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ABSTRACT: The phenalenyl radical (P) and its relatively
stable cation and anion are of interest for applications in areas
spanning magnetic materials and ligand development for
reaction catalysis. We report on a broad investigation of the
bonding, thermochemistry, and kinetics of PM complexes
where M is a group 1 or 11 metal atom. The PM species that
are considered in this work afford a simplified picture of the
behavior of metal adatoms on hydrogen terminated graphene
fragments, and, more crucially, we expand a still nascent
understanding of the organometallic chemistry of P. The
exceptional fluxionality of group 1 metals on the phenalenyl
surface is predicted, the associated energy barriers are quantified, and the major role of relativistic effects in restricting the
fluxionality of Au on the surface is demonstrated. Although relativistic effects swell the barriers to isomerization, we find that
orbital size and energies, even in the absence of relativistic effects, dictate different path preferences for the motion of Au on the
surface of the radical compared to Cu and Ag.

■ INTRODUCTION

The phenalenyl radical, P, continues to attract attention at the
intersections of chemistry and molecular physics. That is
largely because of the relatively long lifetime of the radical and
the stability of its cation and anion1−4and much of that
versatility is rooted in the nature of its nonbonding singly
occupied molecular orbital (SOMO) depicted in Figure 1a.

Apart from the resonance form shown in Figure 1b, a
number of symmetrically identical localized representations
can be drawn for the radical in which the unpaired electron is
positioned at another one of the secondary α-carbon centers
involved in the SOMO. A distinct alternative canonical form
locates the radical electron on the central carbon atom (C(9b)
in Figure 1b), but that representation is inconsistent with the
distribution of the electron density in the SOMO (Figure 1a),
which has a node at C(9b).

The phenalenyl radical is the simplest polycyclic hydro-
carbon (n = 2) in the n-triangulene radical series, Cn

2
+4n+1 H3n+3

(for n = 2, 3, 4, ...),5,6 and its properties as a relatively small and
persistent polycyclic radical have already earned it some utility
in a number of active areas of research: The cation has been
shown, for instance, to be an influential (noninnocent) ligand
fragment in the catalysis of a hydroamination reaction,4,7 and
the radical has been examined in the ongoing development of
reliable organic conductors and spin memory devices.4,8,9

Yet progress in the organometallic chemistry of the radical
has been rather slow. A practical limitation for the
unsubstituted radical as a reagent is that it tends to dimerize
or react otherwise rather easily,1−3,10−12 but it has been known
for some time that the stability of the radical can be enhanced
by substitutions for more bulky substituents on the ring.
Experimentally characterized examples of the substituted
radical include perchlorophenalenyl,13 and (2,5,8-trisubsti-
tuted) tert-butyl-,14 methyl-,15 phenyl-,15 and pentafluorophen-
yl-16 phenalenyl.
In a previous contribution,17 our group examined full

sandwich complexes of the phenalenyl radical for a series of
main group and d-block metals. We are interested broadly in
developing an improved fundamental understanding of the
physical and organometallic chemistry of metal complexes of
polycyclic rings, and we consider in this work the structure,
bonding, energetics, and fluxionality of monovalent (groups 1
and 11) phenalenyl-metal systems. To the extent that the
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Figure 1. Models of (a) the SOMO and (b) a resonance form for the
radical. Other symmetrically identical resonance forms can be drawn.
The resonance form with the radical electron at C(9b) is disfavored;
the SOMO has a node at C(9b).

Article

pubs.acs.org/OrganometallicsCite This: Organometallics 2020, 39, 34−42

© 2019 American Chemical Society 34 DOI: 10.1021/acs.organomet.9b00564
Organometallics 2020, 39, 34−42

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
R

IC
H

M
O

N
D

 o
n 

Ja
nu

ar
y 

13
, 2

02
0 

at
 1

5:
09

:0
5 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/Organometallics
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.organomet.9b00564
http://dx.doi.org/10.1021/acs.organomet.9b00564


phenalenyl radical approximates a hydrogen terminated
fragment of a graphene sheet, this investigation provides
some insights into the behavior of adatoms on graphitic
surfaces as well. The monovalent metal atoms provide a unique
opportunity for an assessment of the structural chemistry of
the phenalenyl complexes since the PM(I) molecules are
expected, without ambiguity, to be closed shell systems. For
the group 11 systems, we find unique modes of motion across
the surface of P. Compared to those late d-block systems,
however, the group 1 species are extremely fluxional and tend
to prefer positions on the phenalenyl ring that maximize
hapticities. For Au, relativistic effects are found to account for
an inordinate fraction of the barriers to motion about the
surface of P.
The broad questions of the behavior of polycyclic radicals as

ligands and the behavior of metal atoms on two-dimensional
materials intersect in this work. We focus in this investigation
on the groups 1 and 11 metals and the electronically beguiling
phenalenyl ring as simple models for the behavior of metal
atoms on the surfaces of polycyclic graphitic fragments.

