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ABSTRACT: Aliphatic alkylamines are abundant feedstock and 0 /0\
versatile building blocks for many organic transformations. While Co'! cov (cr) Co" Co!! + NH;0H
re@arkable progress. has been made to copstr.uct C—N bc.)nds .on g:i;};h HNZH- -0 ::> ol
aliphatic and aromatic carbon centers, the activation and functionaliza- (DAY it
tion of C(sp’)—NH, bonds in primary alkylamines remain a (X k pre-activation free TN

~ one-step WA

challenging process. In the present work, we discovered an
unprecedented method to directly activate the C(sp®>)—NH, bond of
primary alkylamines by a high-valent dinuclear Co™",(1-O), diamond core complex. This reaction results in the installation of
other functional groups such as halides and alkenes onto the a-carbon center concomitant with the 2-e™ oxidation of the nitrogen
atom on the amino group to form NH,OH. These results shed light on future development enabling versatile functionalization of
primary alkylamines based on the dinuclear cobalt system. Moreover, our work suggests that a related high-valent copper-oxo
intermediate is likely generated in the ammonia monooxygenase catalytic cycle to affect the oxidation of NH; to NH,OH.

H INTRODUCTION amines, has been much less studied.'>'® The conversion of
C(sp’)—NH, bonds to other functionalized moieties is
generally a difficult process due to their strong C—N bonds
and two reactive N—H bonds. Available deaminative cross-

Aliphatic alkylamines are abundant feedstock and versatile
building blocks in a variety of important biological and
synthetic transformations through the construction and

activation of their C—N bonds." A number of redox- and coupling methods typically require pre-activation of the
non-redox-based biological processes invoke the cleavage of C(sp*)—NH, bonds to form imine, ammonium, or alkylpyr-
C—N bonds, such as ubiquitous transamination,”® cross idinium species (Katritzky salts, prepared by the reactions of
exchange of an amino group and a hydrogen atom on vicinal alkylamines with the pyrylium salts) before the C—N bonds
carbon atoms,” and deaminative conversion of alkylamine to can be cleaved (Scheme 1).'>'"7*° Although direct approaches
aldehyde.s’6 In particular, deaminative oxidations of primary to activate C(sp*)—NH, bonds are available, they are limited
alkylamines are typically catalyzed by amine oxidases, including to specific classes of alkylamines such as a-aminoalkylferro-
the copper-containing amine oxidases (CuAOs) and the flavin- cenes and amino acids.”®*’

containing monoamine and polyamine oxidases (MAOs and Recently, we reported the characterization and reactivity

PAOs),”° to form aldehydes and ammonia: RCH,NH, + H,0 studies of a high-valent bis-u-oxo Co™",(4-O), diamond core
+ O, - RCHO + NH; + H,0,. This reaction affords the complex (1), obtained by one-electron oxidation of the

oxidation of the a-carbon site on the alkyl chain instead of the Co™,(u-0), precursor (1a), as the synthetic mimic of the
nitrogen atom of the amino group upon the cleavage of the C— reactive diiron(IV) intermediate Q of soluble methane
N bond. Interestingly, in contrast, the ammonia-oxidizing monooxygenase (sMMO).28‘29 1 is able to cleave the 5P3 C—
enzyme ammonia monooxygenase (AMO) ca_talyzes the 2-e~ H bond up to 87 kcal/mol and is much more reactive than the
ox1dat71on of NH; to NH,OH with the formation of the N—O diiron and dicopper analogues.”” More importantly, the full
bond,” the first reaction of a natural nitrification process that oxidizing power of 1 can be further released upon interacting
plays key roles in global carbon and nitrogen cycling.” AMO is with Lewis bases to open up its diamond core and generate a

a copper-dependent enzyme and a homolog of the methane-
oxidizing enzyme particulate methane monooxygenase
(pMMO),”™"" although its structure and reaction mechanism
are yet to be described.

