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ABSTRACT: In situ-formed cobalt(I) complexes are pro-
posed to act as efficient catalysts in regioselective Diels—Alder
reactions of unactivated substrates such as 1,3-dienes and
alkynes. We report the first experimental evidence for the in
situ reduction of CoBr,(dppe) [dppe = 1,2-bis(diphenyl-
phosphino)ethane] by Zn/Znl, to [Co(I)(dppe)]* by means
of electrospray MS" experiments. Additionally, the reactivities
of Co(II) and Co(I) dppe complexes toward the Diels—Alder
substrates isoprene and phenylacetylene were probed in gas-
phase ion/molecule reactions (IMRs). Isoprene and phenyl-
acetylene were introduced into the mass spectrometer via the
buffer gas flow of a linear ion trap. The IMR experiments
revealed a significantly higher substrate affinity of [Co(I)-
(dppe)]* compared with [Co(II)Br(dppe)]*. Furthermore, the
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central intermediate of the solution-phase cobalt-catalyzed Diels—Alder reaction, [Co(I)(dppe)(isoprene)(phenylacetylene)]*,
could be generated via IMR and examined in the gas phase. Collision activation of this complex ion delivered evidence for the
gas-phase reaction of isoprene with phenylacetylene in the coordination sphere of the cobalt ion. The experimental findings are
consistent with the results of quantum-chemical calculations on all of the observed Co(I) dppe complex ions. The results
constitute strong analytical evidence for the formation and importance of different cobalt(I) species in regioselective Diels—Alder
reactions of unactivated substrates and identify [Co(I)(dppe)]* as the active Diels—Alder catalyst.

1. INTRODUCTION

Since its discovery in 1928, the Diels—Alder reaction has
become one of the most valuable tools in the synthesis of
natural products and other complex organic molecules.' > The
limited reactivity of certain “unactivated” starting materials in
Diels—Alder reactions can be overcome by the application of
transition-metal catalysts, in particular when alkynes are used as
dienophiles.*"'" A remarkably efficient catalyst generated from
CoBr,(ligand) by in situ reduction with zinc and zinc iodide
was found to efficiently catalyze the formal Diels—Alder
reaction of isoprene and phenylacetylene. Interestingly, the
“para” product was obtained with high regioselectivity when the
ligand was 1,2-bis(diphenylphosphino)ethane (dppe), while the
“meta” product was selectively formed with the imine ligand
(E)-2,4,6-trimethyl-N-(pyridine-2-ylmethylene)aniline
(Scheme 1).° Besides this, the catalyst obtained from
CoBr,(dppe) by reduction with Zn/Znl, was shown to
efficiently catalyze also other transformations, including 1,4-
hydrovinylations,">™"* [2 + 2 + 2] cycloadditions,"*'® Alder-en
reactions,”’ " [4 + 2 + 2] cycloadditions,”® [2 + 2]
cycloadditions,21 homo-Diels—Alder reactions,”**® isomeriza-
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Scheme 1. Regioselective Cobalt-Catalyzed Diels—Alder
Reaction of Phenylacetylene and Isoprene®
: Ph
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tions of 1,3-dienes,** Glaser couplings,25 and benzannulations
of conjugated enynes.”

The addition of both zinc and zinc iodide is of vital
importance for the generation of the active cobalt catalyst for
the regioselective Diels—Alder reaction of 1,3-dienes with
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alkynes. This suggests that the neutral CoBr;(ligand) complex
is initially reduced to a Co(I) species while the remaining halide
ion is abstracted by the Lewis acid Znl,. The resulting cationic
[Co(I)(ligand)]* complex is expected to act as the catalytically
active species.”” According to Hilt and Frenking, the catalytic
cycle is suggested to start from the diamagnetic 18 VE complex
[Co(I)(ligand)(solvent);]*, which sequentially exchanges sol-
vent molecules for the Diels—Alder substrates to generate the
[Co(I)(ligand)(diene)(alkyne)]* complex, the actual precursor
for the C—C bond-forming steps (Figure 1).*” Extensive
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[Co(L)(cyclohexadiene)]* 1solv
K [Co(L)(diene)(solv)] [Co(L)(alkyne)(solv);]*
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Figure 1. Postulated catalytic cycle of the Co(I)-catalyzed Diels—Alder

.27
reaction.