■ RESULTS AND DISCUSSION
The outcomes of an investigation of the structural preferences,
bonding, and energetics of monovalent groups 1 and 11 metal
atoms (M = Li, Na, K, Rb, Cs, Cu, Ag, and Au) on the surface
of the phenalenyl ring are summarized in Figure 2. Our results

reveal a diverse set of minimum energy geometries for the
metal atoms on the singlet potential energy surface of PM, with
the hapticities and the positions of the metal centers depending
on the identity of M. Since the specific values of the
geometrical parameters vary widely from one metal atom to
the next, only the general positions of the M atoms are

indicated (depicted in each case by a gray sphere) in Figure 2.
Ball and stick models of the optimized structures, Cartesian
coordinates, and key structural parameters for each species are
included in Table S1−S6 and visualization (.xyz) files in the
Supporting Information (SI). We include arrows between the
minimum energy structures in Figure 2 in preparation for a
later discussion of barriers to isomerization (i.e., haptotropic
rearrangements) for M around or across the surface of the
phenalenyl ring. But first, a few words on the general structural
preferences in the complexes.

Group 1 PM Systems: Structure and Bonding. The
phenalenyllithium (PLi) species is unique among the group 1
systems, adopting a somewhat different set of minimum energy
geometries compared to heavier group 1 cases.
Two local minima were identified for PLi: (i) an η3 species

with the Li atom above the recess or bay-like area at the
intersection of two six-membered rings, and (ii) an η6

alternative with Li above one of the six-membered rings (see
Figure 2; Pathway 1). We have had to rely completely on the
position of M and its proximity to adjacent C centers for our
assessment of the hapticities (see Table S6). For covalently
bound systems, the bond order between two atoms or
fragments is arguably a better measure of the extent of the
bonding, but the PLi system is extremely polar: the strongly
positive point charges obtained for Li in PLi from a natural
bond orbital analysis (Table 1) are +0.88e (η3) and +0.88e

(η6). And the corresponding bond indices (for contacts
between Li and atomic centers in P) are accordingly quite low:
0.23 (η3) and 0.24 (η6) (Table 1).
For complexes of the heavier group 1 atoms, only η6

structures (Figure 2; Pathway 2) were found to be local
minima on the PM surface, even if the M atom tends to drift in
toward the central C(9b) atom as M gets larger (Table S6).
The η6 hapticity was obtained even when we started structural
optimizations specifically from η3-type arrangements with the
M centers over the recess area. And those η6 specieseven
more so than for PLi (Table 1)exhibit remarkably high
degrees of polarity in their bonds to the phenalenyl rings
(tending toward the P−M+ limit): the NBO charges at M, for
instance, are between +0.92e to +0.97e (Table 1) for the larger
group 1 metals and the bond orders are all <0.20 (see Table S6
for relevant individual M−C bond orders and distances).
The binding free energy data in Table 1, with values

referenced to both the homolytic (neutral) and a heterolytic

Figure 2. Representations of structural preferences of groups 1 and 11
phenalenyl metal complexes. The arrows indicate that we have traced
pathways linking the minima shown. Pathways 3 (= 3a + 3b) and 3′
are both accessible to Cu and Ag. The pathways are discussed in the
text.

Table 1. NBO Point Charges, Total Wiberg Bond Indices
(WBIs), and (Homolytic and Heterolytic) Binding Free
Energies for Group 1 η6 (Plus η3 Case for Li) and Group 11
η1 Minimum Energy PM Species

binding free energies: ΔG (298.15)/kcal·mol−1

M charge WBI
G(PM) − G(P) −

G(M)
G(PM) − G(P−) −

G(M+)

Li (η3) +0.88 0.23 −24.8 −123.7
Li (η6) +0.88 0.24 −32.4 −131.2
Na +0.96 0.09 −15.4 −107.6
K +0.93 0.16 −24.0 −96.2
Rb +0.93 0.15 −25.3 −93.0
Cs +0.92 0.18 −29.0 −89.6
Cu +0.42 0.94 −7.1 −158.3
Ag +0.33 0.99 +1.9 −148.9
Au +0.08 1.14 −10.2 −196.1
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dissociation of PM, show that, by either measure, the η6 Li and
η1 Au complexes have the highest binding energy of their
respective series. Remarkably, in the homolytic case, the
smallest value by far is obtained for M = Na, with ΔG
increasing thereafter as we go down the group to Cs, where the
binding energy is just over 3 kcal·mol−1 below that for PLi. We
do not take up the question in this work, but an assessment of
the dissociation of these complexes in solution may be in
order, and the data provided here offer a starting point for that
discussion.