In synthetic chemistry, remarkable progress has been made
to construct C—N bonds on aliphatic and aromatic carbon
centers through recent developments of C—H bond amination
and C—N bond cross-coupling reactions.'”~"* On the other
hand, the activation of C—N bonds, particularly the
unactivated C(sp’)—NH, bonds in primary aliphatic alkyl-

terminal Co'V—O moiety, resulting in a million-fold rate
enhancement and the ability to cleave stronger C—H bonds up
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Scheme 1. Strategies for Activating the C(sp*)—NH, Bond 0127 A
of Primary Aliphatic Alkylamines
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to 96 kcal/mol.*® Specifically, when OH™ is employed as the
Lewis base, a cis-open core species HO—Co™'—=0—Co"V—0 is

generated based on our density functional theory (DFT)
calculations, where a hydrogen bond is formed between the
Co"™—OH and Co'V—O moieties.

In this report, we discovered an unprecedented C(sp*)—
NH, bond activation reactivity of the diamond core complex 1
with primary aliphatic alkylamines to form alkyl chlorides and/
or alkenes and hydroxylamine (Scheme 1). This deaminative
reaction results in the installation of other functional groups
such as chloride and C=C double bond onto the a-carbon
center concomitant with the 2-e” oxidation of the nitrogen
atom on the amino group (instead of the a-carbon center as in
amine oxidases) to form a N—O bond. The formation of alkyl
chloride and alkene is strongly affected by the structural and
electronic properties of the alkylamine substrates, an approach
that can be employed to predict the reaction outcomes. Our
work has thus provided an unprecedented method to directly
activate and functionalize the C(sp*)—NH, bond of primary
aliphatic alkylamines, a new organic transformation that has yet
to be reported in previous discoveries. On the other hand, the
oxidation of the amino group/ammonia to hydroxylamine by
the high-valent dicobalt species is a synthetic mimic for the
enzymatic reaction of AMO, which suggests that a related
high-valent copper-oxo species is likely generated as the key
intermediate to carry out the ammonia oxidation and N—O
bond formation in the enzymatic catalytic cycle.

B RESULTS AND DISCUSSION

We first selected 4-phenylbutylamine (PB4, 2, pK, = 10.21 in
aqueous solution) as a probe substrate to investigate the
reaction of 1 with alkylamines, with the original goal of
evaluating any possible site-selective C—H bond oxidation on
the alkyl chain. The introduction of only 1 equiv of PBA into
the methanol solution of 1 at —60 °C causes the increase in the
self-decay rate of 1 by 1 order of magnitude from 0.008 to
0.076 s™. This rate is about 3-fold faster than those observed
for 1 in the presence of other simple Lewis bases reported in
our previous work.”® The reaction follows first-order kinetics
(Figure S1) without the formation of any other intermediate.
Surprisingly, this dicobalt-PBA adduct is unable to react with
external substrates such as toluene. As shown in Figure 1A, the
addition of large excess amounts of toluene does not result in
any enhancement of the rate constant, indicating that
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Figure 1. (A) Plots of kg, as a function of the substrate concentration
for toluene oxidation by 0.15 mM 1 in the presence of 1 equiv of 4-
phenylbutylamine (square) and triethylamine (circle), obtained in
MeOH at —60 °C. The lines represent the best linear fittings. (B)
Hammett correlations for the reaction of 1 with para-X-substituted
benzylamine (square) and phenethylamine (circle) derivatives.

1ntermolecular C—H bond oxidations by 1, as we previously
observed,”*” are completely inhibited by the presence of only
1 equiv of PBA. In contrast, a typical second-order rate
constant (k,) of 0.23(3) M~ s7! is measured for toluene
oxidation by 1 in the presence of 1 equiv of triethylamine (pK,
= 10.8). These results clearly indicate that primary and tertiary
alkylamines have distinct effects on the reactivity of the
diamond core complex 1.

