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ABSTRACT: CO as a typical o-donor is one of the most important ligands in chemistry,
while planar Bi3* is experimentally known as the most prominent magic-number boron
cluster analogous to benzene. Joint gas-phase mass spectroscopy, collision-induced
dissociation, and first-principles theory investigations performed herein indicate that B3
reacts with CO successively under ambient conditions to form a series of boron carbonyl
complexes B;3(CO)," up to n = 7, presenting the largest boron carbonyl complexes observed
to date with a quasi-planar B,;" core at the center coordinated by nCO ligands around it.
Extensive theoretical analyses unveil both the chemisorption pathways and bonding patterns
of these aromatic B;;(CO)," monocations which, with three delocalized 7 bonds well-
retained over the slightly wrinkled B;;" moiety, all prove to be boron carbonyl analogs of
benzene tentatively named as boron carbonyl aromatics (BCAs). Their z-isovalent B;,(CO),
(n = 1—6) complexes with a quasi-planar B, coordination center are predicted to be stable
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1. INTRODUCTION

Carbon monoxide (CO) with a 6-lone pair on carbon is one of
the most important ligands in chemistry and catalysis.' > It is
usually used as a o-donor to coordinate transition metals
(TMs) to form various metal carbonyl complexes.*”” The o-
lone pair on carbon in a CO ligand (:C=0) overlaps with the
partially occupied d orbitals of the TM center, forming an
effective 6-donation coordination bond. Meanwhile, the lowest
unoccupied 7*-molecular orbital (LUMO) of CO accepts
partial d electrons from the central TM to form z-back-
donation interactions.*”'> Main group metal carbonyl
complexes have also been discovered in recent years, including
the cubic alkaline-earth metal carbonyl complexes M(CO); (M
= Ca, Sr, Ba)'* and OCBeCO3,.15

Boron ([He]2s®2p') with partially occupied 2p orbitals
exhibits unique structures and bonding due to its prototypical
electron deficiency. The first carbonyl borane H;BCO with a
CO ligand was proposed in 1937'° and the first boron
carbonyl molecule BCO was observed in 1991 in which CO
acts as a o-donor to coordinate B.'” In 1964, Knoth et al.
synthesized the first dicarbonyl 1,12-B,H;((CO), by reacting
B,,H,,>” with CO under acidic conditions.'® The crystal
structure of this compound, featuring two CO o-ligands, was
measured by X-ray diffraction in 1998."” Zhou et al. observed a
series of boron carbonyls in solid argon using infrared
photodissociation spectroscopy (IRPD) in recent years,
including linear BCO,” OCBBCO,”" and BBCO,*” V-shaped
B(CO),,”* and rhombus B,(CO),.”* Planar boron carbonyl
cation complexes B(CO),*, B(CO),*, B,(CO),*, and
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B4(CO),* (n = 4, S) were also observed in IRPD experi-
ments,”> " and neutral rhombus B,(CO); was characterized
in gas phase.”® Theoretical predictions of larger boron
carbonyls including monocyclic aromatic Bs(CO);~,
B4(CO)g and B,(CO)," have also been reported.”” These
monocyclic B,(CO),™%* species were later shown to be
obviously less stable than their monocyclic aromatic carbon
boronyl counterparts C,(BO),™"%*>~*° However, larger
B,,(CO),"”"~ boron carbonyl clusters with m > 4 or n > 5
have not been observed in experiments to date.

It is well-known that the perfect planar C,, B,3* (B;@B,") is
a magic-number aromatic boron cluster analogous to
benzene.’' C,, B,;" exhibits typical fluxional bonding behavior,
resulting in a D, thermally averaged structure,”” as confirmed
by adaptive natural density partitioning (AdNDP) analysis.*’
Alexandrova et al. utilized a circularly polarized infrared laser
that could achieve unidirectional rotation of the B, outer ring
around the Bj; inner triangle in planar Bj;*, forming a
photodriven Wankel molecular motor.** The reactivity of
B,;" with D,,** HF,* N,0,” CO,*® H,0,”” and 0, was
preliminarily investigated in the late 1980s using an ion cluster
beam apparatus, but neither detailed structures of the reactants
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and products nor the reaction mechanisms were reported
during that period. To the best of our knowledge, there have
been no experimental or theoretical results on carbonyl
complexes of the most prominent aromatic magic-number
B,;" reported to date, leaving an important gap to be explored
in the chemistry of boron carbonyl complexes.

