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C—N and C—C Bond Formations in the Thermal Reactions of ‘“Bare”
Ni(NH,)" with C,H,: Mechanistic Insight on the Metal-Mediated
Hydroamination of an Unactivated Olefin**

Robert Kretschmer, Maria Schlangen, and Helmut Schwarz*

In memory of Emanuel Vogel

The central role of nitrogen-containing compounds in bio-
logical and in in vitro systems is reflected in ongoing research
to improve currently employed synthetic methods for the
production of this important class of substances.'! An atom-
economic process, using simple starting materials and pro-
ducing no or only negligible side products, involves the
addition of the N—H bond of ammonia across carbon—carbon
multiple bonds, the so called hydroamination.” In its simplest
form, that is, for the couple C,H,/NHj, the reaction exhibits
a free enthalpy of reaction of about —17 kJ mol™" but does not
proceed under ambient conditions because the electrostatic
repulsion of the nitrogen electron lone pair and the relatively
electron-rich double bond of the olefin results in a rather high
activation barrier.”! Further, a conceivable [242] cycloaddi-
tion is unfavorable owing to the significant HOMO/LUMO
energy gaps of the respective N—H and C=C orbitals, not to
speak of the symmetry forbidden nature of a concerted
reaction (Figure 1).**% To circumvent these obstacles,
catalysts have been employed for the hydroamination of
olefins, and remarkable efforts have been undertaken in the
last two decades aimed at developing an effective catalytic
route.”) There are two general approaches in this context:
activation of either the olefin or of the N—H bond.”? In the
former strategy, which corresponds to the oldest class of
hydroamination, an alkene first coordinates to an electro-
philic metal center followed by a nucleophilic attack of the
amine to the polarized olefin. In the latter approach, which is
limited to a few examples, the hydrocarbon coordinates to the
metal center of an amide complex and C—N bond coupling is
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Figure 1. HOMO and LUMO contour plots for NH;, C,H,, and Ni-
(NH,)" generated by using Gaussian09 at the UB3LYP/def2-QZVP
level of theory.

achieved by migratory insertion of the alkene into the M—N
bond, resulting in the formation of an aminoalkyl intermedi-
ate.[’! Further, both the inter- and intramolecular variants of
the hydroamination can be catalyzed by for example, alkali
metals,”! late transition metals,®! as well as lanthanides and
actinides.”) Notwithstanding all progress, the intermolecular
hydroamination of unactivated olefins using simple amines
remains quite challenging.'” However, a metal-free hydro-
amination of ethylene by ammonia was recently observed
using an electron beam impinging on C,H,/NH; multilayer
films.'" Quite clearly, for the development of efficient
catalysts, knowledge of the elementary steps of a cycle as
well as insight in the intrinsic properties of the active catalytic
centers are indicated. As demonstrated before for various
C—N coupling processes,' catalytically active intermediates,
which are otherwise not accessible under more conventional
conditions, can be identified by means of gas-phase experi-
ments and have strongly gained in importance during the last
decades.'¥

Herein, we report the gas-phase thermal ion/molecule
reactions of the “bare” amidonickel cation, Ni(NH,)*, which
can be easily generated in the gas phase by reacting Ni(OH)*
with ammonial" or by collision-induced dissociation of
Ni(formamide);**."! In addition to the outstanding position
that ligated nickel ions occupy in gas-phase reactions,'
nickel compounds exhibit a large versatility in chemical and
enzymatic reactions.”

As shown in Figure 2, the thermal reaction of mass-
selected Ni(NH,)" with ethylene results in the formation of
two primary products [Equations (1) and (2)], with a branch-
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Figure 2. a) Mass spectrum resulting from thermal ion/molecule reac-
tions of mass-selected Ni(NH,)" with ethylene at a pressure of
0.9x10™* mbar (the region between m/z 80 and 140 is enlarged by

a factor of 10); b) Plot of In(c[Ni(NH,)*]/c,[Ni(NH,)*]) versus ethylene
pressure p.