Analysis of the reaction products of PBA by GC—-MS
showed the formation of 1-chloro-4-phenylbutane (12% yield)
and 4-phenyl-1-butene (36% yield, all yields are referred to 1),
accounting for ~50% of the oxidizing equivalents used (Figure
S2). The formation of ketone and aldehyde products is not
detected even if the reaction is carried out in air. Together,
these observations suggest that (a) there is an intramolecular
reaction pathway of the dicobalt-PBA adduct that outcompetes
the intermolecular C—H bond cleavage of toluene, and (b) this
intramolecular reaction affords the deamination of the alkyl
chain to form the chlorinated and desaturated products, both
of which require the activation of the C—NH, bond
presumably in a heterolytic manner. The lack of ketone and
aldehyde products in the presence of O, is strong evidence
against the formation of a carbon radical as the result of
homolytic C—NH, bond cleavage. We carried out careful
control experiments to exclude any background oxidation of
PBA by residual CAN in the solution (see the Supporting
Information for more information). We also measured the
oxidation potentials of both PBA and CAN using cyclic
voltammetry, showing that CAN is unable to oxidize PBA
under our experimental conditions (Figure S3).

The source of chloride appears to be the starting Co(II)
complex Co(II)(TPA)CL,. Only the desaturated but not the
chlorinated product was observed if the perchlorate form
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Table 1. Substrate Scope of C(sp>)—NH, Bond Activation Reactions by 1 in Methanol at —60 °C with 30 equiv of TBACI

(Optimized Condition for Alkyl Chloride Formation)”
1eq1,30eqCl

R—NH,
MeOH, -60 °C

2

24% 19%

NH 1
/@/\/ 2 @/VC @/\ gNHZ /@ﬁm
—_— + —
R R R R R
4a, R=H

34% 15%

4b, R=0CH; 30% 15%
4c, R=CH; 26% 17%
4d, R=F 27% 1%
4e, R=Cl 22% 13%
4f, R=CF; 26% 1%
4g, R=C(O)CH;, 21% 20%
4h, R=C(O)OCH;3 28% 12%
NH,
MeO. MeO.
N\ ~
N
H
6
MeOD/\/ NH,
MeO
7
NH, cl
o o O
—_— +
8 15% 22%
NH, Cl NH,
\"'Ph \'"Ph
Ph Ph
10 not detectable 1"

ot

13, trace 15, 12%

24%

MeO. Cl
o
MeO

20%

R-ClI and/or alkene + NH,OH

3 30% 17%

5a, R=H

5b, R =O0CH;
5¢c, R=CHj;
5d, R=F

5e, R=Cl

5f, R=CF;

65%
67%
70%
72%
44%
12%

MeO
A\
N N
H

17%
MeOﬁ
MeO

18%

NH, [e]]
9 16%
cl NH, cl
not detectable 12 40%
NH
[ 2 NH,
14, trace 16, 11%

“All product yields are determined by GC—MS and normalized to the formation yield of complex 1. See the Supporting Information for more

details.