Combined gas-phase mass spectrometry, collision-induced
dissociation (CID), and first-principles theory investigations
performed in this work show that the B ;* cluster can adsorb
CO molecules consecutively under ambient conditions to form
a series of boron carbonyl monocations B;3(CO),* up ton =7,
presenting the largest boron carbonyl complexes observed so
far in experiments with a quasi-planar B;;* moiety at the center
coordinated by nCO ligands around it. Extensive theoretical
calculations reveal the chemisorption pathways to form these
B,3(CO),* species which are favorable both thermodynami-
cally and dynamically in gas phase. Detailed AANDP analyses
indicate that these aromatic B;;(CO)," (n = 1—7) mono-
cations with three delocalized 13c—2e z-bonds over the B;;"
moiety at the center are the first experimentally identified
boron carbonyl analogs of benzene, for which we tentatively
propose the name “boron carbonyl aromatics” (BCAs). Their
m-isovalent counterparts B;,(CO), (n = 1-6) with a quasi-
planar B;, coordination center are predicted to be stable
neutral BCAs.

2. METHODS

2.1. Experimental Methods. A homemade reflection time-of-
flight mass spectrometer (TOE-MS)*"** equipped with a laser
ablation ion source, a quadrupole mass filter (QMF),* and a linear
ion trap (LIT)* reactor was used in the experiments. The boron
cluster cations (B,") were prepared by laser ablation of a rotating and
translating pure boron target made of ''B isotope (99% enriched), in
the presence of a 6 atm He carrier gas. A 532 nm pulse laser (second
harmonic of Nd**:yttrium aluminum garnet) with energy of about 3—
S mJ/pulse and a repetition rate of 10 Hz was used. Cluster cations
with masses ranging from 50 to 750 amu were generated and detected
under these experimental conditions (Figure S1). The cluster cations
of "'B;* mass-selected by the QMF entered into the LIT reactor,
where they were confined and thermalized by collisions with a pulse
of about 4 Pa He gas for 2 ms and then interacted with a pulse of CO
reactant gas for a period of time at room temperature. The cluster
ions ejected from the LIT reactor were detected by the TOF-MS.

To better comprehend the structural patterns and coordination
bonding nature of the experimentally observed B,3(CO),* complexes,
as a demonstration, detailed CID experiments were performed on the
dicarbonyl complex B;5(CO)," using a newly developed double-ion-
trap apparatus.” The B;;(CO)," ions were produced by seeding 10%
CO in the He cooling gas to react with the cluster-source-generated
B;" in the first ion trap with a cooling time of about 1.2 ms. The
generated B;3(CO)," ions were then mass-selected to interact with Xe
in the second ion trap (run at the collision cell mode). The pressure
of Xe was low (~70 mPa) and the time period of collisions was short
(~20 ps). The estimated average collision*® number of 0.08 between
B;5(CO)," and Xe indicates that multiple collisions should be
negligible in the CID experiments. The center-of-mass collisional
energy (E,) between B,3(CO)," and Xe was computed by using E,,
= E, X m/(m + M), in which Ey is the kinetic energy of B,;(CO),"
and M and m are the masses of Bj3(CO)," and Xe, respectively.

2.2. Theoretical Methods. Extensive density functional theory
calculations at PBE0/6-311+G(d,p) level”*® were carried out using
the Gaussian 16 program®® to optimize the structures of reactant B*
and products Bj3(CO)," (n = 1-7) as well as the corresponding
intermediates (IMs) and transition states (TSs). The PBEO functional
has been used widely to characterize B,” monoanions observed in
photoelectron spectroscopy experiments®*~>> and to simulate the
IRPD of B,3*.**> More accurate single-point energy calculations were

performed at the coupled cluster CCSD(T)/6-311+G(d,p) level** >’
at PBEO geometries, with the small calculated T, diagnostic values
between 0.019 and 0.024. Vibrational frequency checks were
performed to ensure that all the IMs and TSs obtained are true
minima and transition states of the systems, respectively. Intrinsic
reaction coordinate calculations were carried out to make sure that
each TS leads to two appropriate IMs.**>® Born—Oppenheimer
molecular dynamics (BOMD) simulations were performed on
B;5(CO)," (n = 1-7) for 100 ps using the CP2K software package
suite® with the GTH-PBEO pseudopotentials and TZVP-MOLOPT-
PBE-GTH basis sets.”"*> Detailed bonding analyses were carried out
employing the widely used AANDP approach.”’ Energy decom-
position analyses with natural orbitals for chemical valence (EDA-
NOCV)64_66 were performed on B;;CO* (1A) at the PBEO/TZ2P
level with the ADF 2022 program package®” using the zeroth-order
regular approximation.**~"°