Ni(NH,)* + C,H, — C,H,N* + Ni (1)

Ni(NH,)* + C,H, — Ni(G,H,N)* + H, )

ing ratio of 3.1:1"8 and with a rate coefficient of (1.9 4 0.95) x
107" cm*®s 'molecule . The reaction is facile and proceeds
with an efficiency of (18 £9)% relative to the gas-kinetic
collision limit (10.7 x 107"° cm®s™ molecule ). Adequate
thermalization of the Ni(NH,)" ion is indicated by the linear
decrease of its abundance as a function of ethylene pressure
(Figure 2b).

The ion C,H N™ (m/z 44) is often observed as a prominent
signal in the mass spectra of amines, and N-protonated
ethylideneamine was found to be the most stable species of all
chemically conceivable isomers.”” Additionally, a secondary
reaction according to Equation (3) takes place; as expected

Ni(G,H,N)* + C,H, — Ni(C,H,N)* + H, 3)

for such a process, reaction (3) gains in importance at higher
ethylene pressure. The assignment of reaction (3) with Ni-
(GH/N)* serving as a reactive intermediate is further
supported by its decrease at higher C,H, pressure. Secondary
reactions of ethylene including C—C bond coupling have
already been observed for Y(NH)*, yielding Y(C,H;N)" and
H,;"? further, organometallic complexes that contain Ni, Pd,

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

or Pt as metal cores serve as catalysts for the telomerization of
dienes in the presence of an appropriate nucleophile, such as
NH,.BY

The assignments of these reaction channels [Equa-
tions (1)-(3)] are in keeping with labeling experiments, in
which E- and Z-CHDCHD as well as C,D, have been
employed. While these time-honored labeling experiments
do not provide direct mechanistic insight for reaction (1),
interesting aspects are provided as to the origin of molecular
hydrogen formed in processes (2) and (3). For example, H,
generated in reaction (2) contains one hydrogen atom from
ethylene and one from the amide group; in contrast, in the
formation of the second molecule of hydrogen [Equation (3)],
N—-H bond activation is not involved; rather, the incoming
substrate serves as the sole source for the elimination of
molecular hydrogen. Further, an intramolecular kinetic iso-
tope effect (KIE), ky/kp=1.4, has been determined for
reaction (2) by investigating the ion/molecule reactions of
Ni(NH,)* with E- and Z-CHDCHD; there is no effect of the
stereochemistry of the two C,H,D, stereoisomers on the KIE.

DFT calculations were performed to obtain mechanistic
insight in the C—N coupling reactions [Equations (1) and (2)]
as well as the C—C coupling process according to Equa-
tion (3). In Figure 3, the potential-energy surfaces (PESs) of
the primary reactions for the ground and first excited state are
depicted. The formation of N-protonated ethylidenamine and
neutral atomic nickel [reaction (1)] is shown in the upper part.
As other possible isomers of C,H,N", for example the ethene
ammonium ion or the aziridinium ion are higher in energy by
68.9 kImol™" and 99.9 kI mol™', their involvements in reac-
tion (1) are unlikely. Commencing with an electrophilic
addition to form the adduct complex 1, the carbon-metal
and carbon-nitrogen bonds are then formed via the cyclic
transition structure TS;, leading to intermediate 2. In this
process, an elongation of the ethylene C—C bond is involved;
while complex 1 corresponds to a genuine nickel(IT) ethylene
complex,®! the carbon—carbon bond in 2 is consistent with
a C—C single bond and the C—C distance of TS,, is in
between. Next, a sequence of two metal-mediated hydrogen-
atom shifts occurs. The first proceeds via TS, ; to generate the
metal hydride species 3, and then, passing through TS,,,
complex 4 is formed; the latter decomposes directly to neutral
atomic nickel and N-protonated ethylideneamine. The alter-
native, charge-inversed dissociation of 3 to form ethyliden-
amine and NiH" is endothermic by 205.9 kJmol™' for the
singlet and 130.6 kJmol™" for the triplet state of NiH™; this
discrimination is in line with the higher proton affinity
PA(C,H;N) (885+8) kImol™' compared to PA(Ni) (737 +
8) kImol~.*" Additionally, as shown in Figure 3b, complex
4 serves also as a precursor for the dehydrogenation to form
Ni(C,H,N)*. Insertion of the nickel atom in a N—H bond, via
TS,s, gives rise to the nickel hydride complex 5. Molecular
hydrogen is then generated in a o-bond metathesis reaction
via TSs, that possesses a coplanar Ni-C-H-H arrangement
(dihedral angles 0.0° (singlet) and 7.7° (triplet), respectively),
to yield complex 6; elimination of H, from 6 completes the
dehydrogenation path to produce the cationic product 7,
which is best described as a four-membered metallacycle.
According to the calculations, the alternative formation of H,
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a) by N—H bond activation from intermediate 3 leading directly
to 6 is prohibited by a barrier of 52.2 kJmol ' relative to the