Co(II)(TPA)(ClIO,), is used as the starting complex for the
same experiment (Figure S4). We then optimized experimental
conditions for the formation of 1-chloro-4-phenylbutane using
tetrabutylammonium chloride (TBACI) as the CI~ source and
found that its highest yield (24%) can be obtained with a ratio
of 1:PBA:CI” = 1:1:30 at a CI” concentration of ~0.1 M
(Figure SSA and Tables S1 and S2). The addition of too much
chloride above the optimized ratio inhibits the formation of
both the alkyl chloride and alkene, presumably because the
direct reaction of CI™ with the dicobalt-PBA adduct becomes
significant at high CI” concentrations. On the other hand,
increasing the amount of PBA increases the formation of the
alkene (up to 32% yield) but decreases the yield of the alkyl
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chloride (Figure SSB). We hypothesize that this is because the
excess amount of PBA acts as a Lewis base to promote the
deprotonation necessary to form the alkene (see more details
in later discussions). On the other hand, when CI~ is replaced
by Br™ in the solution, we observed the formation of 1-bromo-
4-phenylbutane in a yield (26%) similar to that of 1-chloro-4-
phenylbutane (Figure S6). Furthermore, no halogenation
product was identified if F~ or I” is used as the nucleophile.
We expanded the substrate scope (Table 1) to investigate
the effects of the steric and electronic properties of the
alkylamines on their reactions with 1 under the optimized
conditions for the alkyl chloride formation (30 equiv of CI7).
For each amine substrate studied, we measured the rate
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constant and quantified the reaction product(s) (Table S1).
For amines that afford low product yields (such as 5f, 9, 15,
and 16), we typically recovered >50% of the starting substrates.
Our results show that, for alkylamines (2—4a) that have a
linear alkyl chain between a phenyl ring and the terminal
amino group and are able to form both the alkyl chloride and
alkene, the reaction appears to favor slightly the formation of
alkyl chloride as the alkyl chain becomes shorter, while the
typical combined product formation yields are 40—50%
(Figures S7—S9). For benzylamine (Sa), the simplest substrate
in this category where it is impossible to form the alkene
product, we observed the formation of benzyl chloride in 65%
yield.

The overall C—NH, bond cleavage is strongly affected by
the electronic properties of the amine substrates. We employed
benzylamine and its derivatives with a variety of para-
substituents as a set of test substrates (Sa-f) and found that
the substrates with electron-donating groups (EDG) react
faster with 1 and afford the corresponding alkyl chlorides in
higher yields compared to those with electron-withdrawing
groups (EWG) (Figures S10—S22). The Hammett plot
(Figure 1B) clearly shows that the logarithm of the reaction
rate constant kg, correlates linearly as a function of the
Hammett parameter o,,,, of the aromatic substituents with a
slope of p = —0.87. The negative p value is a clear indication
that the reaction builds partial positive charges on the benzylic
carbon center. Interestingly, the Hammett plot of phenethyl-
amine and derivatives (4a-h), where a CH, spacer is placed
between the benzylic carbon site and the amino group, affords
also a linear correlation but with a much smaller slope of p =
—0.34 (Figure 1B). This result indicates that the para-
substituents on the phenyl ring have a reduced effect on the
a-carbon center as the alkyl chain becomes longer. This group
of substrates (4a-h) affords both the alkyl chloride and alkene
in typical yields of 20—3S and 10—20%, respectively (Figures
$23—S36). Notably, substrates derived from two bioactive
alkaloids, including serotonin and dopamine derivatives having
related arylethylamino moieties (S-methoxytryptamine, 6, and
3,4-dimethoxy-phenethylamine, 7), are converted to the
corresponding alkyl chloride and alkene in moderate yields
(Figures S37—S39). These results demonstrate that our
reaction is well tolerated to a broad range of functional groups
at a remote position, including aryl and alkyl halides, ether,
ester, ketone, and an unprotected indole ring.

For all the substrates studied, the formation of the alkyl
chloride occurs only on the a-carbon site adjacent to the
amino group. No other regio-isomers are observed. The
chlorination appears to be highly sensitive to the crowdedness
of the a-carbon center. For example, comparison of the results
obtained from phenethylamine (4a) and a-methylbenzylamine
(8) shows that the formation of (2-chloroethyl)benzene (34%)
is in a higher yield than (1-chloroethyl)benzene (15%; Table 1
and Figure S40), consistent with that the a-carbon site in
phenethylamine is less sterically hindered than that in a-
methylbenzylamine. Furthermore, increasing the steric hin-
drance of benzylamine by adding one and two phenyl rings
onto the a-carbon center (benzhydrylamine, 9, and triphe-
nylmethylamine, 10) results in decreased reaction rates (Table
S1) and significantly reduced alkyl chloride formation yields
for this series of substrates (Table 1 and Figure S41).
Specifically, the formation of the alkyl chloride is undetectable
for triphenylmethylamine. Similar results (no alkyl chloride
formation) are obtained also for sterically hindered substrates
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such as 1-adamantylamine (11), cumylamine (15), and 1,1-
diphenylethan-1-amine (16), where the amino group is
adjacent to a tertiary a-carbon center, indicating that these
a-carbon sites are inaccessible by CI”. Interestingly, moving
the steric crowdedness slightly away from the a-carbon center
of l-adamantylamine by adding a CH, spacer between the
adamantyl and the amino groups (1-adamantanemethylamine,
12) restored the chlorination reactivity with the formation of
l1-adamantanemethyl chloride in 40% vyield (Figure S42).
Taken together, these results clearly indicate that the
chlorination occurs through an Sy2 nucleophilic attack of the
a-carbon center of the amine substrate by CI™ in the solution.