3. RESULTS AND DISCUSSION

3.1. Cluster Reactivity Measurements. The measured
TOF mass spectra for the reactions of B,;" clusters with up to
seven CO molecules are collectively presented in Figure 1.
Upon the interaction of B;;" with 184 mPa CO for 2 ms, two
product signals of B;;CO* and B;;(CO)," were clearly
observed (Figure 1b). With the increase of CO pressure to
378 mPa, the intensities of products B;;CO* and B;5(CO),"

B,," B,,(CO),’ (n=1-7)
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(b) CO
184 mPa
2ms

(c) CO
378 mPa
2ms

(d)Cco
326 mPa
10 ms

(e) CO
202 mPa

(f)co
1534 mPa
40 ms

=i

* A
A

120 160 200 240 280 320 360 400

m/z

Figure 1. Measured TOF mass spectra for the reactions of mass-
selected B;;" with (a) He and (b—f) CO molecules. The CO reactant
gas pressures and reaction times are indicated in mPa and ms,
respectively. The weak mass signals marked with asterisks are due to
existence of water impurities in the reaction system.
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increased significantly. The emergence of the third and fourth
product signals at B;3(CO);* and B;3(CO)," indicates that
B;3(CO)," can further react with one or two more CO
molecules successively (Figure 1c).

Given the fact that the signal intensity of Bj;* remained
strong at the reaction time of 2 ms (Figure 1b,c), longer
reaction times and higher reactant gas pressures were used to
explore the possibility of B;" to interact with more CO
molecules. When the reaction time was elongated to 10 ms, the
signal intensities of B;*, B;3(CO)*, and B;5(CO)," decreased
remarkably, the signals of B;3(CO);* and B,3(CO)," increased
obviously, while two new product peaks corresponding to
B;3(CO);" and B;5(CO)¢" could be clearly identified (Figure
1d). By adjusting the reaction time to 30 ms, we observed a
depletion of the Bj;(CO)," (n = 0—2) signals, a notable
decrease in B;3(CO);" and an enhancement of B;3(CO)," as
the predominant peak in the resulting mass spectrum (Figure
le). When the reaction time was further extended to 40 ms
and CO pressure increased to 1534 mPa, a weak product signal
corresponding to B ;(CO)," was distinctly identified, but no
mass signal beyond was detected for B;;(CO)" (Figure 1f).
The experimental results observed above show that B;* can
adsorb up to seven CO molecules consecutively in the
following chemisorption reaction

B}, + nCO — B,(CO)! (n=1-7) (1)

The measured CID mass spectra depicted in Figure S2
clearly indicate that, with the center-of-mass collisional
energies of E.,, = 2.0 and 3.6 eV, the B;;(CO)," adduct
loses the first CO molecule to generate B,3(CO)* (Figure S2b)
and the second CO molecule to produce By;* (Figure S2c),
respectively in the following CID process

CID
B,;(CO); — B;3(CO)_,y + nCO (n=1,2) Q)

The CID results provide strong experimental evidence that
the two CO ligands in B;3;(CO)," are indeed adsorbed
molecularly to the Bj3* coordination center, rather than being
chemically activated or incorporated into the skeleton of B;;"
moiety, similar to the situations in various well-known metal
carbonyl complexes.*”™’

Based on a least-squares fitting procedure (Figure 2), the
pseudo-first-order rate constants (k;) for the reactions of
B,3(CO),* (n = 0—3) with CO were estimated to be k; = 4.26
X 107", 33.64 x 107*%, 11.1 X 107", and 2.98 x 10~"* cm®
molecule™ s7! for n = 0, 1, 2, and 3, corresponding to the
reaction efficiencies of ® = 0.62%, 4.99%, 1.66%, and 0.45%,
respectively. The combined reaction rate constant of
B;3(CO)s* and B5(CO)s" was estimated to be k; = 6.20 X
1072 (® = 0.96%) in Figure 2 due to their weak mass
intensities. Reaction (1) possesses rate constants comparable
to the N,-adsorption processes Rh;D,” + N, = Rh;D,N,” (n =
1, 2, 3)"" which appear to be slightly smaller than the rate
constants of CO adsorption on Au,5* monocation.”*”?

