 μL, 211 μmol) in C6D6

(0.50 mL) the resulting 1H NMR spectrum also shows a 1:1 mixture
of PhB(MesIm)3Fe�NdPPh3 and PhB(MesIm)3Fe�NdP(OMe)3.
Thus, nitrogen atom transfer from 3 to PPh3 is an order of magnitude
faster than to either P(OPh)3 or P(OMe)3. Finally, when a solution of 3
(10 mg, 14.0 μmol) in C6D6 (0.5 mL) is combined with a solution of
P(OPh)3 (14.0 μmol) and P(OMe)3 (14.0 μmol) in C6D6 (0.5 mL)
the resulting 1H NMR spectrum shows a 3:1 mixture of PhB-
(MesIm)3Fe�NdP(OPh)3 and PhB(MesIm)3Fe�NdP(OMe)3.
Solution NMR Studies of Spin Crossover. The spin crossover

behavior of 4 in solution was investigated by measuring the temperature
dependence of the isotropic shifts in C7D8 between the temperatures of
198 and 378 K.31 The paramagnetic shift of the pure high spin complex
were fit by taking an extended Curie law into account with different
Curie contants (or spin densities) for the ground and excited states:

δn
con ¼ ðF=TÞfW1Cn1

2 þ W2Cn2
2e�ΔE=kTg

=fW1 þ W2e
�ΔE=kTg

where W1 and W2 are the weighting factors of the ground and excited
states, Cn1 and Cn2 are the orbital coefficients for the ground and excited
state, F is the Curie constant, ΔE is the energy difference between the
ground and first excited state and k is the Boltzmann constant. Both ground
and first excited states were assumed to exhibit a total spin S = 2. The data
was fit using the TDF program written by Shokhirev and Walker.32 No
difference between the observed and calculated isotropic shifts was
observed, and thus 4 has a high spin configuration over this temperature
range. Further details are provided in the Supporting Information.
Computational Details. The structures of the reactant in the

singlet, triplet, and quintet states were optimized at the B3LYP level
using the Jaguar program package.33 The iron atom was described using
the standard Los Alamos ECP together with the associated triple-zeta
LACV3P basis as implemented in Jaguar.30 All other atoms were
described using the all-electron 6-31G(d) basis, with five d polarization
functions. The phosphines PPh3, P(p-C6H4CF3)3 and P(OMe)3 as well
as the product of the reaction with PPh3 (in its singlet, triplet, and
quintet states) were also studied at the same level of theory. The singlet
TS for addition of the each of the three phosphines was also studied at
this level. Single-point energies at the optimized geometries were
computed using the Gaussian 03 program package,34 and a larger basis
set. This was composed of the Stuttgart ECP and associated triple-ζ basis
set (‘SDD’ in Gaussian) for iron, augmented by two f polarization
functions (ζ = 3.516 and 0.871), of the 6-311+G(d) basis for the
nitrogen, oxygen, and phosphorus atoms, and the 6-31G(d) basis for all
other atoms. As well as vacuum calculations, single point energies in the
presence of a continuum solvent model of toluene (IEF-PCM model,
including all nonelectrostatic terms) were computed. Corrections for zero-
point energy were obtained based on vibrational frequency calculations
carried out for a model system (see details in the Supporting Information).
Finally, dispersion-corrected B3LYP-D3 energies were obtained using the
method and code of Grimme et al.35 Unless mentioned otherwise, all
energies are based on the larger basis B3LYP electronic energies, corrected
with the model system zero-point energy. B3LYP-D3 and continuum
solvent-corrected relative energies are also discussed in the text.

’RESULTS

Reaction of Iron(IV) Nitrido Complexes with Phosphorus-
(III) Nucleophiles.We have previously reported that addition of
1 equiv of PPh3 to the iron(IV) nitrido complexes 1 and 3 results

in formation of the iron(II) phosphoraniminato complexes 2 and
4, as characterized by X-ray crystallography and 1H NMR
spectroscopy (Scheme 1). Both phosphoraniminato complexes
adopt a high spin (S = 2) state at room temperature, although 4
undergoes spin crossover to the low spin (S = 0) form in the solid
state, with TC = 81 K.24,36