On the other hand, the formation of alkene appears to follow
an E2 pathway, where the alkylamine also functions as a Lewis
base to deprotonate the f-carbon (if applicable) and form a
C=C bond in the same transition state as the C—NH, bond
cleavage. We employed phenethylamine deuterated at the j-
carbon site to probe this mechanism. A competition experi-
ment with 1:1 mixed non-deuterated and deuterated
phenethylamine as the substrate afforded both non-deuterated
and deuterated styrene products in a ratio of ~20:1, indicating
an H/D kinetic isotope effect (KIE) of ~20. This large KIE
strongly suggests that the cleavage of the #-C—H bond is a
significant component of the rate-determining step. In
addition, substrates with a tertiary a- or f-carbon site afforded
alkenes with much reduced yields. For example, only trace
amounts of alkene products are observed for A-methyl-
phenethylamine (13) and 2,2-diphenylethylamine (14), likely
due to the steric inaccessibility of their S-protons by the Lewis
base in the course of the reactions. Furthermore, cumylamine
(15) and 1,1-diphenylethylamine (16) (regio-isomers of 13
and 14, respectively) afforded the formation of alkenes in only
~10% yields (Figures S43 and S44), much lower than those
substrates with a-CH—NH, or a-CH,—NH, moieties. The
steric hindrance of the @-carbon site in these two alkylamines
likely makes it difficult for them to access the substrate f-
protons in an E2 reaction as a Lewis base. Notably, these
sterically hindered alkylamines (10, 11, 15, and 16) all react
with 1 in a rate that is typically 3- to 5-fold slower than those of
other alkylamine substrates (Table S1), indicating that these
subsets of substrates have weaker binding abilities to the cobalt
center due to the sterically hindered a-carbon center. This E2
process is also consistent with our observations that the alkene
formation yield is dependent on the amine concentration in
the reaction solutions (Figures SS and S45), and substrates 2
and 3 afford the corresponding alkenes with the C=C bond at
the terminal position of the alkyl chain without the formation
of other regio-isomers, which otherwise is expected for an E1l
process.

The lack of formation of the ketone or aldehyde product in
our reactions strongly indicates that the alkyl chain is not
oxidized. Therefore, we hypothesize that the amino group is
oxidized by the high-valent dicobalt species to generate a 2-e~
oxidized species, likely NH,OH. Indeed, product analysis of
the post-reaction solution of 1 with a representative alkylamine
substrate (such as benzylamine) by ESI-MS showed the
formation of a mono-cationic species with m/z = 34, which is
assignable to [NH;OH]". This signal shifted by one mass unit
to m/z = 35 if "N enriched substrates are employed (Figure
S46). Quantification of the NH,OH formation yield is carried
out using "N NMR spectroscopy. As shown in Figure S47, the
SN NMR spectrum of the reaction solution of 1 with *N-
labeled benzylamine (chemical shift ~29 ppm, "*N-ammonia
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as the reference) affords a signal at ~107 ppm. Addition of a
known amount of the authentic "NH,OH sample into the
reaction solution causes the increase in the 107 ppm signal,
indicating that this signal originates from '"NH,OH formed
from the reaction of 1 with benzylamine (see the Supporting
Information for more details). Integrations of the 107 ppm
signal further showed that NH,OH is formed in a yield of
~60%, consistent with a formation yield of 65% for benzyl
chloride obtained by GC—MS. Moreover, to further verify that
complex 1 is able to oxidize the nitrogen atom of an amino
group without an alkyl chain, we employed N-ammonia as
the substrate to react with 1. As shown in Figure S48, the "N
NMR spectrum of the reaction solution clearly shows the
formation of NH,OH as the only product in ~60% yield.
Therefore, our reaction mimics the one catalyzed by the
enzyme AMO.