theoretical investigation of the mechanism of the cobalt-
mediated formal Diels—Alder reaction of isoprene with
phenylacetylene indicates that the cycloaddition actually
proceeds in a two-step fashion. First, oxidative cyclization (as
the rate-determining step) yields a metallacyclic intermediate,
which then undergoes reductive elimination. Finally, the Diels—
Alder product (i.e, the l4-cyclohexadiene) is released to
regenerate the [Co(I)(ligand)]* catalyst. It was shown that the
formation of the metallacycle (i.e., the formation of the first C—
C bond) is not only the rate-limiting step but also the
regioselectivity-determining step. Thus, the computations
suggest that the regioselectivity of the cobalt-catalyzed Diels—
Alder reaction is kinetically controlled and ultimately
determined by steric interactions of the bidentate ligands.
More precisely, the distance between the carbon atoms
involved in the initial C—C bond formation and the relative
energies of the four possible conformations of the [Co(I)-
(ligand) (isoprene) (phenylacetylene)]* intermediate govern the
regioselectivity.

Apart from the theoretical efforts, spectroscopic methods
have also been applied to elucidate the catalytic cycles of metal-
mediated transformations experimentally. In this challen§in%
task, electrospray ionization mass spectrometry (ESI-MS)>*~>
in combination with tandem MS>' represents a powerful and
versatile approach, as even labile and transient species can be
transferred intact into the mass spectrometer, given that soft
and gentle ionization and phase-transfer conditions are selected.
In doing so, all kinds of ionic (or previously charge-tagged)
reactive intermediates can be directly identified out of very
complex reaction solutions, and interesting features of the
reaction under examination (such as the concentrations of
starting materials, intermediates, and products) can be
simultaneously monitored.>*~** Furthermore, a quadrupole or
magnetic ion trap mass spectrometer can be used as a versatile
reaction chamber for the examination of intrinsic structure—
reactivity relationships of ionic organometallic complexes in
vacuo without the influence of solvent molecules and
counterions, as documented by numerous studies.**~* Either

sequential MS" product ion experiments of selected precursor
ions by means of collision-induced dissociation (CID) can be
conducted or ion/molecule reactions (IMRs) between an ionic
organometallic reagent and a neutral substrate can be
performed. This way, it is possible to investigate the nature
of the coordination sphere of transition-metal complexes®*~>>
and the kinetics of adduct ion formation within complexes
bearing different ligands.>*>>° Complete catalytic cycles have
thus been examined,’**” and the technique has been used to
screen the reactivities of potential catalysts in polymerization
reactions.”®*°

In the present study, we probed relevant intermediates of the
cobalt-catalyzed Diels—Alder reaction (Scheme 1) by means of
ESI-MS, MS” product ion experiments, and gas-phase IMRs in
an MS instrument that is also able to measure exact ion masses.
The experiments were performed using the established catalyst
system [generated from CoBr,(dppe) by reaction with Zn/Znl,
in THF] and isoprene and phenylacetylene as the substrates.
We report the first experimental evidence for the in situ
formation of the until now only postulated cationic Co(I)
complex [Co(I)(dppe)]*. Additionally, the reactivities of
cationic Co(II) and Co(I) intermediates toward the Diels—
Alder substrates were studied in respective gas-phase IMRs,
which even allowed us to identify and characterize the complex
ion [Co(I)(dppe)(isoprene)(phenylacetylene)]* (Figure 1).
Finally, we report extensive experimental evidence for the
transformation of [Co(I)(dppe)(isoprene)(phenylacetylene)]*
into [Co(I)(dppe)(1-methyl-4-phenylcyclohexadiene)]* and
the release of the Diels—Alder product upon collision activation
in the gas phase. The conclusions of the experimental study are
furthermore supported by quantum-chemical computations.

2. RESULTS AND DISCUSSION

As a starting point of the study, a 107> M solution of
CoBr,(dppe) in acetonitrile was analyzed by (+)ESI-MS. The
respective spectrum presented in Figure 2a exhibits character-
istic signals of the ionic Co(II) species [Co’*Br(dppe)]* (1)
(m/z 536) along with other ionic Co(II) complexes decorated
with a solvent CH;CN molecule or an additional dppe ligand
[Co”Br(dppe),]* (m/z 934). The identity of Co(II) complex
ion 1 was reliably confirmed by the exact ion mass, by its
characteristic isotope distribution (which clearly evidences the
presence of a bromine atom; Figure 2a inset), and furthermore
by an indicative fragmentation pattern in an MS? product ion
experiment [Figure S2 in the Supporting Information (SI)].
The ions at m/z 293, 321, 352, and 428 represent fragment ions
of 1, as they also appear as product ions in the CID experiment
of 1 (Figure S1 in the SI).

