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Concerted C−N and C−H Bond Formation in a Magnesium-Catalyzed
Hydroamination
Abstract

Coordinatively saturated ToMMgMe (1; ToM = tris(4,4-dimethyl-2-oxazolinyl)phenylborate) is an active
precatalyst for intramolecular hydroamination/cyclization at 50 °C. The empirical rate law of −d[substrate]/dt
= k′obs[Mg]1[substrate]1 and Michaelis−Menten-type kinetics are consistent with a mechanism involving
reversible catalyst−substrate association prior to cyclization. The resting state of the catalyst,
ToMMgNHCH2CR2CH2CH═CH2 [R = Ph, Me, —(CH2)5—], is isolable, but isolated magnesium
amidoalkene does not undergo unimolecular cyclization at 50 °C. However, addition of trace amounts of
substrate allows cyclization to occur. Therefore, we propose a two-substrate, six-center transition state
involving concerted C—N bond formation and N—H bond cleavage as the turnover-limiting step of the
catalytic cycle.
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Abstract: Coordinatively saturated ToMMgMe (1; ToM ) tris(4,4dimethyl-2-oxazolinyl)phenylborate) is an active precatalyst for intramolecular hydroamination/cyclization at 50 °C. The empirical rate
law of -d[substrate]/dt ) k′obs[Mg]1[substrate]1 and Michaelis-Mententype kinetics are consistent with a mechanism involving reversible
catalyst-substrate association prior to cyclization. The resting state
of the catalyst, ToMMgNHCH2CR2CH2CHdCH2 [R ) Ph, Me,
s(CH2)5s], is isolable, but isolated magnesium amidoalkene does
not undergo unimolecular cyclization at 50 °C. However, addition of
trace amounts of substrate allows cyclization to occur. Therefore,
we propose a two-substrate, six-center transition state involving
concerted CsN bond formation and NsH bond cleavage as the
turnover-limiting step of the catalytic cycle.

Migratory insertion of an olefin into a metal-nitrogen bond is
exemplified by d0 and fnd0 metal complex-catalyzed hydroamination/
cyclization of aminoalkenes.1 However, kinetic studies of these
catalytic hydroaminations only provide indirect access to the
proposed insertion step. The typical empirical rate law, -d[substrate]/dt ) kobs[catalyst]1[substrate]0, is interpreted as proceeding
through turnover-limiting intramolecular insertion (Scheme 1).2 In
most cases this simplifies the overall mechanism because kobs is a
combination of elementary rate and equilibrum constants, and the
observed rate constant often includes competitive association and/
or substitution by product and substrate (i.e., inhibition).3 This amine
substrate coordination may be mechanistically significant, as at least
one additional amine is typically present in the catalyst resting
state.2,3 Additionally, kH/kD values ranging from 2 to 5 for H2NR
vs D2NR substrates suggest that N-H bond cleavage is also
involved in the rate-determining step and that C-N bond formation
is more complicated than classical 1,2-insertion.3,4
Furthermore, 1,2-insertion reactions between alkenes and
[M]-NR2 bonds that afford isolable metal alkyl compounds are
rare. Group 4 examples are limited to alkyne insertions that provide
vinyl amine products,5 as does the sole group 6 example.6 Activated
olefins, such as norbornylene and acrylonitrile, react with amidoiridium(III) and amido-platinum(II) compounds, respectively, and
these steps are useful in intermolecular hydroaminations.7,8 Recently, palladium amido compounds were shown to react through
intramolecular and intermolecular olefin insertion pathways.9 We
are not aware of stoichiometric insertion reactions of d0 or fnd0
metal amides and alkenes that yield isolable metal alkyls. Despite
the limited stoichiometric examples, a wealth of data and computational models have supported the general insertion mechanism
for rare earth metal-catalyzed hydroamination (Scheme 1).10
To study the insertion step in hydroamination/cyclization, we
decided to investigate catalysts in which bonding of an additional
substrate might be limited by coordinative saturation. Tris(4,417680
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Scheme 1. General Proposed Insertion Mechanism for
Intramolecular Hydroamination