X-ray crystallographic characterization of these complexes
revealed the complexes to have similar structures, with most of
the metrical parameters around the iron atom in the two
complexes comparable (Table 1). The most notable structural
difference relates to the phosphoraniminato ligand. Specifically,
the Fe�Nbond length (1.855(2) Å) in 4 is almost 0.05 Å shorter
than the corresponding bond distance in 2 (1.894(2) Å), which is
likely because of the different steric demands of the two tris-
(carbene)borate ligands.
Similarly to our previous observations, 1 also reacts cleanly

with PMe2Ph, PMePh2, and P(OPh)3 to yield the corresponding
high spin (S = 2) iron(II) products of nitrogen atom transfer. No
reaction was observed between 1 and PtBu3. Likewise, complex 3
also reacts with para-substituted triarylphosphines P(p-XC6H4)3
and the phosphites P(OR)3 to quantitatively yield the corre-
sponding high spin iron(II) phosphoraniminato complexes,
PhB(MesIm)3Fe�NdP(p-XC6H4)3 and PhB(MesIm)3Fe�Nd
P(OR)3 (R = Me, Ph).
Kinetics Experiments. As described above, our previous

report revealed little difference in the rates of reaction between
1 and a series of para-substituted triarylphosphines.22 We have
now measured the rate of nitrogen atom transfer from 1 to
substrates having a broader range of steric and electronic proper-
ties, namely, PMe2Ph, PMePh2 and P(OPh)3. There is an
excellent correlation between the rate of nitrogen atom transfer
from 1 to this series of substrates and the size of the phosphorus
nucleophile as measured by the Tolman cone angle (Figure 3),
but no dependence on any electronic parameter, for example,
pKa or χ(CO).

27 We have also examined the influence of solvent
on the rate of nitrogen atom transfer, and find no significant
difference in the rate for the reaction between 1 and PPh3 in THF
(k2 = 4.0 ( 0.2 � 10�4 M�1 s�1)22 and toluene (k2 = 5.67 (
0.06 � 10�4 M�1 s�1) at 298 K.

Scheme 1

Table 1. Selected Bond Lengths for the Products of Nitrogen
Atom Transfer from Iron(IV) Nitridos to PPh3

a

bond length (Å)

PhB(tBuIm)3
Fe�NdPPh3 (2)

24

PhB(MesIm)3
Fe�NdPPh3 (4)

36

Fe�N 1.894(2) 1.855(2)

PdN 1.527(2) 1.524(2)

Fe�C 2.102(2)�2.151(2) 2.079(2)�2.089(2)
aData shown for high spin (S = 2) states only.
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An isosbestic point is observed at 435 nm when the reaction
between 3 and excess PPh3 is measured by UV�vis spectroscopy
(toluene, 299 K). In contrast to 1, nitrogen atom transfer from
3 to PPh3 is swift, requiring the use of rapid-scan methods to
measure the rates of reaction. The pseudo first-order rate con-
stants are proportional to [PPh3], corresponding to the rate law,
rate = k2[3][PPh3] with no evidence for saturation kinetics in the
substrate concentration range used (5.2�27.5 mM). Higher
phosphine concentrations resulted in rates beyond the limit of
the rapid-scan instrument. The second order rate law is the same
as determined for the reaction of 1 with PPh3, but with a
significantly larger second order rate constant (Table 2).
An Eyring analysis of the temperature dependent rate con-

stants (10 �C�50 �C) gives activation parameters ΔHq = 3.9 (
0.2 kcal/mol and ΔSq = �41 ( 3 e.u. (Table 2). The activation
entropies are similar for both nitrido complexes and are con-
sistent with an associative process. The dramatically enhanced
rate of nitrogen atom transfer from 3 to PPh3 is principally driven
by the lower enthalpy of activation.
To acquire information about the electronic nature of the

nitrogen atom transfer reaction, we also investigated the rate of
nitrogen atom transfer to a series of para-substituted triarylphos-
phines. The rates of reaction between 3 and P(p-XC6H4)3 were
measured in toluene, as was done for the reaction with PPh3.
Unexpectedly, electron-withdrawing substituents were observed
to increase the rate of reaction, as shown in a Hammett plot
(Figure 4). There is excellent correlation (r = 0.92) with the
Hammett parameter σ, and the Hammett F value (0.52( 0.10),
while modest, is opposite in sign that expected for an electrophilic
nitrido ligand.
Further insight into the electronics of the nitrogen transfer

reaction from 3 was obtained from competition experiments
between PPh3 and the two phosphites P(OMe)3 and P(OPh)3.
These experiments reveal that nitrogen atom transfer to PPh3 is
an order of magnitude faster than to either of the phosphites. A
separate competition experiment involving P(OMe)3 and
P(OPh)3 reveals that nitrogen atom transfer to P(OPh)3 is three
times faster than to P(OMe)3.
Computational Investigations. The results of calculations

are summarized in Table 3. Reactant 3 is found to have a singlet
ground state at the B3LYP level of theory, with a short Fe�N
bond (1.491 Å). The triplet and quintet states lie respectively 7.9
and 30.4 kcal/mol higher in energy, and have significantly

elongated Fe�N bonds (1.552 Å and 1.614 Å respectively),
with some spin density on the nitrogen atom (0.08 and 0.45
unpaired electrons, respectively). As shown in Figure 2, the
HOMO of the nitride singlet ground state is a degenerate pair of
orbitals that are largely nitrogen lone pairs of π symmetry with
respect to the Fe�N bond. The LUMO is best described as an
Fe�N σ* orbital, with significant nitrogen character.
The singlet TS for addition of PPh3 to 3 to form 4 lies