We carried out electron paramagnetic resonance (EPR)
studies to further examine the fate of the dicobalt complex in
the aforementioned reactions. The starting Co™,(u-O),
complex 1la is diamagnetic and EPR silent (Figure 2A). The

g value
96 39292319 16 14
P\ ]
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A

x 0.3

273 T=17K
100 200 300 400
Magnetic Field (mT)
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Figure 2. X-band EPR spectra of 1a, 1, and 1b. (A) la; (B) sample
containing 1 obtained by treating la with CAN; (C) sample
containing 1b by treating 1 mM la with 3 mM CAN and then
treating it with 0.2 M NHj;. The black line shows the corresponding
simulation for 1b. The simulation parameters are g = [2.50, 2.38,
2.87], A(¥Co) = [100, 240, 390] MHz, D = +50 cm™, E/D = 0.15,
and 6(E/D) = 0.04. The data collection conditions are a microwave
frequency of 9.63 GHz, microwave power of 2 mW, modulation
frequency of 100 KHz, modulation amplitude of 0.5 mT, and
temperature of 17 K. See the Supporting Information for discussion
on the simulation.

oxidation of 1a by CAN afforded the mixed-valent Co™",(u-
0), complex 1 as an S = 1/2 species with an EPR signal
centered at g ~2 (Figure 2B). Spin quantification of this signal
suggests that the formation yield of complex 1 is ~60 to 70%.
These results are consistent with the ones that we reported
previously for 1.”” The addition of NHj; to the solution of 1
resulted in the complete decay of the S = 1/2 species and the
concomitant formation of a new, broad EPR signal with
observed g resonances at 6.85, 4.80, 3.82, and 2.73 (Figure
2C), which is assignable to an S = 3/2 Co(II) species (1b).
The observed EPR signal originates from the Mg = +1/2
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Kramers doublet of an S = 3/2 spin state. The temperature-
dependent EPR measurements suggested that this Mg = +1/2
Kramers doublet should be the ground doublet (Figure S49);
thus, the axial zero field splitting (D) of 1b should be positive.
The simulation and quantification of this signal (see Figure 2
and the figure caption) indicated that the formation yield of 1b
is 80 + 20% (average of six samples, see Table S3 for more
details) from complex 1, suggesting that 1 is a 2-e~ oxidant in
the course of reaction with NH;. Given the basic reaction
environment with added amine/ammonia, we propose that 1b
is mixed-valent dicobalt(ILIII) species.

Mechanistic Considerations. We propose a mechanistic
sketch (Scheme 2) that highlights the key fundamental steps

Scheme 2. Schematic Illustration for the Reaction Pathway
of 1 with PBA
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Dicobalt(l, 1) + NH,OH
1b