100 entrance channel. While the computational findings explain

B the labeling experiments well, they fail in accounting for the
'g % branching ratio of Equations (1) and (2). For example,
2 according to the PESs shown in Figure 3, formation of
uf CHN" [Equation (1)] should exceed the experimentally
=0 observed 3.1:1 ratio. This discrepancy may indicate some
~100 deficiency of the employed DFT functional in quantitatively
correctly describing TS,s and TSs (see also comments made

=120 in the Computational Section). Selected bond lengths of all

~200 i f—‘: ";; intermediates and transition structures are given in Table 1;

3 ? the geometries of N-protonated ethylideneamine and ethyl-

ene are in good agreement with published computational and

experimental results, respectively.”*>*! The role of the differ-

100 ent spin states (singlet versus triplet) in the PESs will be
addressed further below.

The metallacyclic complex Ni(C,H,N)* (7) reacts with

a second molecule of ethylene. As shown in Figure 4, 7 forms

Lot

b)

4]
o

'TEJ with C,H, an encounter complex 8; the resulting structural
20 changes with respect to the Ni—N and the ethylene C—C
o bonds are similar to those reported for complex 1; that is,
_50 elongation of the Ni—N bond for the singlet versus contraction
for the triplet state. The C—C bond of the incoming olefin is

100 almost undisturbed for both states. Next, C—C bond coupling
occurs by insertion of ethylene in the Ni—C bond (TSg). Thus,

. a ring-expanded metallacycle 9 is generated in which the C—C

bonds are close to the expected values of ordinary carbon—
carbon single bonds. After a sequence of two hydrogen-atom
transfers (originating selectively from C2 and C3) via TSy,
and TS, respectively, complex 11 is generated from which
Figure 3. Simplified potential-energy surfaces of the Ni(NH,)"/C,H, loosely bound molecular hydrogen is liberated. A conceivable
couple as calculated at the UB3LYP/def2-QZVP level of theory (singlet hydrogen-atom transfer from the Cl position has been

state is given in blue and triplet state is shown in red) for a) the calculated to be endothermic for the singlet (43.5 kJmol ")
formation of N-protonated ethylideneamine and atomic nickel [Equa- and triplet states (12.2 kJmol’]).[%] By comparing the geo-
tion (1)]; b) dehydrogenation leading to Ni(CH,CHNH)™/H, [Equa- metrical parameters of 9 and 11, the expected contraction of
tion (2)]. For the sake of clarity, charges are omitted. Ce, Ho, N @, the C1-C2, C2-C3 and C3-C4 bonds is noted, which is due to
Ni ®.

a resonance-induced stabilization of the conjugated double

Table 1: Selected bond lengths (r), given in A, of the species shown in Figure 3.1

r(Ni—N) r(Ni—C1) r(C2—N) r(C1—C2) r(Ni—H)