As comparisons, the gas-phase reactions of B;3* with Hy, N,,
CO,, CH,, C,Hy, and O, were also conducted in this work.
Their measured TOF mass spectra collectively shown in Figure
S3 clearly indicate that B;;" is unreactive with these small
molecules, demonstrating the unique coordination capacity of
CO as a o-donor to B5".

3.2. Chemisorption Pathway Analyses. The optimized
structures of boron carbonyl products B,5(CO)," (n = 1-8)
(Figures S4—S7) and relevant chemisorption pathways of B,3*
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with nCO molecules (Figures S8—S30) were obtained at PBEO
level, with the relative energies refined at CCSD(T). The low-
lying isomers of B 3(CO),* (n = 1—8) complexes are denoted
as nA, nB, and nC etc. based on their relative energy orders. It
is clear that CO ligands prefer to be chemically adsorbed on
the outer By, ring of the B;;" (B;@B,,") moiety in a terminal
coordination manner, forming effective B—CO o-donation and
weak 7-backdonation interactions between the B,; core and its
CO ligands, without destroying the structural integrity of the
B;" core.

As shown in Figures 3 and S8a, the first CO coordinates B3
at a tricoordinate B apex in the outer By, ring without an
energy barrier, forming the most stable adduct complex C,
B3(CO)* (1A) with the chemisorption energy of 1.17 eV at
PBEOQ. The almost degenerate complex 1C which lies only 0.06
€V less stable than 1A at CCSD(T) can be barrierlessly
generated in gas phase and spontaneously converted into 1A
(Figure S8b), but the generation of the second lowest-lying 1B
from B;" encounters a positive energy barrier to overcome. In
the stable complex 1A, the migration of the CO ligand (Figure
S8c), extrusion of one B atom from the skeleton of B,; (Figure
S8b), and breakage of the C=O triple bond (Figure S9) all
encounter positive barriers. Thus, the observed product
B3(CO)* is indeed the CO complex (1A) as evidenced in
the CID mass spectroscopy shown in Figure S2, rather than
the global minimum or any other low-lying isomers of the
system.

The second CO molecule coordinates to a tricoordinate B
site of 1A in a barrier-free pathway to produce C, B;5(CO),"
(2A) or C, B;(CO)," (2B) (Figures 3a and S10a) with the
chemisorption energies of 1.23 eV for 2A and 1.17 eV for 2B at
CCSD(T), respectively. The conversion of 2B to the more
stable species 2A via CO migration must overcome a
substantial energy barrier of 1.80 eV at CCSD(T) (Figure
S10b) that is high enough to impede the transformation
between 2A and 2B. We notice that both the extrusion of one
boron atom from 2A (Figures S10c) and activation of a C=0
bond in 2A (Figure S11) encounter large energy barriers, well
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Figure 3. (a) Chemisorption pathways of the B;3(CO)," complex series (n = 1—7) obtained at PBE0/6-311+G(d,p) level, with the relative
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most favorable chemisorption pathway at PBEO.

supporting the CID experimental observation that the two CO
ligands are adsorbed molecularly to the Bj;* coordination
center in B,3(CO)," (Figure S2).

When the third CO molecule approaches 2A, it can be
tightly anchored to the B;;" core via either a tetracoordinated
B or a tricoordinated B of 2A, resulting in the barrier-free
formation of B;3(CO);* (3A) and B;3(CO)," (3C) (Figures 3
and S12) with the chemisorption energies of 0.87 and 0.80 eV
at CCSD(T), respectively. Similarly, 2B can also barrierlessly
capture the third CO through its tricoordinate B, preferentially
forming 3B (Figure S13) with a binding energy of 0.91 eV at
CCSD(T). 3B and 3C are slightly higher in energy than the
most stable 3A by 0.02 and 0.07 eV, respectively. Hindered by
large CO migration energy barriers greater than 1.34 eV at
CCSD(T) (Figure S14), the close-lying 3A, 3B, and 3C may
coexist in the experimentally observed mass signal of
B;5(CO)," (Figure 1).