necessary for this novel transformation. Detailed computa-
tional investigation of the reaction mechanism is underway and
will be the subject of another publication. Coordination of the
alkylamine (Scheme 2, step A, using PBA as an illustrative
example) first opens up the diamond core of 1 to generate an
open core sgecies lc. As we have demonstrated in a previous
publication,”” the binding of a Lewis base (pK, in a range of
4-16) to 1 is weak (K, = 0.31 M™') and the equilibrium
strongly disfavors the formation of the open core. Therefore,
1c should be a minor species in the reaction solution. Given
that the amino group (—NH,) is also a hydrogen bond donor
similar to hydroxide, we hypothesize that 1c is a cis-open core
adduct (instead of trans-open core) with a hydrogen bound
N—H--O—Co(IV) moiety. We turned to DFT calculations to
obtain a geometry-optimized structure of this key intermediate
to better understand it. As shown in Figure 3A, ethylamine-
coordinated dicobalt complex cis-EtNH,-Co™"'—~0—Co"'—0
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Figure 3. Geometry optimized structures of (A) lc and (B) 1d
obtained at the BP86/6-31G(D) + PCM(methanol) level of theory.
Cobalt, pink; oxygen, red; nitrogen, blue; carbon, gray; hydrogen,
white.

has a long Co---Co distance of 3.5 A, characteristic of an open
core configuration. Interestingly, the NH:--O interatomic
distance between the N—H bond and O—Co(IV) moiety of
this complex is as short as 1.45 A, which, together with a linear
arrangement of the N—H:-O atoms, suggests a strong
intramolecular hydrogen bonding. The unpaired electron in
cis-EtNH,-Co™~0—Co0"V—0 is primarily localized on the
terminal oxygen atom (+0.38 a.u.) and Co(IV) (+0.48 a.u.),
exhibiting a significant radical character on the terminal oxygen
atom. By contrast, tertiary alkylamines such as triethylamine
are unable to form the hydrogen bound cis-open core
configuration but rather generate a trans-open core upon
coordinating to the cobalt center. This structural difference
appears to have a significant impact on the reaction
outcomes—intramolecular C—N bond cleavage with PBA vs
intermolecular C—H bond activation in the presence of
triethylamine (Figure 1A).

The cis-open core species 1c then likely undergoes a non-
rate-determining step (Scheme 2, step B) to oxidize the amino
nitrogen forming a N—O bond and consume the Co(IV)—0O
oxidant. This hypothesis is consistent with our observations
that (i) external substrates such as toluene are unable to
intercept the Co(IV)—O oxidant, and (ii) weak C—H bonds in
the alkylamine substrates such as the benzylic C—H bonds in
benzylamine are not oxidized. We propose that this trans-
formation affords a two-electron reduced dicobalt(IL1III)
species 1d. The geometry-optimized structure of 1d by DFT
(Figure 3B) shows that it is bridged by a hydroxyl ligand and a
NH-O moiety, forming a five-member ring with a N—O bond
length of 1.436 A. This structure is in accordance with a
number of Co(u-OH)(u-O0)Co complexes reported in
literature.”® > Our calculations show that 1d is ~2.4 kcal/
mol more stable than 1c, suggesting that the conversion of 1c
to 1d is thermodynamically favorable. The formation of a N—
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O bond can be accomplished by the Co(IV)—O moiety in 1c
via a direct oxygen atom transfer (OAT) or following classical
hydrogen atom transfer (HAT) and radical rebound processes.
We favor the OAT pathway because the N—H bonds of
primary alkylamines are typically strong (>100 kcal/mol), and
the upper limit of the C—H bond that the Co(IV)—O oxidant
can cleave is only 96 kcal/mol.*® Although recent work from
other groups has shown that the coordination of NH; to a
transition metal center induces weakening of the N—H bond,
the degree of perturbation is expected to be small for
cobalt.>**

The rate-determining step (Scheme 2, step C) appears to be
the C—N bond cleavage, as clearly demonstrated by the
Hammett relationship. This is a non-redox step that affords the
formation of organic product(s) via the Sy2 or E2 pathway
discussed above. We further employed CH;NH, and CD;ND,
as probe substrates and measured their rate constants with 1.
As shown in Figure S50, these measurements afforded an H/D
kinetic isotope effect (KIE) of 1.37. This value is much smaller
than those observed in our previous work for C—H/C—-D
bond activation by the open core complex,”® suggesting that it
is not a primary KIE. Instead, we assign it to an a-secondary
KIE, consistent with the change of the a-carbon hybridization
from sp3 to sp2 in the Sy2 transition state.”