2S+1 1 3 1 3 1 3 1 3 1 3
Ni(NH,)" 1.721 1.825 - - - - - - - -
C,H, - - - - - - 1.324 - - -

1 1.825 1.792 2.174 2.205 2.174 2.205 1.355 1.354 - -
TS, 1.801 1.848 1.990 2.046 2.215 2.154 1.398 1.411 - -

2 1.868 2.020 1.880 1.976 1.522 1.528 1.512 1.525 - -
TS, 2.654 3.400 1.898 1.964 1.443 1.346 1.487 1.492 1.7834 1.6721
3 2.129 2.116 2.011 2.474 1.386 1.420 1.391 1.345 1.437¢ 1.491¢
TS 2.178 2.052 1.992 2.295 1.379 1.417 1.421 1.391 1.4719 1.5679
4 1.876 2.357 2.907 2.915 1.407 1.395 1.496 1.502 - -
CHgN* - - - - 1.283 1.383 1.463 1.509 - -
TS, 1.829 1.952 3.366 3.357 1.322 1.283 1.468 1.48 1.6484 1.552
5 1.828 1.958 3.315 3.342 1.282 1.282 1.473 1.474 1.4184 1.503¢
TSs6 1.935 1.949 2.056 2.664 1.272 1.285 1.502 1.456 1.4879 1.6159
6 1.881 2.013 1.935 1.994 1.275 1.279 1.483 1.487 - -

7 1.849 1.994 1.916 2.007 1.273 1.279 1.487 1.488 - -

[a] The numbering is based on TS, ,. C1 corresponds to the carbon atom directly bound to the nickel atom while C2 is connected with the nitrogen
atom. [b] exp.: 1.337 A, Ref. [25a]; [c] Ni~H bond of the hydrogen atom that migrates in TS,;; [d] Ni—H bond of the hydrogen atom that migrates in
TS, 5.
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Figure 4. Simplified potential-energy surfaces of the secondary reaction
of Ni(NH,)" with C;H, as calculated at the UB3LYP/def2-QZVP level of
theory (singlet state is given in blue and triplet state is shown in red)
for the dehydrogenation [Equation (3)]. For the sake of clarity, charges
are omitted. Ce, Ho, Ne@, Ni @.

bonds. The elimination of molecular hydrogen from 11 is not
accompanied by a reorganization of the remaining Ni-
(C,HsN)* unit; in fact, the structural parameters of 11 and
the product ion Ni(C,HsN)* are almost the same. Finally, an
insertion of ethene in the Ni—N bond instead of the Ni—C
bond as the first reaction step is also conceivable. However,
while the  formation of the cyclic product
Ni(CH,CHNCHCH,)" and of H, are, according to the
calculations, possible from a thermochemical point of view,
this reaction path does not take place under thermal
conditions because it is inhibited by a barrier of more than
100 kJmol™"' (compared to the entrance channel). Selected
bond lengths for all of the species given in Figure 4 are
summarized in Table 2.

While the operation of a two-state reactivity (TSR)
scenario is crucial in numerous reactions of cationic nickel
complexes in the gas phase,'®?! in the system described
herein, according to the calculations it does not play a role.
For example, as shown in Figure 3 a, there is no need to invoke
the involvement of an excited singlet state in the generation of
the main product pair CH;CH=NH,"/’Ni. The reaction can
smoothly proceed on the ground-state triplet surface. For the
dehydrogenation reaction also (Figure 3b) a two-state reac-

tivity scenario is not necessary because all intermediates,
transition structures, and product pairs are for both states
lower in energy as compared to the entrance channel. In the
secondary reactions, the same situation prevails, and for the
dehydrogenation [Equation (3)] a spin crossing does not need
to be invoked. In fact, this would lead to an energetically quite
demanding singlet TS;q;.

In summary, in this combined experimental/theoretical
study we demonstrate that C—N bond formation in the couple
Ni(NH,)*/C,H, occurs efficiently under thermal conditions.!
Further, the product ion Ni(C,H,N)" formed in the primary
reaction undergoes a secondary reaction with another ethyl-
ene molecule, in which C—C bond making and breaking
account for the generation of the product ions observed.