The coordination of the fourth CO onto a tricoordinate B of
3C barrierlessly generates the most stable complex B,;(CO),*
complex (4A) (Figures 3 and S15) with a binding energy of
0.99 eV at CCSD(T). The fifth CO can coordinate 4A readily
to produce the stable complex of B;3(CO)s* (5B) (Figures 3
and S16) with a binding energy of 0.64 eV. The resulting SB
captures the sixth CO via its tetracoordinate B site, forming an
IM complex (124) (Figure S17) with a binding energy of 0.14
eV. Consequently, the negative energy barrier of —0.07 eV can
be easily overcome to yield the most stable complex
B;5(CO)¢" (6A) with the adsorption energy of 0.74 eV at
CCSD(T). As the seventh CO approaches 6A, an IM complex
(127) with a binding energy of 0.13 eV is generated via
coordination of a CO to a tricoordinate B site of 6A (Figure
S18), yielding the dynamically favorable B;;(CO),* (7B)
rather than (7A) because a positive barrier of 0.06 eV is
encountered to generate the latter (Figure S18). Product 7B
can also be formed along the reaction pathway 4A — SA — 6B
— 7B (Figures S16, S19, and $20); however, it is less favorable
because the energies of the involved TSs are less negative than

those in the pathway 4A — SB — 6A — 7B. It is worth
noticing that SB is 0.18 eV higher in energy than the most
stable complex SA. Similarly, for complex B,3(CO),*, 7B is
marginally higher by 0.08 eV with respect to 7A. Related
conversion from 5B to SA or from 7B to 7A is challenging due
to the substantial CO migration barriers. It is also noticed that
7B has the smallest adsorption energy of 0.95 eV at PBEO
among the B;;(CO)," series (n = 1-7) (Figure 3b), well
supporting the fact that B;;(CO)," has the lowest mass signal
intensity observed in Figure 1f.

Starting from 3A or 3B, the final boron carbonyl complex
B;3(CO),* (7C) can also be produced exothermically (3A —
4E — SL —» 6E — 7C and 3B — 4C — SE — 6E — 7C;
Figures $21—S27). The species 4E/4C, SL/SE, 6E, and 7C,
although less stable than their counterparts originated from
3C, are expected to coexist in the experiments as minor
isomers. This is supported by the fact that the mass signals of
B;3(CO);* and B3(CO)," disappeared almost completely in
experiments (Figure 1f) and there are obvious energy barriers
for CO migrations in these species (Figures S14 and $28).

When the eighth CO molecule approaches 7B or 7C, the
formation of stable complexes B;3(CO)s* (8A and 8C)
encounters obvious positive energy barriers (+0.10 eV for 7B
+ CO — IS1— TS61 — 8A and +0.45 eV for 7C + CO — I52
— TS62 — 8C at CCSD(T); Figures S29 and S30. With
entropy effect considered at 298 K, the corresponding energy
barriers are increased to +0.45 eV and +0.81 eV, respectively).
The Rice—Ramsperger—Kassel-Marcus (RRKM) theory and
RRKM-based variational transition-state theory’* were used to
estimate the rate constants of internal conversion (k;,,) and the
desorption of CO (k4) from the IM complexes IS1 and 152,
respectively. The rates of CO desorption from I51 to 7B (k4 =
4.4 x 10" s7') and from 152 to 7C (k; = 1.2 X 10" s77) are
much faster than the rates of internal conversions from I51 to
TS61 (k= 6.3 X 10” s7') and from 152 to TS62 (k,,, = 1.5 X
10° s7'), respectively. Therefore, the eighth CO in 151 and I52
can be easily evaporated into gas phase rather than overcome
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the positive barriers to form 8A and 8C. These results are well
in agreement with the experimental observation that no mass
signal of B;;(CO)s" was detected in experiments (Figure 1f).
Overall, our calculations effectively interpret the experimental
findings that B;3" can consecutively adsorb up to seven CO
molecules.