dimethyl-2-oxazolinyl)phenylborato [ToM] magnesium(II) compounds were chosen to provide the desired catalytic activity and
steric properties, based on recent reports of the first examples of
magnesium(II)- and calcium(II)-catalyzed intramolecular hydroamination11 as well as extensive investigations of tris(pyrazolyl)borate
magnesium compounds.12 We have found that four-coordinate
magnesium alkyl compounds are precatalysts for hydroamination/
cyclization. Surprisingly, isolable magnesium amidoalkene complexes are not kinetically competent for intramolecular cyclization
in the absence of additional aminoalkene. From this observation
and the catalytic rate law, we propose an alternative pathway that
invokes concerted C-N and C-H bond formation through a sixcentered transition state.
ToMMgMe (1) is prepared from HToM and MgMe2(O2C4H8)2.13
A crosspeak between the oxazoline nitrogen and the Mg-CH3 in
a 1H-15N HMBC experiment demonstrates that 1 is the desired
heteroleptic rather than a mixture of ToM2Mg (2) and MgMe2.
Neither THF nor dioxane coordinates to the magnesium(II) center
in 1, and no change in the 1H NMR spectrum is detected upon
thermolysis in benzene-d6 at 150 °C in a sealed NMR tube. An
X-ray structure of 1 (Figure 1) and solid angle determination show
that 75% of the space surrounding the Mg(II) center is occupied
by the ToM (60%) and CH3 (15%) ligands.14
Compound 1 is a catalyst for the cyclization of primary
4-aminoalkenes (3-5) and a secondary aminoalkene (6) affording
pyrrolidines (7-10) at 50 °C in benzene (Table 1). 2,2-Disubstitution is required for cyclization to occur, and the unsubstituted
4-pentene-1-amine is not cyclized by 1 at 50 °C.
The lack of coordination of ethers to 1 suggests that there is no
open site for olefin coordination prior to insertion. As this is
uncommon for hydroamination catalysts, we were motivated to
further investigate the cyclization mechanism. The concentration
of substrate 3 was monitored over the course of the reaction, and
plots of ln[3] vs time are linear for >3 half-lives. A plot of kobs vs
[1] is linear giving the empirical rate law: -d[3]/dt ) k′obs[1]1[3]1
(k′(H)obs ) 6.9 × 10-3 M-1 s-1). Second-order rate laws for
10.1021/ja108881s  2010 American Chemical Society
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Figure 1. ORTEP diagram of ToMMgMe (1). Selected bond lengths (Å):
Mg1-N1, 2.122(1); Mg1-N2, 2.124(1); Mg1-N3, 2.090(1); Mg1-C16,
2.108(1).
Table 1. Hydroamination/Cyclization of Aminoalkenes Catalyzed
by ToMMgMe (1)a

Figure 2. Plot showing relationship between initial rate -d[3]/dt and [3]ini

(Conditions: catalyst [11] ) 0.00493 M, C6D6, 60 °C). Each -d[3]/dt value
is obtained from a linear-least-squares fit of [3] vs time for 5% conversion.
The curve represents a nonlinear least-squares fit of the data to eq 1.
k1

catalyst + substrate y\z catalyst · substrate

(2)

k-1
k2

catalyst · substrate 98 catalyst + product

a
Conditions: 10 mol % 1, C6D6, 50 °C. b Conversion (%) was
determined by 1H NMR spectroscopy. c 20 mol % 1.