11.7 kcal/mol above reactants, and involves a nearly end-on
approach of the phosphorus to the metal nitride group (rFe-N =
1.530 Å, rN-P = 2.328 Å, angle Fe�N�P = 178.0�). The rather

Figure 3. Plot of log k2 versus Tolman cone angle for the reaction of 1
with a series of phosphines and phosphites. Rates of reaction were
measured in THF at 298 K.

Table 2. Kinetic Parameters for the Reaction of Iron(IV)
Nitridos with Triarylphosphines

PhB(tBuIm)3
FetN (1)24

PhB(MesIm)3
FetN (3)

k2 (M
�1 s�1, 299 K)a 4.0 ( 0.2 � 10�4 1.44 ( 0.02 � 103

ΔHq (kcal/mol)a 13.7 ( 0.1 3.9 ( 0.2

ΔSq (e.u.)a �30 ( 1 �41 ( 3

ΔGq (kcal/mol, 299 K)a 22.7 ( 0.3 16.2 ( 0.8

Fb �0.04 ( 0.03 0.52 ( 0.10
aKinetic data for reaction with PPh3.

bHammett F value for a series of
para-substituted triarylphosphines.

Figure 4. Hammett plot for the reaction of 3 with P(p-XC6H4)3. Rates
of reaction were measured in toluene at 299 K. The ordinate is 3σp to
account for the trisubstitution of the phosphine.37

Table 3. Relative Energies (kcal/mol) Calculated at the
B3LYP Level of Theorya

species B3LYP B3LYP-D3 B3LYP-D3/PCM

13 0.0 0.0 0.0
33 8.3 7.4 6.2
53 31.4 31.6 30.5
13 + PPh3 TS 11.7 �12.2 �0.2
14 �25.7 �58.1 �50.5
34 �26.1 �53.9 �42.6
54 �44.5 �66.7 �52.2
13 + POMe3 TS 17.1 4.5 8.7
13 + P(p-C6H4�CF3)3 TS 5.4 �13.6 2.7

aThe B3LYP level of theory includes dispersion correction (B3LYP-
D3), and the B3LYP-D3 level includes continuum solvent (B3LYP-D3/
PCM). In each case, zero-point energy corrections are included.
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small increase in the Fe�N distance compared to reactants, and
the long N�P distance, reflect the very early nature of the TS,
readily explained by the exothermic nature of the addition step
(see below). The phosphine approaches in a collinear and largely
symmetric way, with the three N�P�C(Ph) angles at 118.0,
111.2, and 107.7�. The scatter in these angles might be due to the
lack of rigorous C3 symmetry, but is more likely to be due to the
orbital interactions described in more detail for the case of the
CF3-substituted phosphine below.
The computed barrier height at the B3LYP level is somewhat

larger than the observed enthalpy of activation, and this is most
likely due to the poor description of dispersion interactions at the
B3LYP level, as has been found previously in some other
reactions in which two or more nonpolar moieties are brought
together in the TS.38 Using the B3LYP-D3 correction scheme of
Grimme et al.34 lowers the TS very significantly, so that it lies well
below the reactants in energy. This large lowering arises because
of the extensive number of new C�C nonbonded interactions
between the P-Ph and N-mesityl rings formed at the TS. Had we
been able to carry out B3LYP-D3 optimization of the TS, a
slightly earlier and higher energy TS would most likely have been
found, as the inclusion of dispersion effects lowers the energy at
small N�P distances more than at high distances. Indeed, B3LYP
geometry optimization holding the N�P distance frozen at 2.5
and 2.7 Å, followed by B3LYP-D3 correction, leads to a local
maximum of the B3LYP-D3 energy near r = 2.5 Å, about
1 kcal/mol above the B3LYP-D3 energy at the B3LYP TS
structure. Computing the B3LYP-D3 energy of the TS in vacuum
neglects the contribution to the barrier height from the significant
loss of dispersion energy incurred by desolvation of the parts of the
phosphine and reactant surface that come into close contact
in the TS and the product. This effect is partially accounted
for by the continuum solvent model, which raises the barrier by
12.0 kcal/mol, leading to a B3LYP-D3+continuum barrier height
of �0.2 kcal/mol, somewhat below, but in acceptable agreement
with, the experimental activation enthalpy of 3.9 kcal/mol. This
level of agreement is certainly within the expected uncertainties in
the B3LYP method and the B3LYP-D3 correction.
The product 4 is computed to have a quintet ground state at