After (+)ESI-MS characterization of a CoBr,(dppe) solution
and MS" analysis of [Co(II)Br(dppe)]* complex ion 1, the role
of the reducing agent (Zn/Znl,) was probed next. To test the
postulated in situ reduction”” of Co(II)Br,(dppe) to a
respective Co(I) complex, a solution of CoBr,(dppe) was
treated with zinc powder (2 equiv) and zinc iodide (2 equiv) in
THF under an inert gas atmosphere according to the
established experimental protocol of Hilt et al.*®° The
(+)ESI-MS spectrum of this reaction solution is presented in
Figure 2b. The signal at m/z 457 is assigned to the Co(I)
complex ion [Co(I)(dppe)]* (2). The isotope pattern of that
ion confirms the absence of any bromine or zinc atom and is
consistent with the computed isotopic distribution of the
proposed Co(I) complex 2. Additionally, the fragmentation
pattern observed in an MS?* product ion experiment on the ion
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Figure 2. (a) (+)ESI-MS spectrum of a 107° M solution of CoBr,(dppe) in acetonitrile. The structure assignment of Co(II) complex ion 1 (m/z
536) was confirmed by the measured exact ion mass and (inset) the characteristic isotope distribution, which matches the computed isotopic pattern.
(b) (+)ESI-MS spectrum of a reaction mixture of CoBr,(dppe), Zn, and Znl, in THF, representing typical reaction conditions for the catalytic

Diels—Alder protocol before the addition of substrates.>*

at m/z 457 supports this structure assignment (Figure S2 in the
SI). The observed set of product ions formed, inter alia, by the
loss of C,H, and C4Hg can be attributed to the fragmentation
of the dppe ligand of 2. Aside from the Co(I) complex ion 2,
Co(I) oxygen adduct species,61 ionic Zn complexes, and in-
source fragment ions can be found in the mass spectrum, as
Figure 2b illustrates.

Following the detection and identification of the complex
ions [Co(II)Br(dppe)]* (1) and [Co(I)(dppe)]* (2), we
turned our attention to the gas-phase reactivities of these cobalt
complex ions toward the Diels—Alder substrates isoprene and
phenylacetylene. For this purpose, gas-phase IMRs were
performed by metered introduction of the neutral substrates
into the helium buffer gas flow of the linear ion trap (LTQ)
according to the instrumental modification established by
Gronert*” and O’Hair.>*®> Figure 3 presents relative precursor
ion intensities as functions of the reaction time for the IMRs of
isoprene with (a) [Co(I1)”Br(dppe)]* (1) and (b) [Co(T)-
(dppe)]* (2). The outcomes of the IMR experiments
document that the Co(I) complex ion [Co(I)(dppe)]* (2)
has a stronger affinity to form the adduct [Co(I)(dppe)-
(isoprene)]* (4) than the respective Co(II) complex.
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Analogous results were found in the IMRs of both Co complex
ions with phenylacetylene. In this case, however, [Co(II)”Br-
(dppe)]* (1) was found to be completely unreactive toward the
alkyne substrate, as no adduct formation could be observed at
reaction times up to 10 s (Figure S3 in the SI). These findings
are in line with the results of quantum-chemical calculations
showing a significantly higher formation enthalpy for [Co(I)-
(dppe)(substrate)]* relative to [Co(II)Br(dppe)(substrate)]*
(Figure S4 and Table S1 in the SI).®