Group 11 PM Systems: Structure and Bonding. The
Cu, Ag, and Au atoms behave quite differently from the group
1 metals on the phenalenyl surface. Unrestrained energy
minimizations of the PCu, PAg, and PAu systems lead
inexorably to point saturations at a single secondary α-carbon
on the edge of P as depicted in pathways 3 (= 3a + 3b), and 3′
in Figure 2 (see Tables S3−S4 in the SI). Those are precisely
the sites involved in the SOMO in Figure 1, so the radical is
quenched through the direct formation of an M−C covalent
bond, a situation that we have not observed for any of the
group 1 metals wherenotwithstanding some covalent

Figure 3. IRC paths for PM systems that follow (a) pathway 1 (M = Li), (b) pathway 2 (other group 1 metals), and (c) pathway 3 (Cu and Ag).
All of the pathways terminate at symmetrically identical positions, except for Li, which changes hapticities (η3 → η6 → η3 and so on) as it moves
around the ring.
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contributions to bondingthe P−M+ contribution domi-
nates.18,19 To be clear, those η1 edge-bonding group 11
minimum energy structures were obtained even when the
geometry optimizations were initiated with M in an η6 position
above one of the six-membered rings of P.
Relative to the gas phase P− + M+ reference fragments, the

group 11 systems gain noticeably more from complex
formation (i.e. ΔG is more negative in Table 1) than the
group 1 cases, with PAu having the largest binding free energy
(−196.1 kcal·mol−1). The gains for the group 11 systems are
noticeably smaller than they are for the group 1 cases, however,
when neutral reference fragments are considered: ΔG is
actually slightly positive for M = Ag, and although ΔG(PAu) =
−10.2 kcal·mol−1 with the neutral references, it is still less
negative compared to −33.0 kcal·mol−1 ≤ ΔG(PM) ≤ −15.0
kcal·mol−1 for the group 1 complexes. Here again, however, the
relevant binding energy data set for consideration as a starting
point for analysis will depend on the experimental context.
The covalent character of the η1 bonds in the group 11

(PM) is confirmed by the point charge and bond order data in
Table 1. For those systems, the point charges are quite low, all
< +0.45e (only +0.08e for Au), and the Wiberg bond indices
are high (Table 1). For M = Au, the bond index for the direct
Au−C bond is 0.73 (Table S6), but smaller contributions from
weak overlaps with neighboring sites contribute to an overall
PAu bond index of 1.14 (Table 1).
A distinction is made in Figure 2 between pathways 3 and 3′

because of differences in how Au moves between minima on
the phenalenyl surface compared to Cu and Agand we say
more on that shortlybut the definite preferences for η1

coordination at an α-carbon on the edge of P is common to all
three of the group 11 PM systems.
Haptotropic Rearrangements in Groups 1 and 11

Metal-Phenalenyl Complexes (PM(I)). The barriers to the
motion of group 1 atoms, Cu, and Ag, between minimum
energy structures on their respective PM potential energy
surfaces, which each follow pathway 1, 2, or 3, are shown in
Figure 3. PAu is considered separately due to certain unique
features of pathway 3′ and exceptional characteristics of the
phenalenylgold complex.
For each of the PM systems considered in this work, IRC

paths have been obtained for the shortest sequence of hops,
skips, or jumpswell-defined isomerizations or haptotropic
rearrangementsalong the potential energy surface that, with
repetition, moves the M atom around or across the ring in an
orderly way and back to any arbitrary starting point in the path.
Structural representations and coordinates for the optimized
end points and transition structures for each pathway are
included in the Supporting Information (see Tables S1−S6
and the visualization files).
Group 1 Rearrangements: Pathways and Barriers. For

M = Li, the simplest continuous motion from one minimum
energy geometry to the next is a translocation between an η3

coordination site above the recess region and an adjacent (and
more stable) η6 coordination site above the ring (Figure 3a;
pathway 1 in Figure 2).
Attempts to directly link the η6 minima for M = Li were

unsuccessful. By symmetry, therefore, the lowest energy path
for the motion of lithium around the ring involves apparently a
sequence of shifts from recess region to ring to recess region
and so on (i.e., η3 → η6 → η3 ...) around P, and we show in
Figure 3a the energy barriers associated with the minimal η3 →
η6 repeatable motion needed for Li to circumnavigate the ring.