the B3LYP level of theory, in agreement with experiment, and the
quintet lies well below reactants at the B3LYP level of theory,
with the very exothermic addition accounting for the very early
addition TS. The triplet and singlet states also lie well below the
energy of reactants, but lie much higher in energy than the
quintet state at the B3LYP level. All these species have typical
strong N�P double bond character, with computed bond
lengths rN-P of 1.541 Å, 1.553 Å, and 1.572 Å respectively.
The former value is in reasonable agreement with the experi-
mental result of 1.524 Å for the quintet product. The adducts
have significantly extended Fe�N distances compared to the
reactant, for example, 1.868 Å and 1.820 Å for the quintet and
singlet, respectively, with the former again agreeing well with
experiment (1.855 Å). Experimentally, the quintet product is
found to undergo crossover to the singlet, and this is not
consistent with the much higher energy computed for the latter
at the B3LYP level. The discrepancy can again be understood
considering the poor description of dispersion by B3LYP, an
effect which is more important in product than reactants, and is
especially important in the more compact singlet. The B3LYP-D3
correction lowers the energy of the singlet by a large amount
(31.5 kcal/mol) compared to reactants, and although the quintet
is also stabilized (by 12.8 kcal/mol), the net effect is to bring the

singlet and quintet close in energy. Including the continuum
solvent correction, the product singlet and quintet states are
predicted to lie very close in energy, in good agreement with the
fact that they undergo spin crossover. The triplet lies significantly
higher in energy at this level of theory.
On the basis of the calculations, addition of phosphine is

predicted to lead to singlet product 14 initially. On the basis of
previous experience,39 the singlet and quintet surfaces should
cross at low relative energies, so that spin crossover to form the
quintet is likely to proceed rapidly, with a unimolecular rate
constant of 106 s�1 or greater, such that the kinetically observed
product will be the quintet.
The TSs for addition of trimethylphosphite and tris(para-

trifluoromethylphenyl)phosphine to the nitride 3 have structures
and relative energies that are qualitatively similar to those found
for triphenylphosphine. In more detail, though, the differences in
relative energy and in structure are of significant interest in
understanding the experimental data. The phosphite addition TS
lies significantly higher in relative energy than the phosphine TS,
in agreement with the observed lower reactivity, at all levels of
theory shown in Table 3. This is not unexpected given the well-
known lower σ-donor character of phosphites compared to
phosphines. Note that the conformational complexity in this
system is considerable, as trialkylphosphites exist in several close-
lying conformeric minima.40 Here, we have considered the
conformer with a (gauche-gauche-anti) arrangement of the
three methyl groups with respect to the P lone pair, in both the
free phosphine and the TS. This TS has a rather linear approach of
the phosphorus to the Fe�Ngroup (Fe�N�P angle of 175.1�), as
for the phosphite, but is significantly distorted from C3 symmetry
when considering the three N�P�O angles at the TS (101.2�,
101.6�, and 150.8�). The methoxy group with the large N�P�O
angle is one of the two with a gauche arrangement, which have a
higher effective steric requirement, and hence this low symmetry
could reflect the steric effects.
It is also possible that nonbonded interactions between 3 and

the phosphine play a role in the substituent effect. The very large
impact of the dispersion energy correction on the TS energies
highlights the important role of nonbonded interactions on
reactivity in these systems. While the dispersion component of
the energy should not in itself lead to a large substituent effect,
it is possible that other nonbonded interactions between the
phosphine aryl groups and the mesityl rings of 3 play a role.
As the mesityl rings will be quite electron-rich, they may have
a more attractive interaction with the more electron-poor
P(p-C6H4CF3)3 than with PPh3. This may be an additional
effect contributing to the observed reactivity pattern.
However, the trifluoromethyl-substituted TS has an energy

and a structure such that another effect must be considered to
play an important role in reactivity, and this presumably also
intervenes for the other cases also. The TS is found to lie lower in
energy than that for PPh3, at just 5.4 kcal/mol relative to
reactants at the B3LYP level of theory. This agrees in qualitative
terms with the calculated higher reactivity of the trifluoromethyl-
phenyl phosphine with the iron nitride compared to triphenyl-
phosphine. The latter experimental observation is surprising, so
it is pleasing that the same trend is observed computationally
(albeit not upon including the continuum solvent correction,
though considering the likely error bars this is not inconsistent
with the experimental trend). The calculations also provide insight
into this effect. The trifluoromethyl-substituted TS is found to
be even earlier than the parent TS, with rFe-N = 1.495 Å, and
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rN-P = 2.765. More importantly, it is found to have the same
distortion as the parent TS and the phosphite TS, with a fairly
linear Fe�N�P angle of 175.9� but three rather different
N�P�C angles, of 103.6,� 104.1,� and 129.0�.
This distortion can be attributed to a key orbital interaction at