In the next step, IMRs of the Co complex ions with both
substrates present in the He buffer gas were conducted by
infusing an equimolar mixture of isoprene and phenylacetylene
into the He line. When [Co(IT)””Br(dppe)]* (1) was isolated in
the LTQ and reacted with isoprene and phenylacetylene for up
to 10 s, only the isoprene adduct ion [Co(II)”’Br(dppe)-
(isoprene)]” (3) (m/z 604) was observed (Figure 4a). In
contrast, LTQ_selection of [Co(I)(dppe)]* (2) and reaction
with isoprene and phenylacetylene for 300 ms yielded the
adduct ions [Co(I)(dppe)(isoprene)]* (4) (m/z 525), [Co-
(I)(dppe) (phenylacetylene)]* (5) (m/z 559), and [Co(I)-
(dppe)(isoprene)(phenylacetylene)]* (6) (m/z 627), as shown
in Figure 4b. When collision activated, the adduct ions 4 and §
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Figure 3. MS data for the IMRs of isoprene with (a) [Co(1I)”Br-
(dppe)]* (1) and (b) [Co(I)(dppe)]* (2), which deliver exclusively
the depicted product ions. In each panel, the relative precursor ion
intensity is shown as a function of the reaction time. The IMRs of 1
and 2 with isoprene are shown in the insets of (a) and (b),
respectively.

lose the olefin and alkyne ligand, respectively. In addition, the
formation of a new adduct ion with the other substrate in each
case is observed (Figure S5 in the SI). These experimental
findings strongly support the postulate that a Co(I) complex
acts as the catalytically active species in this type of catalytic
Diels—Alder reaction as follows: first, the poor gas-phase
affinity of [Co(I1)”Br(dppe)]* (1) toward isoprene and
phenylacetylene has been evidenced, and second, all three
proposed intermediary cobalt—substrate complexes could be
formed and characterized only with the Co(I) precursor
complex by gas-phase IMRs.”’

Careful isolation of the complex ion [Co(I)(dppe)-
(isoprene)]* (4) formed by IMR followed by another IMR
step with phenylacetylene yielded the complex ion [Co(I)-
(dppe)(isoprene) (phenylacetylene)]* (6) with sufficiently high
abundance to allow precursor ion selection and activation in a
subsequent product ion experiment (Scheme 2). The product
ion spectra of [Co(I)(dppe)(isoprene)(phenylacetylene)]* (6)
at different normalized collision energies (NCEs) are presented
in Figure 5.547% The precursor ion at m/z 627 starts to
disintegrate at an NCE of 13 (Figure Sb). In all of the CID
experiments with NCE values of 13 and higher (Figure Sb—d),
only the product ions 2, 4, and § were generated, and we found
no evidence of the alternative retro-Diels—Alder pathway,

which would give propyne and 2-phenyl-1,3-butadiene attached
to 2. In all three spectra (Figure Sb—d) the Co(I) complex ion
[Co(I)(dppe)]* (2) appears with the highest abundance of the
product ions formed. Accordingly, the loss of a single ligand,
either phenylacetylene or isoprene, is less pronounced than the
simultaneous loss of both substrates leading to product ion 2 at
m/z 457. The concerted neutral loss of both ligands (i.e., a loss
of 170 Da) correlates with the Diels—Alder product of isoprene
and phenylacetylene, namely, a (methyl)(phenyl)cyclohexa-
diene (C;3H,4). However, an unambiguous distinction between
the loss of 170 Da in a single step and the sequential loss of
isoprene and phenylacetylene (which also formally adds up to
170 Da) is not possible on the basis of the mass difference
alone (Scheme 2).

Actually, we advocate the elimination of a single C;;H,,
molecule, that is, the release of the neutral Diels—Alder
product.®”®® This assumption is based on the following
arguments. First, CID experiments in quadrupole ion traps
(QITs) are achieved by resonant activation of the precursor
ion, and thus, ions formed by primary fragmentation reactions
are not further activated but instead cooled for detection.”””!
Hence, secondary fragmentation reactions only take place
intentionally in broadband activation experiments’”’" or at
high-end collision energies (complete depletion of the
precursor ion).”””® However, Figure 5 exhibits the formal
loss of both substrates leading to the predominant product ion
[Co(I)(dppe)]* (2) (m/z 457) even at minimum collision
energies (with no broadband activation applied), pointing
toward the joint loss of Cj3Hy, in a single step.