aminoalkene cyclization are uncommon, but a few examples have
been reported.15 A plot of k(D)obs for cyclization of 3-d2 vs [1] gives
k′(D)obs ) 1.5 × 10-3 M-1 s-1. The ratio k′(H)obs/k′(D)obs is 4.6,
revealing a significant primary isotope effect. This rate law and
isotope effect data are consistent with several possible mechanisms,
including turnover limiting intermolecular protonolysis of a magnesium alkyl and a two-step sequence in which reversible
catalyst-substrate association precedes unimolecular cyclization.
If the reaction follows the latter pathway, the rate could show
saturation at high aminoalkene concentrations.16 Indeed, νini (νini
) -d[3]/dt at 5% conversion) vs [3]ini (Figure 2) increases until
saturation is observed.
The catalyst ToMMgNHCH2CPh2CH2CHdCH2 (12) is preformed
by reaction of ToMMgCH2C6Me2H3 (11) and 3 (see eq 4 below)
prior to catalytic cyclization, and its concentration equals the
measured concentration of C6Me3H3. A nonlinear regression analysis
correlates the data to eq 1.17

k2[12][3]ini
k2[substrate][catalyst]
-d[3]
)
)
dt
K' + [3]ini
K' + [substrate]

(3)

In contrast, turnover-limiting metal-alkyl protonolysis would be
expected to show linear dependence on [substrate] over all
concentrations.
In order to better establish the nature of the cyclization step, the
catalyst, and the catalyst · substrate intermediate, we investigated
the identities of the species in the reaction mixture. Inspection of
1
H NMR spectra of catalytic reactions of a 10:1 ratio of subtrate 3
to precatalyst 1 or 11 in benzene-d6 reveals two ToMMg species.
The first compound, 12, was independently prepared in a stoichiometric reaction of 3 with the magnesium alkyls 1 or 11 (eq 4).
Related magnesium amidoalkenes 13 and 14 are also formed upon
treatment of 1 with the aminoalkenes 4 and 5, and compounds
12-14 are isolated and fully characterized. Pseudo-C3V symmetry
of 12-14, as indicated by 1H and 13C{1H} NMR spectra and IR
spectra (one νCN band), support the structure of eq 4 (see Supporting
Information (SI)).

Previously, Cp′2LaNHR′(NH2R′) (R′ ) CH2CMe2CH2CHCH2) was
characterized at low temperature but could not be isolated as
cyclization occurs at ∼ -20 °C.3a Pyrrolide ToMMg(NC4H5-2-Me4,4-Ph2) (15) is the other ToMMg-containing species present in the
catalytic reaction mixture and is prepared by reaction of 1 and
diphenyl-pyrrolidine 7 (eq 5).

(1)

This rate law corresponds to the mechanistic sequence of eqs 2-3,
where k2 ) (1.4 ( 0.2) × 10-2 s-1 (cyclization) and K′ ) (k-1 +
k2)/k1 ) 0.24 ( 0.05 M (formation constant):
J. AM. CHEM. SOC.
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Magnesium amidoalkene 12 was observed in the catalytic
reaction mixture, so its reactivity was tested by warming a benzened6 solution of isolated 12 to 50 °C, and then 100 °C for 12 h (eq
6). Surprisingly, the amidoalkene was the only species observed
under these conditions, and neither free pyrrolidine 6 nor magnesium pyrrolide 15 was formed.

This result contrasts the catalytic cyclizations where C-N bond
formation occurs readily at 50 °C. Thus, the intermediate 12 is not
kinetically competent to mediate olefin insertion on its own.18
Addition of a slight excess (g1.01 equiv) of aminoalkene 3 to
1 provides 12 quantitatively after 15 min at rt. When this solution
of 12 and 0.01 equiv of 3 is warmed to 50 °C, cyclization provides
compound 15 (eq 7). These stoichiometric reactions and our kinetic
measurements argue strongly that C-N bond formation occurs from
an amine adduct of 12 (i.e., 12 · 3) during catalysis.