the TS, whereby, as well as electron donation from the P lone pair
to the Fe�N σ* orbital, donation from the N lone pairs of π
symmetry into the low-lying P�C σ* orbitals of the phosphine is
also important (Figure 5). Note that while the HOMO and
HOMO-1 of 3 have only partial N lone pair character, there are
several other high-lying occupied orbitals with N lone pair
character, and upon approach by the phosphine, these orbitals
can mix to provide greater N lone pair character to the HOMO.
Both the P f LUMO and N f P�C σ* interactions are
symmetry-allowed even with a completely symmetric approach
of the phosphine. The bending distortion will tend to decrease
the strength of the P lone pair donation to the nitride LUMO,
but the interactions between the two N lone pairs and the π-
symmetry-adapted combinations of P-X σ* orbitals will be
maintained. The occurrence of this orbital effect is supported
by the Mulliken charges. In free PPh3 and P(p-C6H4CF3)3, the
phenyl and aryl groups have partial charges of �0.115 and
�0.126, respectively, with the phosphorus having a compensat-
ing positive charge of 0.345 and 0.378. In the PPh3 TS, the
phosphine overall acquires a positive charge of +0.132 and the
aryl groups also become less negative. In the trifluoromethyl-
phenyl case, the phosphine overall becomes negative (albeit only
at �0.025) and the aryl ring with the largest N�P�C angle
becomes more negative, at �0.130. Orbital plots of the HOMO
of 3 and the HOMO-1 of the addition TS (Supporting Informa-
tion, Figure S8), also support the occurrence of this orbital
interaction. One might expect that this interaction would length-
en the P�C bonds at the TS, but considering these bond lengths
(Supporting Information, Table S8), it can be seen that they
shorten from the reactant to the TS, probably because of changes
in hybridization at phosphorus, and any change due to N lone
pair donation into the σ* orbitals cannot be detected.
It is interesting to note, finally, that in the model system used

to compute zero-point energies, with the small PH3 nucleophile,
and no substituents on the carbene ligands, the TS (rN-P =
1.959 Å) is even more distorted, with an Fe�N�P angle of
162.6�, and N�P�H angles of 99.3� (twice) and 160.3�. This
may reflect a slightly different electronic character of the TS, but
may also be the preferred TS structure in the absence of steric
effects, that favor amore symmetric structure in the “real” system.

’DISCUSSION

As with our previous report on nitrogen atom transfer from 1
to PPh3, the rate law for the corresponding reaction of 3 is
consistent with an associative mechanism involving phosphine

attack at the nitrido ligand. An outer sphere mechanism that
involves initial electron transfer prior to N�P bond formation
can be excluded on two counts: (1) neither iron nitrido complex
can be reduced at potentials above�2.5 V (vs. Cp2Fe

+/Cp2Fe)
24,41

and therefore triphenylphosphine (Eox ≈ 0.6 V vs Cp2Fe
+/

Cp2Fe)
42 is thermodynamically incapable of reducing the nitrido

complexes to iron(III), and (2) the solvent polarity has no effect on
the rate of reaction between 1 and PPh3, which is inconsistent with
the formation of charged intermediates. Thus, these data are most
consistent with an inner sphere reaction involving nitrogen atom
transfer from [FetN] unit to the phosphine.
Steric Effects on Nitrogen Atom Transfer. As previously

mentioned, in our previous report no electronic effect was observed
in the rate of nitrogen atom transfer from 1 to triarylphos-
phines. We tentatively ascribed this result to steric effects, where
interactions involving the bulky tert-butyl substituents of the tris-
(carbene)borate ligand result in a congested transition state that
overwhelms any electronic factors. Extending the substrate scope to
include a range of sterically differentiated phosphines as well as an
electronically dissimilar phosphite provides more compelling evi-
dence for this conclusion. Specifically, there is an excellent correla-
tion between the rate of reaction and the size of the phosphine, as
measured by the Tolman cone angle (Figure 3), withmore than a 2
orders of magnitude difference in rate between the smallest and the
largest phosphine. Furthermore, there is no correlation between the
rate of reaction and any electronic parameter for the phosphorus-
(III) substrate.27