Second, it cannot be excluded that a significant fraction of
the ions 4 and S found in Figure Sb—d are actually not direct
product ions of the collision-activated precursor ion. It is rather
likely that ions 4 and § are subsequently formed by IMR of the
initially generated product ion [Co(I)(dppe)]* (2), as isoprene
and phenylacetylene are still present in the atmosphere of the
LTQ (Scheme 2). This conclusion was further probed by a
control experiment in which product ion 2 (m/z 457) formed
by CID of the ion at m/z 627 (6/6’) was reselected for IMR.
The adduct ions 4 and 5 were formed by IMR and found in an
abundance ratio similar to that observed in Figure Sb—d. This
experimental finding strongly supports our assumption (Figure
S6b in the SI). Secondary adduct formation reactions were also
observed in the CID experiments on [Co(I)(dppe)-
(isoprene)]* (4) (m/z 525) and [Co(I)(dppe)(phenyl-
acetylene)]* (5) (m/z 559) (Figure SS in the SI). In these
control experiments, the complementary complex ions $ and 4
were formed by secondary IMR of the product ion [Co(I)-
(dppe)]* (2) with gaseous phenylacetylene and isoprene, both
of which were present in the LTQ. However, we note a slight
difference in the signal abundance ratios of product ions 4 and
S produced by IMR of complex ion 2 (Figure 4b) and in the
CID experiment of the complex ion at m/z 627 (6/6") (Figure
Sb—d). However, control experiments documented that the
ratios of the ions 4 and 5 formed either by IMR of 2 at m/z 457
(Figure 4b) or by subsequent IMR after CID of 6 at m/z 627
(Figure Sb—d) are very sensitive to the actual experimental
conditions and vary around a ratio of 1:1.

To scrutinize our assumptions based on the experimental
findings, we conducted an extensive computational analysis of
all ions relevant for the understanding of the investigated
Diels—Alder reaction in the gas phase. The structures and
relative stabilities (AE and AG,ggy) of the Co(I) complex ions
were ascertained. In particular, the ion structures of the
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Figure 4. MS data for the IMRs of an equimolar mixture of isoprene and phenylacetylene with (a) [Co(II)”*Br(dppe)]* (1) and (b) [Co(I)(dppe)]*
(2) at a reaction time of 300 ms (also see Figure S6a in the SI). The precursor ions selected for IMR are marked with asterisks. The low-abundance
signal at m/z 429 in (b) corresponds to a fragment ion of precursor ion 2 (loss of C,H,). The molecular structure of the IMR product ion 6 at m/z
627 has not been fully verified to date (see the text for discussion).

Scheme 2. IMR of [Co(I)(dppe)]* (2) with Isoprene and Phenylacetylene and Subsequent CID Experiment Using the Complex
Ion at m/z 627¢

isoprene (g)
[Co(l)(dppe)]*  phenylacetylene (g)  [Co(l)(dppe)(isoprene)]*

2, m/z 457 300 ms 4, m/z 525
1000 ms isoprene (g)
phenylacetylene (g)
[Co(l)(dppe)(phenylacetylene)]” _-CsHg  [Co(l)(dppe)(isoprene)(phenylacetylene)]* » [Co(l)(dppe)(1,4-methyl-phenyl-cyclohexadiene)]*
5, m/z 559 ciD 6, m/z 627 ) &, m/z 627
5 T cID
phenylacetylene (g) -CgHs: CID CID | -Cy3H14
i -CsHs
-CgH o
[Co(l)(dppe)]” ——~  [Co(l)(dppe)(isoprene)]* 8e [Co(I)(dppe)]*
2,m/z457  isoprene (g) 4, m/z 525 2, m/z 457

“The Co(I) complex ion at m/z 627 is either [Co(I)(dppe)(isoprene)(phenylacetylene)]* (6) or [Co(I)(dppe)(1-methyl-4-phenyl-
cyclohexadiene)]" (6").

complexes [Co(I)(dppe)]* (2), [Co(I)(dppe)(isoprene)]* (4), (dppe)(isoprene)(phenylacetylene)]* (6) and its isobaric
and [Co(I)(dppe)(phenylacetylene)]* (5), all relevant for the isomer containing the Diels—Alder product attached to the
performed IMR experiments, were examined (Figure S4 and Co(I) cation, [Co(I)(dppe)(1-methyl-4-phenylcyclohexa-
Table S1 in the SI). Additionally, the complex ion [Co(I)- diene)]* (6”), were investigated (Figure 6 and Table S1 in
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Figure 6. Calculated structures of the cobalt complex ions 6 (left) and
6’ (right). Cobalt atoms are shown in blue and phosphorus atoms in
pink.