benzene-d6) were measured using selective population inversion
(SPI).19 From this analysis, the rate of dissociative exchange (kdiss)
at 60 °C is 0.20 s-1, which is ∼14× faster than k2 (0.014 s-1).
Thus, the frequency of oxazoline dissociation is greater than the
TOF for aminoalkene cyclization.
The oxazoline dissociation rate constants kdiss are likely similar
in 2 and 12-14.20 Thus, an amine ligand is required for cyclization
but not for oxazoline dissociation, suggesting that aminoalkenes
3-5 interact with the magnesium(II) center under catalytic conditions. The observations that (a) isolable compounds 12-14 do not
undergo intramolecular cyclization, (b) a second substrate molecule
is required for cyclization, and (c) the unobserved active species
ToMMgNHR′(NH2R′) (16-18; R′ ) CH2CR2CH2CHCH2) are at
least four-coordinate (i.e., coordination sites are limited) are not
consistent with C-N bond formation via migratory insertion of
the olefin into the Mg-N bond. Instead, we propose that C-N
bond formation involves a six-center transition state as shown in
Scheme 2. Related transition state structures, in which a proton is
transferred from carbon to nitrogen, are proposed for ketone
enolization by magnesium amides.21 Additionally, we have studied
diamido zirconium(IV) hydroamination/cyclization catalysts where
C-N bond formations appear to involve proton transfer from one
amido to the terminal olefinic carbon in a related six-centered
transition state.22
Scheme 2. Proposed Mechanism for ToMMg-Mediated Aminoolefin
Hydroaminationa

Three-coordinate magnesium might be required for insertion.11b
In this scenario, eq 2 might involve amine-assisted dissociation of
one oxazoline ring. Therefore ToM2Mg (2) was used to assess
oxazoline-magnesium lability and the steric constraints imposed
by the ToM ligand.
Homoleptic ToM2Mg contains two bidentate ligands. The magnesium center is coordinatively saturated and protected on all sides
by the dimethyl groups of the oxazolines (Figure 3). This claim is
supported quantitatively by crystallographic solid angles for 2,14b-d
which are 5.70 and 5.77 steradians (45 and 46%), suggesting
exchange (see below) involves oxazoline dissociation. This structural study further shows that an intramolecular insertion process
in putative {κ2-ToM}MgNHCH2CR2CH2CHdCH2 (∼40% free
space) is not ruled out on steric grounds.

Figure 3. ORTEP diagram of ToM2Mg (2). Methyl groups that undergo

chemical exchange are colored identically (bold red and blue italics).
Selected bond lengths (Å): Mg1-N2, 2.063(4); Mg1-N3, 2.046(5);
Mg1-N4, 2.070(5); Mg1-N5, 2.065(4).

An EXSY experiment at 50 °C showed selective exchange
between methyl groups (C3, C9, and C13; C4, C8, and C14; see
Figure 3) further supporting a dissociative rather than associative
exchange mechanism. The rates of oxazoline exchange (35-72 °C;
17682
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a

R′ ) CH2CR2CH2CHdCH2, R ) Ph2, -(CH2)5-, Me2.

Our kinetic studies and the reactivity of isolated magnesium
amidoalkenes provide unambiguous evidence that two substrate
molecules are interacting with the magnesium site in the turnoverlimiting cyclization step. Coordinative saturation stabilizes the aminefree magnesium amido complex, affording a distinct and unique
environment compared to other coordinatively unsaturated hydroamination/cyclization catalysts. Interestingly, the resting states of many
d0 and fnd0 metal center hydroamination/cyclization catalysts, including
lanthanidocenes,3 highly enantioselective binaphtholates compounds,
and magnesium diketiminates,11 are amido-amine complexes {LnM}NHR(NH2R)n, and the rate laws for these systems typically follow
zero-order dependence on substrate concentration. Under saturation
conditions, the rate law of eq 1 reduces to this commonly observed
rate law, providing a possible connection between hydroaminations
mediated by 1 and other d0-metal based catalysts. Despite this
connection, the relative importance of the mechanism proposed in
Scheme 2 with respect to insertion (or other) pathways remains to be
investigated for catalysts with increased coordinative unsaturation.
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