Complex 3 also undergoes two-electron nitrogen atom trans-
fer to phosphines; however the reaction rate is dramatically
faster, with the second order rate constant for the reaction with
PPh3 7 orders of magnitude larger than for 1 (Table 2). While
there is a small difference in the donor strength of the two
tris(carbene)borate ligands,43 the HOMOs and LUMOs of the
iron nitridos are largely nonbonding with respect to these
ligands,22,44 which is expected to mitigate any electronic differ-
ences. The more rapid reaction rate for 3 is largely related to the
smallerΔHq, that is, the formation of a PdN double bond at the
expense of two FedNπ bonds. Thus, formation of the transition
state requires less bond breaking in the case of 3 than for 1, and is
likely a consequence of the different topologies of the two
tris(carbene)borate ligands. Specifically, the planar mesityl sub-
stituents in 3 allow the incoming substrate to be closer to the iron
center, which reduces the extent of Fe�N bond breaking
required to reach the transition state. Consistent with this idea,
the only significant difference between the solid state structures
of the products (S = 2 spin state) are the Fe�N bond lengths,
with the Fe�N bond in 4 being shorter. Thus, for iron(IV)
nitrido complex 1, the bulkiness of the tris(carbene)borate ligand
overwhelms any electronic factors.
Electronic Effects. The reduced impact of steric effects for

complex 3 has allowed us to probe the effect of electronic factors
on the rate of nitrogen atom transfer. The rate constants for
nitrogen atom transfer to a series of para-substituted triarylpho-
sphines correlate well with the Hammett parameter σ, but the
observed positive F value is unexpectedly opposite in sign to that
expected for an electrophilic nitrido ligand.While we are unaware
of any Hammett studies for nitrogen atom transfer to phos-
phines, the rate of two electron nitrogen atom transfer from
TpOs(N)X2 (X = Cl, Br, OAc, O2CCF3, O2CCCl3, O2CCBr3,
ONO2, X2 = O2C2O2) to PPh3 follows the trend expected for an
electrophilic nitrido ligand (i.e., electron poor nitrido complexes
react faster), although the effect is modest.21

Figure 5. Orbital interactions in the transition state for nitrogen atom
transfer, showing that the interactions are symmetry-allowed in both the
linear (a) and the bent (b) structures. In (a), the σ donation from the P
lone pair to the nitride LUMO is favored. In (b), σ donation is relatively
less important compared to π donation from the N lone pair to the P-X
σ* orbitals.
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The analogous two-electron oxygen atom transfer reaction has
been more extensively studied, and to the best of our knowledge,
all Hammett studies are consistent with nucleophilic attack of
the phosphine at an electrophilic oxo group. Thus, Hammett
studies on oxygen atom transfer to triarylphosphines typically
give a negative F value (e.g., for MeReO(mtp)PPh3 (mtp =
2-(mercaptomethyl)thiophenol), F = �0.70);45 for (Mes)3IrdO,
F =�0.2946), as expected for an electrophilic oxo ligand. Therefore,
the positive F value for nitrogen atom transfer from 3 to triarylpho-
sphines appears to be without precedent.
We further investigated this apparent nucleophilicity by

determining the relative rate of nitrogen atom transfer to the
phosphites P(OMe)3 and P(OPh)3. Intriguingly, these phos-
phites react an order of magnitude more slowly than PPh3, and
with little dependence on their size. These rate differences can be
ascribed to the lower relative σ-basicity of the phosphites, and are
most consistent with an electrophilic nitrido ligand.
Given these seemingly contradictory results, we turned to

density functional theory calculations to obtain insight into the
electronic characteristics of the nitrogen atom transfer reaction.
Since nitrogen atom transfer from 3 to phosphines is spin
forbidden, we first investigated the influence of spin state changes
on the reaction energetics. Spin state changes have previously
been shown to have an impact on the mechanism of oxygen atom
transfer from d0 and d1 metal oxo complexes.9,47

The relative energies for all likely spin states for the reactants
and products have been calculated for the full system and also for
a model system in which a simplified tris(carbene)borate ligand
and phosphine have been used. The results of these calculations
are self-consistent, and therefore only the results of the full
systemwill be discussed here. The calculations show that the spin
state change from reactants to products is unlikely to have any
influence on the rate of nitrogen atom transfer. Specifically, we
find that for the phosphoraniminato product 4, the singlet state
(S = 0) is lower in energy than the singlet state for the nitrido
and phosphine reactants (3 + PPh3) (Figure 6). Furthermore,
because of the large energy difference between the S = 0 and
S = 2 states of 3, a change in spin state prior to N�P bond
formation is unlikely to be kinetically accessible. Thus, these
computational results are most consistent with nitrogen atom
transfer occurring on the singlet surface to give a singlet product,
followed by a rapid spin state change to the quintet product. In
support of this idea, we note that 4 undergoes a thermal spin
crossover at low temperature, as expected for energetically
accessible S = 0 and S = 2 spin states. This spin crossover occurs
at 81 K in the solid state.36 Attempts to probe this spin state
change in solution by VT-NMR showed no evidence for a spin
state change at temperatures down to 198 K, and the S = 2 state is
thermodynamically favored in solution at room temperature.
Although we do not know the rate of spin crossover for 4, in cases
where the kinetics of spin crossover in solution has been
investigated, the rate constant is typically >105 s�1.48 In sum,
the computational and experimental data suggest that the S = 0
to S = 2 spin transition is not rate determining for the reaction
of 3 with PPh3.
To obtain insight into the unusual electronic character of the