the SI). The computed relative electronic energies (AE) and
free energies (AG,ogx) for the set of gas-phase reactions are
presented in Scheme 3. It should be noted that the AE and
AG,ggx values document only the relative stabilities of the
computed ion structures and are exclusively used in this regard
to estimate the probabilities of competing reaction pathways.
The computational determination of transition states and
related activation energy barriers of the various reaction
pathways, although certainly desirable, was far too costly
because of the size and complexity of the ion structures.
However, calculations from an earlier contribution suggested
an activation free energy barrier of only 11—12 kcal/mol for the
Diels—Alder reaction of isoprene with phenylacetylene in the
respective Co(I) dppe complex, that is, the interconversion of
complex ion 6 into the complex ion [Co(I)(dppe)(1-methyl-4-
phenylcyclohexadiene)]* (6').>”7* In view of this piece of
information, it seems very likely that the collision activation of
complex 6 provides enough internal energy for the Diels—Alder
reaction to proceed. Furthermore, theory predicts that the
simultaneous release of isoprene and phenylacetylene from
complex ion 6 is energetically significantly more costly, and

therefore more unlikely, than (i) the release of the Diels—Alder
product C;3H;, from Co(I) complex ion 6’ and (ii) the
separate loss of either isoprene or phenylacetylene from
complex 6, as Scheme 3 illustrates. Additionally, a rough
estimation of the gas-phase equilibrium yields a minimum
enthalpy of association of about 25 kcal/mol for a complex
formed by an IMR association reaction under the given
circumstances to be stable in a quadrupole ion trap.”>”°
Accordingly, the computed energy differences even point
toward an effective and direct Diels—Alder reaction to give the
cyclohexadiene complex 6’ from complex ion 6. Hence, the
experimental finding that product ion 2 dominates the product
ion spectra of the precursor ion 6 or 6" at all NCEs (Figure
Sb—d) provides clear evidence for the gas-phase Diels—Alder
reaction (formation of complex 6’) with subsequent release of
the product, 1-methyl-4-phenylcyclohexadiene (7). Thus, the
experimental results are in full agreement with theory: either
directly or upon collision activation of complex 6, the formal
Diels—Alder reaction leading to complex 6’ is initiated, and the
release of 7 ultimately yields [Co(I)(dppe)]* (2). The
observation of complex ions 4 and S can be rationalized by
energetically favored IMRs of ion 2 with the neutral Diels—
Alder substrates available in the gas phase (reaction pathways
with solid arrows in Scheme 2). The solution-phase
regioselectivity of the [Co(I)(dppe)]” catalyst, which favors
the formation of the “para” product 7, is not yet proven in the
gas phase, but theory suggests that the complex ion
[Co(I)(dppe)(1-methyl-4-phenylcyclohexadiene)]* (6') is 0.9
kcal/mol lower in energy than the isomeric complex ion
[Co(I)(dppe)(1-methyl-3-phenylcyclohexadiene)]* (6”) (see
Figure S8 in the SI). Additional gas-phase studies to probe the
reactivity and regioselectivity of the [Co(I)(imine)]" catalyst
system (Scheme 1), which selectively promotes the formation
of the “meta” Diels—Alder product 1-methyl-3-phenylcyclohex-
adiene in solution, are currently underway.

3. CONCLUSIONS

Typical reaction solutions for cobalt-catalyzed regioselective
Diels—Alder reactions, enabling the in situ reduction of
Co(II)Br,(dppe) with Zn/Znl,, were analyzed by (+)ESI-MS.
The cobalt(dppe) complex ions [Co(II)Br(dppe)]* (1) and the
until now only postulated transient Co(I) species [Co(I)-
(dppe)]* (2) could be initially detected and unambiguously
characterized. Furthermore, the intrinsic reactivities of cobalt
complex ions 1 and 2 toward the exemplary Diels—Alder
substrates isoprene and phenylacetylene were examined by gas-
phase IMRs. These experiments evidenced a substantially
reduced affinity of the Co(Il) species 1 toward isoprene and
phenylacetylene relative to the complex ion [Co(I)(dppe)]*
(2).