The activation free energy (ΔG(Li)‡η
3−TS) separating the η3

minimum from the TS for Li (1.16 kcal·mol−1) is ∼7.5 times
smaller than the barrier going from the η6 minimum to the TS

(ΔG(Li)‡η
6−TS = 8.76 kcal·mol−1; see the ΔG‡ values in Table

2). So the η6 species is favored rather strongly by PLi relative
to the η3 form, though the actual barriers are not particularly
high.

For the heavier group 1 metals, the shallow η3 minimum
vanishes completely. The η6 structure with M above a six-
membered ring in P emerges as the undisputed global
minimum for all of the group 1 atoms below Li in the
periodic table. This observation is well in line with the
established bonding preference of K, for instance, in potassium
graphites20 and the well-known bias of group 1 metals toward
high hapticities in, for example, organo-metal18 and inorganic
clusters.21 But those heavier PM systems are expected to be
much more fluxional than the Li case, since their activation

barriers are small ((ΔG(Li)‡η
6−TS ≤ 3.6 kcal·mol−1) relative to

(ΔG(Li)‡η
6−TS for Li (8.76 kcal·mol−1), shrinking continuously

as M gets heavier (see Figure 3 and Table 2). At even
moderate temperatures, therefore, the mobility of the heaviest

Table 2. Computed B3PW91 Energies (with Zero-Point
Corrections (ΔEZPE)), and Free Energies (ΔG) at 298.15 K
in kcal·mol−1 for PM Minima Relative to Each Other, ΔEZPE
= EZPE(Min. 1) − EZPE(Min. 2),a and Barriers Separating
Each PM Minimum from the TS for the Relevant Pathway:
ΔE‡

ZPE(1) = EZPE(TS) − EZPE(Min. 1), and Similarly for
ΔE‡

ZPE(2) and the Corresponding ΔG Values

pathway ΔEZPE ΔE‡
ZPE(1) ΔE‡

ZPE(2)

Li 1 7.91 0.98 (η3) 8.89 (η6)
Na 2 0.00 3.38 3.38
K 2 0.00 1.58 1.58
Rb 2 0.00 1.20 1.20
Cs 2 0.00 0.84 0.84
Cub 3a; 3b 0.00; 0.00 10.51; 9.09 10.51; 9.09
Agb 3a; 3b 0.00; 0.00 19.03; 19.87 19.03; 19.87
Au − − − −
Cu 3′ 0.00 17.24 17.24
Ag 3′ 0.00 18.26 18.26
Au 3′ 0.00 30.65 30.65
Ag (Nonrel)c 3′ 0.00 12.36 12.36
Au (Nonrel)c 3′ 0.00 12.46 12.46

pathway ΔG ΔG‡(1) ΔG‡(2)

Li 1 7.59 1.16 8.76
Na 2 0.00 3.51 3.51
K 2 0.00 2.05 2.05
Rb 2 0.00 1.94 1.94
Cs 2 0.00 1.63 1.63
Cub 3a; 3b 0.00; 0.00 11.26; 9.32 11.26; 9.32
Agb 3a; 3b 0.00; 0.00 19.62; 20.25 19.62; 20.25
Au − − − −
Cu 3′ 0.00 17.59 17.59
Ag 3′ 0.00 18.37 18.37
Au 3′ 0.00 30.05 30.05
Ag (Nonrel)c 3′ 0.00 12.90 12.90
Au (Nonrel)c 3′ 0.00 12.88 12.88

aMin.: confirmed minimum energy structures. bPathway 3b data in
italics. cComputed using nonrelativistic basis sets and ECPs.
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group 1 metal atoms on the surface of P is expected to be
substantial relative to their Li analogue.
The η3 ↔ η6 haptotropic rearrangement predicted for PLi in

the gas phase, the implications of that rearrangement for the
electronic structure, the possible persistence of both isomers in
solution, and the predicted fluxionality of heavier group 1 PMs
invite experimental investigation. The syntheses of these PM
systems present the initial challenge, but the existence of CpM
compounds22−24 offers some hope perhaps for the preparation
of these more elaborate analogues.
Group 11 Rearrangements: Pathways and Barriers.