reaction we calculated the transition state on the singlet surface.
The B3LYP calculations provide good qualitative insight, though
neglect of dispersion interactions and solvation effects leads to
less good quantitative agreement with experiment. An attempt to
treat these two effects has therefore also been included, using
the �D3 dispersion correction35 and a polarizable continuum

model (PCM), as discussed in the results section. For the full
system, the transition state is calculated to lie 0.2 kcal/mol below
the reactants’ ground state energy at the B3LYP-D3+PCM level
of theory, consistent with the rapid reaction rate that is observed
experimentally, and providing further evidence that P�N bond
formation occurs on the singlet surface. Similar results are
obtained for calculations on a model system. Interestingly, the
calculated transition state structure shows that the phosphorus atom
adopts a sawhorse geometry (Figure 7), instead of the intuitively
anticipated trigonal pyramidal geometry. This geometric preference
is indicative of a dual-nature interaction involving a σ-symmetry
interaction between the nitrido LUMO (nitrido a1 orbital) and
phosphine HOMO (phosphorus lone pair) in addition to a
π-symmetry interaction between the nitrido HOMO (nitrido
e(a) orbital) and phosphine LUMO (P�C σ* orbital) (Figure 5).
Charge analysis of the electronic wave function at the TS
supports this interpretation: though the phosphine moiety
develops a positive charge in the case of PPh3 addition, it acquires
a small negative charge in the case of addition of P(p-C6H4CF3)3.
The calculated transition state thereby provides a rationale for
the results of the Hammett study because the π-symmetry
interaction leads to the transfer of electron density from the
nitrido ligand to the phosphine. Thus, the nitrido ligand also has
nucleophilic character.
This finding also explains why nitrogen atom transfer from 3 to

the bulkier, more π-acidic phosphite P(OPh)3 is faster than to
P(OMe)3. Moreover, our recent report of nitrogen atom transfer
from the iron(IV) nitrido complexes to CO and CNtBu provides
experimental evidence that the nitrido ligands have nucleophilic
character.49 In particular, the facile reaction with the weak σ-base
CO is consistent with the hypothesis that nitrogen atom transfer
also involves an interaction between the iron nitrido e(a) and the
substrate π* orbitals.

Figure 6. Relative energies of all possible spin states for the reaction
PhB(MesIm)3FetN + PPh3f PhB(MesIm)3Fe�NdPPh3, including
dispersion corrections and solvent effects (B3LYP-D3/PCM). Energies
are in kcal/mol, and are relative to that of PhB(MesIm)3Fe�NdPPh3
(S = 2). See Table 3 and the text for further details on the computational
methods.
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Although we are unaware of a similar Hammett studies for
oxygen atom transfer from metal oxo complexes to phosphines,
there have been some suggestions that the transition state for
oxygen atom transfer to phosphorus(III) substrates has partial
nucleophilic character. For example, the rate of oxygen atom
transfer from MeRe(NAr)2O (Ar = 2,6-diisopropylphenyl) was
found be greater for π-acidic P(OR)nR0

3�n substrates than for
phosphines.50,51 Furthermore, although direct experimental evi-
dence is lacking, the transition state for oxygen atom transfer
from TpiPr2 MoO2(OPh) to phosphines, calculated by electronic
structure theory, has been proposed to involve oxo nucleophilic
attack on the P�C σ* orbital in addition to the expected
nucleophilic attack of the phosphorus lone pair on the ModO
π* orbital.52

Implications for Atom and Group Transfer in 3-Fold
Symmetry. While it is well-known that metal�ligand multiple
bonds in late transition metal complexes can be stabilized in
3-fold symmetry,53 the factors that influence their reactivity in
group transfer reactions are still poorly understood. Further-
more, although the mechanism of nitrogen atom transfer to
phosphines has generally been considered to involve nucleophi-
lic attack of the phosphine at a vacant orbital at the nitrido
ligand,21 our results show that more subtle interactions are
involved in these reactions.
It is instructive to compare two electron nitrogen atom