Additionally, solvent-free Co(I)(dppe)—substrate complexes
that have been proposed to be key intermediates in the cobalt-
catalyzed Diels—Alder reaction mechanism could be generated
in the gas phase by carefully conducted IMRs and were fully
characterized by exact ion mass measurements, the analysis of
isotopic distributions, and conclusive product ion experiments.
Moreover, the Co(I) complex [Co(I)(dppe)(isoprene)-
(phenylacetylene)]* (6), proposed to be the mechanistic
starting complex of this type of Diels—Alder reaction, could
be generated and further examined in CID experiments. Upon
collision activation, complex 6 showed the preferred loss of a
C,3H,, hydrocarbon unit, a strong indication of the completion
of the Diels—Alder reaction in the gas phase, thereby
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Scheme 3. Calculated Relative Electronic Energies (AE) and Free Energies (A G,ygx, shown in bold) for the CID Reactions of
the Complex Ions [Co(I)(dppe)(isoprene)(phenylacetylene)]* (6) and [Co(I)(dppe)(1-methyl-4-phenylcyclohexadiene)]*

(6"
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“The AG,gg values were computed at the RI-BP86+D/TZVPP level for 298.15 K and 3.3 X 107> mbar. The analysis of the conformational space of
Co(I) complex 6 at m/z 627 showed a range of AE = 12.3 kcal/mol with no zero-point-energy correction added. Only the lowest-lying structures

were considered for thermodynamic reaction energies and AG values.

documenting the catalytic activity of the Co(I)(dppe) species.
All of the experimental results were evaluated and confirmed by
a thorough computational analysis of the ion structures and
thermodynamic reaction energies.

Our report provides consistent experimental and theoretical
evidence concerning the intrinsic properties of cationic
cobalt(dppe) complexes that clearly shows Co(I) species to
be the actual catalysts in gas-phase Diels—Alder reactions, a
result that is also of significance for solution-phase chemistry.

4. EXPERIMENTAL SECTION

Mass Spectrometry. MS" experiments and gas-phase IMRs were
conducted on an LTQ_ Orbitrap hybrid instrument equipped with a
heated electrospray ionization (H-ESI) source, linear ion trap (LTQ),
octapole collision cell (HCD cell), and an Orbitrap mass analyzer’”’®
capable of measurements with high mass accuracy and elevated
resolving power. For ESI-MS analysis, diluted solutions of the cobalt
catalyst were introduced into the ion source via a syringe pump (flow
rate S yL/min). Spray voltages were typically 2.5—3.5 kV. The ESI
heater temperature was set to 50 °C and the capillary temperature to
275 °C. To generate stable spray conditions, sheath and sweep gases
were used (>99.999% N,). CID experiments (collision gas helium, >
99.999% He) were performed in the LTQ with a collision energy
adjusted to achieve extensive fragmentations. The collision energy
used depended on the selected precursor ion.** """ Exact masses of
the precursor and product ions were measured in the Orbitrap
analyzer (Rphm = 30.000), which was externally calibrated with
caffeine, trileucine, and thymopentin before and after each measure-
ment. All of the presented ion structures are consistent with the
experimentally determined exact ion masses (Am < 2 ppm) and match
the theoretical isotope distributions (e.g, see Figure 2a). Data
acquisition was conducted with the Tune Plus software, and for data
processing and evaluation the Qualbrowser software was used.

Synthesis of Co(ll) and Co(l) Complexes. Chemicals were used
without any further purification, except for zinc iodide, which was
dried under vacuum at 120 °C overnight and stored under an argon
atmosphere. Tetrahydrofuran (THF) was freshly distilled from sodium
and benzophenone under argon.

CoBrz(dgpe) was synthesized according to a literature-known
procedure” and used without further purification. For ESI-MS
analysis, fragmentation experiments, and IMRs, a 10~ M solution of
CoBr,(dppe) in acetonitrile was infused into the ESI source.