The resistance of group 11 PM systems to fluxional behavior
relative to the group 1 species is demonstrated in Figure 3.
Graphs (a), (b), and (c) in Figure 3 have been plotted on
different scales, in order to get good separation of the curves in
(b) especially, but it is clear that the barriers to the translation
of M across P are higher for Cu, and even more so for Ag, than
they are for the group 1 metal atoms (see Figures S8−S10 for
the corresponding values obtained at an alternative (ωB97XD)
level of theory).
The higher barriers that we have observed for the group 11

metals are consequences, in part, of the nature of the bonding
of those metals to P (a single, directed M−C covalent bond)
compared to the high hapticity structures formed by the
monovalent main group metals: The group 1 metalshaving
empty and accessible np orbitals available (and even (n − 1)d
orbitals starting at K) that can accept electron density from the
ringtend to form multicenter bonds any chance they get.21

Experimentally observed cyclopentadienyl-metal (CpM) spe-
cies, for example, all feature η5 coordination of M to the five
membered ring.22−24

Our results for the group 11 systems are consistent with
previous observations for divalent sandwich complexes of the
late first row d-block elements including P-Cu-P.17 The latter
system was found computationally to be an η2,η2 slipped
sandwich structure in which the Cu(II) metal atom bonds to
the edges of the two P rings. For group 11 metal atoms, their
higher electronegativities (relative to the group 1 metal atoms
at least), repulsion of electron densities of the π-electrons in
the ring and the filled M d-orbitals,25 and the lack of empty
low-energy valence orbitals limits their options for achieving
high hapticities with planar ring systems. That is not to say that
high hapticities are impossible for group 11 metals,26 but they
are rare. An η6 [Cu(I)C6H6]

+ complex was claimed only about
a year ago as an unprecedented case for Cu, for example, and
was explained as a “taming” of the Cu complex by strategic
ligand selection.27 Without the aid of ligands on the group 11
metal centers, however, the strong preference for direct M−C
single bond formation goes unchallenged. Interestingly,
phenalene (PH, with saturation at a single α-carbon) is also
believed to exhibit the same kind of “six-fold tautomeriza-
tion”28 that arises with pathway 3 (Figure 2) as summed up in
Figure 4a. In this respect, H aligns with group 11 over group 1.
Pathway 3′ (Figure 2), a confirmed route by which the Au

atom is able to move between minima across the PAu potential
energy surface, is very different from Pathway 3. The basic
trajectories associated with both pathwaysstarting arbitrarily
in each cases at atom C(9) and moving around or across the
ringare summarized in Figure 4.
Unlike pathway 3, which involves shifts from one α-carbon

to another, Pathway 3′ involves a veritable jump from one
carbon center (e.g., C(9) in Figure 4b) completely over one
six-membered ring across the surface of P to an α-carbon on

another six-membered ring (C(6)) in the structure (Figure
4b). That mode of isomerization (Pathway 3′) is observed for
M = Cu and Ag as well (Figure 5), but in those cases, the
alternative edge-traversing pathwayPathway 3for trans-
location around the ring is also allowed (see Figure 3c).
Indeed, the barriers for Pathway 3 are lower for M = Cu and
comparable if slightly higher for M = Ag relative to the barriers
for Pathway 3′ (Figures 3b and 5; see Table 2).
For M = Au, for which pathway 3 is evidently inaccessible,

the barrier for pathway 3′ is higher by at least 10.0 kcal·mol−1

than the barriers obtained for Cu or Ag for either of the two
pathways (Figures 3b and 5). By far, therefore, considering the
group 1 metal phenalenyls as well, Au presents the most
substantial barrier to ring-hopping or haptotropic rearrange-
ments and is expected to be the least fluxional of the group 1
and 11 PM compounds.

Gold Anomaly. Futile searches for isomerization mecha-
nisms for PAu that follow pathway 3 have convinced us that
such a pathway is hindered if not forbidden for Au. An effort to
locate direct paths around the edge of P that are analogous to
stages 3a and 3b, for example (Figure 2), either returned us to
the transition structure for pathway 3′ or to a trans-plane or
face-change isomerization. In the latter case, the Au atom
actually goes below the plane of P through a planar transition
state (Figure 6), to form an isostructural η1 species with the
new M−C single bond on the opposite face of the ring (see
also an animation of the IRC path included in the SI).
Indeed, an attempt to model stages 3a and 3b by employing