transfer from 3 with the equivalent oxygen atom transfer from
(Mes)3IrdO.54 The pseudotetrahedral iridium complex, whose
atom transfer reactivity has been studied in some detail,8,44 is
isoelectronic (d4, S = 0) with 3 and has an analogous electronic
structure. However, when compared to 3, the rate of phosphine
oxidation is orders of magnitude slower for (Mes)3IrdO, and
the electronic selectivity of (Mes)3IrdO, although modest, is
opposite to that of 3.
In the case of (Mes)3IrdO, although oxygenation of PPh3 is

relatively slow (k = 3.95(5)M�1 s�1, 293 K),44 oxygen atom self-
exchange is ultrafast (kIrIr = 5 � 107 M�1 s�1 from low
temperature data extrapolated to 293 K),8 which suggests that
the slow rate of the former reaction is kinetic, and not thermo-
dynamic, in origin. Indeed, the slow rate of phosphine oxidation is
attributed in part to strong destabilization of the pseudotetrahe-
dral geometry in the successor (Mes)3Ir(OPPh3) complex. This

successor complex strongly favors a cis-divacant octahedron
(sawhorse) geometry, as expected for a four-coordinate d6 S = 0
complex (Figure 8A).55 This geometric mismatch introduces a
kinetic barrier that is believed to prevent oxygen atom transfer to
substrates such as Me2SO and allyl alcohol, despite these
reactions being thermodynamically favorable.
By contrast, the combination of a small bite angle tridentate

ligand (i.e., a tris(carbene)borate) and strong π-donor axial
ligand32 stabilizes the S = 0 (d6) state for the pseudotetrahedral
geometry of PhB(MesIm)3Fe�NdPPh3, the initial product
of atom transfer (Figure 8B). Similar stabilization of low spin
states in other pseudotetrahedral iron(II) complexes has been
reported.52,56 In this geometry, spin crossover to the observed
S = 2 (d6) phosphoraniminato product 4 is a low energy process
that does not involve major structural reorganization.52 Thus, the
combination of a 3d metal, which has a greater density of states
than a 5d metal, and the rigid tris(carbene)borate supporting
ligand provide access to the appropriate electronic states and
geometries that allow for rapid atom transfer.
The polarity of the atom transfer reaction is another important

difference between these two complexes. For (Mes)3IrdO, a
Hammett study with para-substituted triarylphosphines gave
results expected for an electrophilic oxo ligand, although the
effect is modest (F = �0.29(10)). This electronic difference is
likely related to the relative frontier orbital energies of the iridium
and iron complexes, specifically the HOMO, which determines
the relative nucleophilic character of the transition state. Since
symmetry considerations dictate that the e(a) HOMO is non-
bonding in character, the relative energy of these orbitals will
largely be determined by the atomic orbital energies of the metal.
The HOMO of (Mes)3IrdO is therefore expected to be at lower
energy than that of 2, reducing the nucleophilic character of the
oxo ligand. We note that there may be some partial nucleophilic
character in the transition state for oxygen atom transfer from
(Mes)3IrdO that reduces the electrophilicity of the oxo ligand,
as reflected in the modest Hammett parameter, F.

’CONCLUSIONS

The 3-fold symmetric iron(IV) nitrido complex 3 undergoes
swift nitrogen atom transfer to triarylphosphines. Changing the
steric profile of the supporting tris(carbene)borate from the
sterically congested tert-butyl substituted ligand in 1 to the less
constricting mesityl substituted ligand in 3 facilitates atom
transfer by removing inhibiting steric interactions, revealing the
rapid intrinsic rate of nitrogen atom transfer from these com-
plexes. The rapid rate of reaction is facilitated by a dual nature
transition state that involves bothHOMOand LUMOof the iron
complex. It is likely that theπ symmetry interaction involving the
iron nitrido HOMO (akin to π backbonding in transition metal

Figure 8. Geometric preferences of atom transfer reactions in 3-fold
symmetry.

Figure 7. Calculated transition state for nitrogen atom transfer in the
model systemHB(MeIm)3FetN+PH3. Selected bond lengths (Å) and
angles (deg) are shown.
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complexes) will facilitate nitrogen atom transfer to other sub-
strates that can accept π electron density, for example, alkenes.

More generally, it has previously been shown that rate of atom
transfer can be increased by making the complex more electro-
philic, for example, by increasing the charge on the complex.57

Our results suggest a complementary strategy for increasing the
rate of atom transfer: increasing the nucleophilicity of the atom
to facilitate the dual nature transition state. This strategy is likely
to be most applicable for 3d transition metal complexes, where
HOMO is relatively high in energy and the density of states
is large. A caveat to this strategy, as exemplified by the slower
reaction with phosphites, is that the relative importance of these
properties may be different for different substrates. An important
observation from our studies is that the electronic plasticity of
first row transition metals can be harnessed to effect faster atom
transfer reactivity than related complexes of the heavier elements.
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