10491

The in situ reduction of CoBr,(dppe) was carried out according to
the literature-known protocol of the cobalt-catalyzed Diels—Alder
reaction.*® A flame-dried and argon-flushed Schlenk flask was charged
with 0.1 mmol of CoBr,(dppe), 0.2 mmol of zinc powder, and 0.2
mmol of zinc iodide. THF (3 mL) was added, and the solution was
stirred for 2 h at room temperature. An aliquot of the reaction solution
was diluted with THF under an argon atmosphere, and the resulting
1075 M solution was immediately infused into the ESI source for MS
analysis, CID experiments, and IMRs.

lon/Molecule Reactions and Gas-Phase Reactivity Studies of
Cobalt Complex lons. To conduct IMRs inside the LTQ part of the
mass spectrometer, the helium buffer gas supply of the LTQ was
modified according to a blueprint plan established by Gronert,*”7>*
O’Hair,****®! and Blanksby.*> Neutral reagents can be injected into
the helium flow via a septum using a pump-driven syringe (Figure 7).
To ensure complete evaporation of the neutral reagents, an electric
tape was wrapped around the stainless steel helium capillary to allow
heating of the gas flow (25—140 °C). The flow rates of both the
neutral reagent and the helium were measured, the latter using a
commercially available gas flow meter. To avoid leakage of the gas
mixture into the environment, the open-split flow divider was replaced

I octapole

IT[C analvte i source linear ion trap (LTQ) Ctrap colllsnon cell
s septum S ==

| metering electric tape /QQ\ orbitrap
€ valve (25-140°C) S -#(/ analyzer
e syringe pump L

with neutral reagent fused silica capillary

on/off valves

=
>—'—i vacuum pump

to exhaust < —oo @ —_
helium i i
pressure 1/8" stainless steel capillary
flowmeter  reader

Figure 7. Schematic view of the modified helium buffer gas supply to
an LTQ Orbitrap hybrid mass spectrometer that allows the quantity-
controlled introduction of neutral reagents into the linear ion trap,
LTQ_(illustration reproduced and modified with the kind permission

7,56,62,80,8
of the manufacturer). %8087
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by a fused-silica restriction capillary (inner diameter 0.2 mm, length 25
cm), which then delivered a small fraction of the helium/neutral
reagent mixture into the LTQ while most of the gas mixture ran
through the gas flow meter to the exhaust placed in a fume hood. This
set up required manual adjustment of the default helium pressure
inside the LTQ. The experimental setup was validated using the gas-
phase nucleophilic substitution of bromide anions and methyl iodide
as a test reaction (Figure S9 in the SI).56’82’83

For the gas-phase reactivity studies of Co complex ions, either a
single substrate or an equimolar mixture of isoprene and phenyl-
acetylene was introduced into the helium flow (flow rates of 2.5 uL/
min for neutral reagents and 195 sL/h for helium). We note that
although the neutral ratio was 1:1 at infusion, the different molar
masses of isoprene and phenylacetylene cause them to effuse
differently with the helium into the trap, and therefore, their ratio in
the gaseous atmosphere of the trap was probably not exactly 1:1. The
Co complex ions [Co(II)Br(dppe)]* (1) and [Co(I)(dppe)]* (2)
were transferred to the gas phase by ESI-MS, monoisotopically
isolated in the LTQ_ (isolation width 1.0 Da) and reacted with the
substrates at different reaction times (30—10000 ms). The reaction
time is defined as the time period between isolation of a specific ion in
the LTQ and axial ejection of all of the ions from the trap for analysis.
Prior to each experiment, a delay time of typically 10—20 min was kept
to ensure constant-concentration conditions of neutral reagents inside
the trap (i.e, no observable change of the precursor ion/adduct ion
ratio at a specific reaction time).

All of the IMRs were performed without applying any additional
collision activation energy. As experimental and theoretical experi-
ments have documented, ions stored in linear as well as in spherical
quadrupole ion traps are effectively thermalized by multiple collisions
with the surrounding helium buffer gas atoms. Stored ions therefore
exhibit a Boltzmann energy distribution as the rapid energy exchange
with the buffer gas outweighs the impact of the electric field of the trap
on the internal energy of the ions.*”®**® Hence, the ion trap
environment allows the investigation of quasi-thermal IMRs.”>”®

Quantum-Chemical Calculations. Geometry optimizations of
the molecules were carried out using the DFT functional BP86°%*
with def2-TZVPP basis sets.”””" The RI approximation was applied
using auxiliary basis functions.”” ®> Grimme’s DFTD3 dispersion
correction with Becke—Johnson damping was included.”~"% This
level of theory is denoted as RI-BP86+D/TZVPP. The optimized
geometries were verified as minima on the potential energy surface by
calculation of the vibrational frequencies analytically at the RI-
BP86+D/TZVPP level of theory (AOFORCE).'?! 7103
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