potential energy surface scans instead of IRC calculations led,
in both cases, to evidence of a significant resistance to any
direct shift from, for example, C(9) to C(1) or C(7) for PAu
(see Figures 4a). The outcomes of the scans are shown in
Figure S5, with the Au−C bond exchange occurring only after
the progressive reduction of the Au−C separation obliged it.
How though to account for these exceptional features of the

gold system? The relatively high barrier for the translocation of
Au on the surface of P is consistent with the relativistic s-
orbital stabilization and the relatively high bond dissociation
energies that are expected for Au(1) covalent compounds,29,30

especially when Au is bonded to a more electropositive
atoms.41 And Figure 7 illustrates the exceptional contribution
that relativistic effects makes to that barrier.
To assess the influence of relativistic effects, we optimized

the relativistic transition state at a nonrelativistic level of
theory, deploying the Stuttgart−Cologne MHF nonrelativistic
basis set and ECP for M = Au, instead of the relativistic MDF
alternative. That transition state structure was qualitatively
similar to the relativistic version for pathway 3′, and produced
an IRC path that linked the same starting and final geometries
(a shift from C(9) to C(6); Figure 7) as those obtained with

Figure 4. Summary of the trajectories involved in pathways (a) 3 and
(b) 3′. The unbroken lines correspond to the paths traced out
explicitly in Figures 3c and 5. The broken line shows how repeating
those motions may move M eventually around to ring.
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the relativistic calculations for pathway 3′ (see Figure 7 and
Tables S4 and S5). What was different between the relativistic
and nonrelativistic calculations, however, was the barrier to the
shift of the Au atom (Figure 4b). The nonrelativistic barrier is
well under half of the value for relativistic equivalent (see
Figure 7, and Table 2). For M = Ag, the decrease in the

activation barrier in the absence of relativistic contributions is
much smaller (ΔΔG‡ = 5.5 kcal·mol−1; See Table 2 and Figure
S1 and S10). So relativistic effects account for an exceptionally
large barrier in pathway 3′ for Au (compared to the Ag case),
but those effects still do not account, we find, for the apparent
unavailability of pathway 3 to Au.
A search for a gold transition state for pathway 3 using even

the nonrelativistic option as we just mentioned led us back to
the TS for pathway 3′, but we looked elsewhere as well for
explanations for the strong preference in PAu for route 3′ and
the avoidance of route 3.
An assessment of the lowest vibrational frequencies for PCu,

PAg, and PAu turns out to be quite instructive. Consider
Figure 4. The two lowest frequencies (molecular vibrations)
for all three group 11 PM complexes correspond to rocking
motions of the η1 C(9)−M bond that move the M atom (i)
toward C(6) on the other side of P in one case (Figures 4b,

Figure 5. IRC paths for PCu, PAg, and PAu following Pathway 3′.

Figure 6. A “face-change” transplanar isomerization mechanism
observed for M = Au. In the transition structure, the Au and adjacent
H atoms are roughly coplanar with the ring.

Figure 7. IRC paths for PAu for Pathway 3′ with and without relativistic Au basis set and ECP.
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and S2a), and (ii) toward C(1) two carbon atoms away in the
other case (Figures 4a, and S2b). The former is in line with
pathway 3′ (Figure 4b), and the latter is in line with pathway
3a (Figure 4a). So both channels appear to be accessible to the
η1 PM systems for M = Cu, Ag, as well as Au, but, as we discuss
shortly, orbital or shell effectsindependent of relativistic
effects or any structural change that occurs when we substitute
for Auseem to account for the anomaly.
Incidentally, an interesting observation from the graphic

depicting low frequency vibrations of PAu in Figure S2 is that a
noticeable out of plane distortion of the phenalenyl ring is
associated with the transfer of the metal atom from C(9) to
C(6) and from C(9) to C(1). The actual vibrational
amplitudes will depend on temperature, but sample movies
of the IRC paths for pathways 1, 2, 3a,b, and 3′, which are
included in the Supporting Information, indicate that the
extent of the out of plane distortion accompanying shifts from
one carbon center to another is somewhat more substantial for
the shifts of the (η1) M−C σ-bonds for pathways 3 and 3′
relative to the distortions for pathways 1 and 2 from one high
hapticity to another. This is well in line with the relatively low
costs that we have computed for rearrangements of the group 1
metals on P.
Orbital Perspectives. Figure 8 shows sample HOMOs for