Furthermore, the C—N bond cleavage (step C) cannot
precede the N—O bond formation (step B). Our control
experiments show that no benzyl chloride is formed if
benzylamine is added to a mononuclear Co(III)-TPA complex
under otherwise identical conditions, indicating that the
binding of the alkylamine to the cobalt center alone is
insufficient to trigger C—N bond cleavage. In addition, no
reaction was observed when acetamide (CH,;C(O)NH,) and
benzamide (PhC(O)NH,) are employed as substrates, likely
because the formation of the N—O bond for these two
substrates is difficult due to the electron-withdrawing carbonyl
group adjacent to NH,, even though their a-carbon is more
electrophilic and susceptible for nucleophilic attack.

The diamond core complex 1 thus represents the first
example of a high-valent metal-oxo complex that mediates
direct activation of the C(sp®>)—NH, bond of aliphatic primary
alkylamines. This reaction takes advantages of the unique
features of the dicobalt-alkylamine adduct, where the alkyl-
amine is both a strong Lewis base to open the Co"™",(u-0),
diamond core and a hydrogen bond donor to “lock” the cis-
open core configuration between the Co™—~NH, and Co''—0
moieties. Both the open core structure and the cis-
configuration are critical to ensure successful intramolecular
C(sp’)—NH, bond cleavage and N—O bond formation. By
contrast, the diamond core itself is unable to activate the
C(sp*)—NH, bond. For example, a closely related Cu™,(u-O),
species reported recently oxidizes primary alkylamines to
nitriles, a desaturation reactivity instead of heterolytic cleavage
of the RCH,—NH, bond.*® The formation of the C—CI (or
C—Br) bond, on the other hand, is the result of Cl~ (or Br™)
being both a weak Lewis base incapable of competing with the
alkylamine for binding the cobalt center and a strong
nucleophile in methanol for attacking the a-carbon site. The
employment of such a protic solvent further decreases the
nucleophilicity (not basicity) of the primary alkylamine
substrates so that no formation of secondary alkylamine is
observed as the reaction product under optimized chlorination
conditions.
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B CONCLUSIONS

In conclusion, we have discovered a novel organic trans-
formation that converts primary aliphatic alkylamines to
functionalized product(s) via direct activation of the inert
C(sp®)—NH, bond by a high-valent Co"™",(4-O), complex.
The merits of our work are multi-fold. First, the direct method
for converting aliphatic primary alkylamines to other
functionalities such as alkyl halides and alkenes without any
pre-activation of the C(sp®)—NH, bond is unprecedented.
Furthermore, our mechanistic studies have shown that the
formation of C—Cl and C=C bonds proceeds through two
separate pathways (Sy2 and E2, respectively), each of which
can be modulated by the structural and electronic properties of
the alkylamine substrates as well as the amount of Cl™/amine
added into the reaction solution. These conditions can thus be
employed to predict the reaction outcomes and enable more
complex experimental designs. At the current stage, this
prototype reaction is stoichiometric and fundamental in nature.
However, we envision that, in the future development of this
work, nucleophiles other than Cl7/Br~ can be employed to
design other C—X (X = N, O, and C) bond coupling reactions
and catalytic systems can be further developed using primary
alkylamines as the substrates to enable novel synthetic utilities.

On the other hand, the formation of NH,OH as the
oxidation product of alkylamines/ammonia is a synthetic
mimic of the enzymatic 2-e” oxidation of ammonia by AMO.
Our work thus suggests that a high-valent copper-oxo
intermediate is likely generated in the AMO catalytic cycle
as the key oxidant. While a related enzymatic intermediate has
yet to be characterized, our work has demonstrated the
powerful abilities of synthetic model complexes to provide
insights about enzymatic reactions.
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