With an overall energy release of 8.61 eV in the whole
chemisorption process, the pathway B;;* — 1A — 2A — 3C
— 4A — 5B — 6A — 7B is predicted to be the most favorable
one both thermodynamically and dynamically. The CID
experimental results shown in Figure S2 indicate that the
coordinations of CO to B,;" are irreversible processes unless
external energies such as molecular collisions or irradiation are
provided to desorb the CO ligands from the complexes. As
shown in Figure 3b, the chemisorption energies E_ = (EB,; +

nEco) — Eg (co),’ of B,;3(CO),* monocations with respect to

reaction (1) increase almost perfectly linearly with the
numbers (n) of CO ligands involved in the complexes, with
an approximate average chemisorption energy per CO of E_/
CO = 1.26 eV at PBEQ, suggesting that the seven coordination
sites on the outer By, ring absorb CO molecules almost
independently.

3.3. Molecular Dynamics Simulations. Extensive
BOMD simulations were performed to check the dynamic
stability of the concerned species in the most favorable
chemisorption pathway highlighted with red arrows in Figure
3a. Interestingly, these species all appear to be dynamically
stable at 500 K in 100 ps with small calculated root-mean-
square-deviations and maximum bond length deviations
obtained, except 1A which coexists with 1C spontaneously at
300 K (Figure S31).

3.4. Bonding Pattern Analyses. To better comprehend
the high stability of these boron carbonyl complexes, detailed
AdANDP analyses were performed to unveil their bonding
patterns. As a comparison shown in Figure S32, the
experimentally characterized perfectly planar C,, B,;" bare
cluster possesses 10 2c—2e ¢ bonds along the B, outer ring, 1
3c—2e o bond on the Bj; triangle at the center, 5 3c—2e o
bonds between the outer ring and inner ring, and 3 completely
delocalized 13c—2e z-bonds over the molecular plane, making
it w-aromatic in nature analogous to benzene. Interestingly, as
clearly shown in Figure S33a, similar to B,;", the slightly
wrinkled C; B;;(CO)* (1A) also contains 10 2c—2e o-bonds
along the outer By ring, 1 3c—2e o-bond on the central B,
triangle, 5 partially delocalized o-bonds between the outer and
inner rings over on the B;;" core, and most importantly, 3
totally delocalized 13c—2e m-bonds over the B;; moiety
(Figure 4), making B;3(CO)* (1A) also z-aromatic in nature
analogous to benzene. Coordination of one CO ligand with a
o-lone-pair on the C end introduces one 2c—2e o-donation
bond between B;;* and CO into the system, but without
changing the fundamental bonding patterns of the B,;" moiety.
As collectively demonstrated in Figures 4b—h and S33—S36,
with the introduction of nCO ligands with n o-lone pairs into
the systems, despite slight structural distortions to the B;"
moiety and the formation of n 2c—2e C—B o-donation bonds
between B,;" and its nCO ligands, the 3 13c—2e 7-bonds over
the slightly wrinkled Bj;* core have been well-retained
throughout the B,3(CO)," series (n = 1-7), rendering 7-
aromaticity and extra stability to the systems and making them
boron carbonyl analogs to benzene. It is also noticed that the
strong C=O0 triple bonding interactions (1 2c—2e C—0 o + 2

(b) B,4(CO)" (1A)
3 x 13c-2e 1 bonds

ON = 1.90-2.00 e|
(d) B,,(CO),* (3C)

@ﬁﬁl

3 x 13c-2e 1 bonds
ON = 1.87-2.00 |e|

\&“ﬁ

3 x 13c-2e T bonds
ON = 1.85-1.98 |e|

DS G

3 x 13c-2e 1 bonds
ON =2.00 |e|

) B,5(CO),
N
3 x 13c-2e 1 bonds

ON = 1.90-2.00 |e|
B,,(CO),* (4A)

8&&‘?’“9

3 x 13c-2e 1 bonds
ON =1.85-2.00 |e|

g) B,,(CO),* (6A)

@“ﬁ% X301

3 x 13c-2e T bonds 3 x 13c-2e T bonds
ON = 1.80-1.96 |e| ON =1.77-1.95 |e|
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3 x 6¢c-2e 1 bonds
ON =2.00 |e|

Figure 4. AANDP z-bonding patterns of (a) By3* and (b—h)
B;5(CO)," (n = 1-7), in comparison with that of benzene (i) C4Hy,
with the occupation numbers indicated.

2c—2e C—O x) in the CO ligands are well maintained
throughout the B,3(CO)," series (n = 1-7).