the transition state geometries for pathways 3 and 3′, using

PCu for pathway 3a and PAu for pathway 3′. For pathway 3a,
the highest occupied molecular orbitals (HOMOs) of the
transition state structures (see PCu in Figure 8) involveon
the metal center specificallya p- or d-orbital that bridges out-
of-phase π-type MO fragments on the ring on either side of the
recess region (see top and side views for “Pathway 3a” in
Figure 8). For the TS for pathway 3′, however, (shown for M =
Au in Figure 8), the jump between C(6) and C(9) is mediated
only by an s-orbital on Au (Figure 8; bottom).
A simplified picture of key orbital interactions in the

transition state HOMOs shown in Figure 8 is provided in
Figure S3. We find that a quantitative assessment of the orbital
contributions to the bonding in the two different types of
transition states for pathways 3 and 3′ affirm the observations
in Figure 8 and the simplifications offered in Figure S3. Using
the ADF software and the preoptimized transition structures,
we carried out a bonding analysis in which we treated the M
atom and P as neutral fragments. The results presented in
Table 3 show that for M = Cu and Ag, P makes the dominant
contribution to the bonding with far smaller contributions

from the (n − 1)d and np orbitals on M for pathway 3a, and
the ns-orbital as well for pathway 3′.
For PAu, however, the Au valence s-orbital contribution

dominates the bonding: P contributing only 38.8%, compared
to over 70% at least in the cases for Cu and Ag (Table 3).
Despite the huge involvement of Au in the MO, no p or d
involvement is observed. Au is known to hop, for example,
around the edge of Cp in the η1 CpAu complex,31,32 and that
kind of “ring-whizzing” in cyclopentadienyl compounds is
believed to also engage (n − 1)d, and np orbitals. Moreover, as
shown in Figure S6 and S7, computed relativistic activation
free energies below 10 kcal·mol−1 (7.8 and 9.1 kcal·mol−1 at
different levels of theory) are obtained for the shift of Au from
one carbon center to its neighbor in Cp. So it is a bit surprising
that pathway 3 (i.e., 3a + 3b) is avoided for PAu, even though
for pathway 3′ the PAu activation barrier is much higher than
10 kcal·mol−1 (Figure 5). Yet the spacings of the secondary
carbon centers are clearly quite different in P compared to Cp,
as are the locations of the p orbitals in their frontier MOs, and
the size and symmetry of the two rings. As a consequence, we
find, two rather dramatic isomerization pathways are accessible
for Au in PAu that involved primarily its valence s-orbital
(Figures 4b and 6), allowing Au to go across or even below the
phenalenyl ring rather than smoothly around it.
A look at an interaction diagram for the transition states for

pathway 3′ helps us to see why that path might be disfavored
by Cu but favored by Au (Figure S4). The overlap of the Cu
ns-orbital with the in-phase p-orbitals that are far from it on the
other side of P is rather poor (consider, e.g., the Cu case in
Figure S4 and general model in Figure S3), but, as M gets
bigger, the overlap improves significantly, especially at M = Au
(Figures 8 and S4). Additionally, the Au s-orbital is much
lower in energy than the phenalenyl SOMO (Figure S4)well
in line with the high %s contribution seen in Table 3leading
to the greatest transition state HOMO stabilization of the three
cases (see Figure S4), and evidently a definite preference for
this pathway for the traversal of the ring compared to the
alternative that we have identified for M = Cu and Ag.

■ SUMMARY AND OUTLOOK
Interest in the potential applications of the phenalenyl radical
and its ions in materials engineering and related areas,
including the design of spin-based memory devices and
molecular magnets, remains substantial. But progress in
exploring fundamental aspects of and linking these features
to the electronic properties and structural preferences in
compounds of that intriguing tricyclic hydrocarbon has been
slow. The structure, bonding, and energetics of alkali metal
complexes of the radical are examined for the first time for
groups 1 and 11 metals and remarkably low barriers are
identified for all of the group 1 systems, especially for those
below Li. The latter is shown to adopt η3 and η6 hapticities on

Figure 8. Representations of HOMOs of group 11 PM transition state
structures.

Table 3. M Orbital Contributions to the Overall HOMO of
the Transition Structures (TSs) for Pathways 3a and 3′a

% M for TS (Pathway 3a) % M for TS (Pathway 3′)

d-orbital p-orbital s-orbital p-orbital

Cu 1.4% 3dxy; 1.1% 3dyz 6.1% 4py Cu 15.3% 4s 1.5% 4pz
Ag 2.0% 4dyz 4.6% 4py Ag 27.6% 5s −
Au − − Au 61.2% 6s −

aOnly the M contributions are shown. % phenalenyl = 100% − % M.