Experimental and Computational Section

The experiments were performed with a VG BIO-Q mass spectrom-
eter of QHQ configuration (Q: quadrupole, H: hexapole) equipped
with an ESI source as described in detail elsewhere.””! Millimolar
solutions of Nil, in formamide were introduced through a fused-silica
capillary to the ESI source by a syringe pump (ca. 4 uLmin™"). As
revealed by parent-ion scans, in which precursor ions can be
identified, the Ni(NH,)" cation is generated in the ESI source from
dicationic Ni(formamide);*", as described previously for different
systems.'#*%! The degree of dissociation of the precursor ions owing
to collisions with N,, which is used as drying gas in the ESI source, is
determined by the cone voltage; maximal yields of the desired
complexes were achieved by adjusting the cone voltage to around 50—
80 V. The identity of the ions was confirmed by comparison with the
expected isotope patterns.”!! The ion/molecule reactions of the mass-
selected cationic complexes with ethylene and its isotopologues were
probed at a collision energy (E,;) nominally set to 0 eV, which in
conjunction with the circa 0.4 eV kinetic energy width of the parent
ion at peak half height allows the investigation of quasi-thermal
reactions, as demonstrated previously.”? The error of the absolute
rate coefficients is assumed to be + 50 %. This error might be due to
a different sensitivity of the gauge at different pressures. E- and Z-
C,H,D, as well as C,D, were purchased from CDN Isotopes Inc.; the
purity is 99.7 atom % D for the C,H,D, isomers and 99.0 atom % for
C,D,.

The DFT calculations, which aimed at obtaining a qualitative
rather than a quantitative description, were performed with the
Gaussian09 program package®® using the unrestricted B3LYP level
of theory® and def2-QZVP basis sets.*”l While the B3LYP functional
has been proven to be very useful in the performance of cost-efficient
calculations of many molecular systems, however, it has also been
found in some cases that B3LYP for example, overestimates bond
energies quite substantially or does not reproduce correctly atomic

Table 2: Selected bond lengths (r), given in A, of the species shown in Figure 4.7

r(Ni-N) r(Ni-C1) r(C1-C2) r(C2-C3) r(C3-C4) r(C4-N)
25+1 1 3 1 3 1 3 1 3 1 3 1 3

8 1.911 1.906 2085 2122 1365 1360 - - 1460 1387 1289 1323
TSy 1.955  1.943 1862 1979 1469 1410  1.824 2234 1504 1441 1276 1292
9 1837 1964 1862 1954 1504 1519 1532 1536 148 1490 1278  1.280
TS0 2005 1972 1.940 2704 1427 1412 1526 1519 1506 1498 1276  1.274
10 1980 2020 2029 2403 1380 1346 1520  1.507  1.489 1493 1275 1276
TSiom 1864 1998 2217 2179 1375 138 1447 1437 1459 1456 1.281 1.287
n 1860  1.947 1921 2700 1457  1.38 1352 1436 1432 1409 1294 1311
Ni(CHN)®  1.815 1926  1.859 2043 1465 1396 1346  1.424 1435 1416 1292  1.309

[a] The numbering is based on TS, where Ni is directly bound to C1; the following carbon atoms are numbered in ascending order ending with C4

which is bound to nitrogen.
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states of transition-metal ions.”® For example, the singlet/triplet
splitting of Ni (13.5 kJmol ™) obtained by using B3LYP is lower than
the experimental value of 40.8 kTmol'F”! or the calculated BDE
(Ni*=NH,) =270 kJmol ' and BDE (Ni*—C,H,) =200 kJmol " are
overestimated by 37 or 18 kJmol™, respectively, relative to the
experimental data.’! On the other hand, the comparison of the
calculated and experimental proton affinities is quite good for Ni
(736 kImol™' vs. (737+8)kIJmol™') and modest for C,H;N
(910 kI mol™" vs. (8854 8) kJmol™!).?Yl The performances of other
functionals, for example the MO6 functional developed by Truhlar
and Zhao,*” were found to be comparable to B3LYP for the systems
investigated in this study. To verify stationary points and transition
states, frequency calculations were performed. All energies (given in
kJmol™") are corrected for (unscaled) zero-point vibrational energy
contributions. Intrinsic reaction coordinate (IRC) calculations were
performed to link transition structures with the corresponding
minima.*")
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