3.5. Strong s-Donations and Weak 7-Back-Donations.
As demonstrated in Figure S37 and Table S1, detailed EDA-
NOCYV analyses on B;;(CO)* (1A) using B;;" and CO as
interacting fragments indicate that one effective o-donation
(HOMO - 15) which contributes 64.9% to the overall orbital
interactions (AE,,;) and two weak z-back-donations (HOMO
and HOMO - 7) which contribute 15.0% and 9.2%,
respectively, coexist in the coordination interactions between
B;;* and CO, with the strong o-donation coordination
interactions well reflected in the 2c—2e B—C o-bond in
AdNDP analysis presented in Figure S33a. It is noticed that
both of the two weak 7-back-donations HOMO and HOMO
— 7 in which the two degenerate unoccupied 7*-LUMOs of
the CO ligand accept partial electrons from the B;" core
mainly contain contributions from the HOMO (75.4%) and
HOMO — 6 (79.4%) of the B,;* core which mainly react with
the CO ligand via the partially occupied 2p atomic orbitals of
the tricoordinate B atom (p — #-back-donations), similar to
but different from the situations in the first borylene dicarbonyl
complex synthesized by Braunschweig et al.”> where a boron
atom binds CO with strong z-back-donation from the boron to
CO.

3.6. Prediction of Neutral BCAs B,,(CO), (n = 1-6).
Using the previously experimentally observed z-aromatic C;,
B, (B;@B,) as coordination center which is the well-known
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boron analog of benzene,”® we predict a series of stable neutral
BCAs By,(CO), (n = 1—6) at PBEO, as shown in Figure S. As

95 C,, B,(CO),
o
2 ° 8,00, 7,
7- S 8%
4 Cs 812(00)4 ‘g‘é}q
. L (]
6 Fava
4 Vatad
5] C, B,,(CO), &
w1 e &
31 c Buco"*ﬁf—e * ®
2 . ot
1C,, ¢ //'\',\
1 /éi o
04
A T T T T T T T
0 1 2 3 4 5 6
n
Numbers (n) of CO ligands

Figure S. Optimized structures and calculated chemisorption energies
E. = (B + nEco) — Eppcoy of neutral C; B;,(CO) ('A), C,
B,,(CO), ('A"), C, By(CO); ('A), C, B,y(CO), ('A'), €, B1y(CO);
(*A), and C,, B;,(CO)s (*A;) complexes with respect to reaction (2)
at PBEO level.

m-isovalent species of the B;3(CO)," monocations observed
above, the optimized neutral quasi-planar C; By,(CO), C,
B,(CO),, C; By,(CO)s, C; B, (CO)y, Cp By, (CO)s, and Gy,
B,(CO); can be systematically generated with one to six CO
molecules coordinating the B, center in the outer By ring.
Encouragingly, as shown in Figure S, the chemisorption
energies E. = (Ep;, + nEco) — Epiy(co), of neutral B,,(CO),
with respect to reaction (3)

B,, + nCO — B},(CO), (n=1-6) 3)

also exhibit a nice linear relationship with the number of CO
ligands in the complexes, with the average chemisorption
energy per CO of E./CO = 1.10 eV at PBEO which is slightly
lower than that of the B;;(CO)," monocations. More
interestingly, detailed AANDP analyses clearly indicate that
these slightly wrinkled neutral B,,(CO), (n = 1—6) complexes
well inherit the three delocalized 12c—2e 7 bonds of the parent
bare cluster C;, By, (Figure S38), rendering z-aromaticity to
these systems which could be potentially synthesized and
characterized in future experiments. The B triangle at the
center of both B;;(CO),* and B,,(CO), series helps render &
+ 7 dual-aromaticity to the systems, making these concentric
bicyclic BCAs stable both thermodynamically and dynamically.

4. CONCLUSIONS

In summary, joint experimental and theoretical investigations
performed in this work indicate that B,3" can react with CO
molecules consecutively at ambient conditions to generate a
series of aromatic boron carbonyls B;3(CO)," (n = 1-7)
analogous to benzene. Similar to the situation in TM
carbonyls, both effective o-donations and weak n-back-
donations coexist between B;* and its CO ligands, indicating
that B atoms exhibit transition-metal-like behavior in these
BCAs. Stable neutral BCAs B,(CO), (n = 1—6) have also
been predicted in this work. Macroscopic syntheses and

isolations of such stable BCAs would help facilitate their
applications in chemistry and catalysis and further enrich the
chemistry of boron.
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