Organometallics Article

DOI: 10.1021/acs.organomet.9b00564
Organometallics 2020, 39, 34−42

40

http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00564/suppl_file/om9b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00564/suppl_file/om9b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00564/suppl_file/om9b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00564/suppl_file/om9b00564_si_002.zip
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00564/suppl_file/om9b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00564/suppl_file/om9b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00564/suppl_file/om9b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00564/suppl_file/om9b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00564/suppl_file/om9b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00564/suppl_file/om9b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00564/suppl_file/om9b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00564/suppl_file/om9b00564_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00564/suppl_file/om9b00564_si_001.pdf
http://dx.doi.org/10.1021/acs.organomet.9b00564


the phenalenyl surface, and barriers to haptotropic rearrange-
ments are quantified for all of the systems considered. For
group 11 metals, the η1 bonding preferences are clear; the
relative magnitudes of barriers to translocation on the
phenalenyl surface are even more substantial for Cu, Ag, and
Au, compared to the Li case.
For Au, relativistic effects account for more than 50% of the

barrier, buteven without relativistic effectswe find that
orbital effects dictate that certain modes of motion available to
copper and silver on P are effectively forbidden for gold.
The relatively large barriers obtained for Au compared to the

other systems considered in this work mean that it will likely
be, under experimental conditions, the least fluxional or most
easily controlled kinetically of the group 11 PM systems. We
have not found any report on attempts to synthesize the sets of
PM systems discussed in this contribution, but the established
syntheses of certain group 1 CpM compounds22−24 and
CpAu31,32 may be a source for both strategies and inspiration
for the experimental examinations of these compounds
including the unusual Li and Au systems.

■ COMPUTATIONAL METHODS
The geometrical data, harmonic vibrational frequencies, and internal
reaction coordinate (IRC) paths reported in this work have been
obtained using the Becke three parameter hybrid exchange, and
Perdew−Wang correlation functional (B3PW91)33,34 as implemented
in the Gaussian 09 (G09) suite of programs35 unless stated otherwise.
The correlation-consistent triple-ζ (cc-pVTZ) basis sets36 were
employed for all elements, except for K, Rb, Cs, Ag and Au. For
the heavy main group elements, the relativistic small core Stuttgart-
Cologne Dirac−Fock (MDF) effective core potentials (ECPs) and
the associated 9-valence-electron basis sets were employed.37,38 MDF
ECPs were used as well39 for Ag and Au along with the relevant triple-
ζ 19-valence basis sets,39,40 and the nonrelativistic Hartree−Fock
(MHF) ECPs and basis sets41 enabled us to assess by contrast the
influence of relativistic effects on the bonding of Ag and Au.
The molecular representations and orbital pictures were generated

using the Chemcraft,42 Gaussview,43 and Chemdraw programs. The
Synchronous Transit-guided Quasi-Newton method as implemented
in the G09 softwareboth the QST2 and QST3 optionswere
employed to identify putative transition structures (TSs) linking
established minima on the potential energy surface (PES) of PM
complexes. Candidate transition structures generated in that way were
reoptimized, confirmed to be first order saddle points, and used as
starting points for internal reaction coordinate (IRC) path
calculations in order to obtain a refined picture of the translation of
M across the surface of P.
For the IRC calculations, we used high “maxpoints” values in each

case such that the IRC path calculations terminated before any limit
on the number of points was reached. IRC path calculations do not
necessarily terminate at actual minimum energy geometries, so all IRC
end points were fully optimized in separate calculations and
confirmed by harmonic vibrational frequency analyses to be minima.
Wiberg bond indices that we report have been obtained from natural
bond orbital (NBO) analyses on the optimized geometries using the
NBO 3.1 program as implemented in the G09 suite. The fragment
analysis feature of the Amsterdam Density Functional (ADF)
software44−46 has been used to gain some insight into the bonding
in previously optimized PM structures. Those calculations were done
at the B3LYP level along with the triple-ζ quality (TZP) all electron
basis sets with scalar relativistic effects included for all atoms. The
B3PW91 model chemistry, which we used predominantly in this
work,47 was unavailable in the ADF suite, hence our choice of the
B3LYP method for the latter analysis. The selected methods and
triple-ζ basis sets have been employed because of their extensive use
in the chemical literature and their overall reliability as model
chemistries for computing structural and energetic data for inorganic

and organometallic systems. We have also assessed the qualitative
reliability of our results, however, by recomputing our structural and
IRC data using the ωB97XD method.48
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