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Abstract: Multiple bonds between boron and transition metals
are known in many borylene (:BR) complexes via metal d,—
BR back-donation, despite the electron deficiency of boron. An
electron-precise metal-boron triple bond was first observed in
BiB,O~ [Bi=B—B=0]" in which both boron atoms can be
viewed as sp-hybridized and the [B—BO]~ fragment is
isoelectronic to a carbyne (CR). To search for the first
electron-precise transition-metal-boron triple-bond species,
we have produced IrB,O~ and ReB,O~ and investigated
them by photoelectron spectroscopy and quantum-chemical
calculations. The results allow to elucidate the structures and
bonding in the two clusters. We find IrB,O~ has a closed-shell
bent structure (C, 'A’) with BO™ coordinated to an I'=B unit,
("OB)I'=B, whereas ReB,O~ is linear (C., ) with an
electron-precise Re=B triple bond, [Re=B—B=0]". The results
suggest the intriguing possibility of synthesizing compounds
with electron-precise M=B triple bonds analogous to classical
carbyne systems.

Even though borylenes (:BR) are isoelectronic to CO,!! their
chemistry is more analogous to carbenes (:CR,) and they can
form metal-boron multiple bonds because they are much
better m-acceptors. The first transition-metal borylene com-
plexes were synthesized in 1998.”! Since then, many borylene
complexes have been synthesized®™ and the field has experi-
enced rapid advances.! These compounds usually involve
a transition metal with different ligands (L,), L,MBR. The
bonding between the metal (M) and the borylene fragment is
described generally as B—M o-donation and M(d,,)—B back-
donation.’! The analogy of borylenes and carbenes suggests
a M=B double bond in L,M=BR. However, because bor-
ylenes are strong m-acceptors, the M—B bond length spans
a wide range, depending on the ligands on the metal and the R
group.“! In fact, a metal-boron triple-bond character was
first suggested in the [(OC)sCr=BSi(SiMe;);] complex,?"
which has a Cr—B bond length of 1.878 A, slightly shorter
than the Cr=B double-bond length (1.89 A) predicted from
Pyykko’s double-bond covalent radii.l”! Several transition-
metal-borylene complexes feature M—B bond lengths shorter
than M=B double bonds derived from Pyykko’s double-bond
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covalent radii.*®™ The shortest metal-boron bond length was
reported recently in a L,FeBF compound”! with an Fe—B
bond length of 1.7703 A, which is comparable to the Fe=B
triple-bond length (1.75 A) based on Pyykkd’s triple-bond
covalent radii.® Another recent study on a series of F,MBF
complexes using matrix-isolation infrared spectroscopy and
quantum-chemical calculations showed an M=B triple-bond
character for M=Ir and Os with M—B bond lengths
comparable to those computed from Pyykkd’s triple-bond
covalent radii.®

If boron acquires an electron, the [BR]™ unit becomes
isoelectronic to a carbyne (CR) unit. Transition-metal com-
plexes of such borylyne ligands are not known. The first metal
borylyne species was observed in BiB,O~, which has a linear
[Bi=B—B=O]" structure with a Bi=B triple bond.”! Both B
atoms are sp-hybridized and BiB,O~ is an electron-precise
molecule. To search for the first transition-metal-borylyne
complex, we recently examined RhB,O™ using photoelectron
spectroscopy (PES) and theoretical chemistry and found that
it does not have the expected linear [Rh=B—B=0]~ struc-
ture.'” Instead, it was found to have a bent structure with
BO™ coordinated to the Rh atom, which features a very short
Rh—B bond exhibiting quadruple-bond character, ("OB)Rh=
B. This led to the discovery of the first Rh=B quadruple bond
in a diatomic molecule involving boron."' In the meantime,
a combined infrared and theoretical study on BFe(CO);~
showed that B and Fe engage in quadruple bonding,'? even
though the diatomic FeB has a much weaker bond.!"”!

We have been interested in probing the electronic
structure and chemical bonding of size-selected boron
clusters!" and metal-doped boron clusters!™” using PES and
computational chemistry. The current study continues our
quest for the first transition-metal borylyne complex. We have
produced IrB,0™ and ReB,O™ and obtained their PE spectra,
which are combined with theoretical calculations to elucidate
their structures and bonding. IrB,O" is found to adopt a bent
structure similar to that of RhB,0O", except that the Ir—B
bonding displays more triple-bond character. ReB,O™ is
found to possess a perfectly linear [Re=B—B=O0]" structure
with a Re=B triple bond, which can be viewed as the first
transition-metal borylyne complex.

The experiments were carried out using a magnetic-bottle
PES apparatus coupled with a laser vaporization cluster
source (see Supporting Information for more details).['*!6!
The PE spectra of IrB,0~ and ReB,O™ are shown in Figure 1
and 2, respectively. The 355 nm spectrum of IrB,O~ (Fig-
ure 1a) exhibits an intense and sharp ground-state band X,
which displays a short vibrational progression with a fre-
quency of 870 cm™!. The 0-0 transition at 2.90 eV yields the
adiabatic detachment energy (ADE) of IrB,O~, which is also
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Figure 1. Photoelectron spectra of IrB,O™ at a) 355 nm (3.496 eV),
b) 266 nm (4.661 eV), and c) 193 nm (6.424 eV). The resolved vibra-
tional structures are labeled for bands X and A in (a) and (b).
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Figure 2. Photoelectron spectra of ReB,O~ at a) 355 nm, b) 266 nm,
and c) 193 nm. The resolved vibrational structures are labeled for band
Xin (a) and (b).

the electron affinity (EA) of neutral IrB,O. Following a large
energy gap, band A at 3.65eV in the 266 nm spectrum
(Figure 1b) is also quite intense and sharp, similar to band X.
Band B at 3.96 eV in both the 266 nm and 193 nm spectra
(Figure 1c) is broad and weaker than bands X and A. Band C
at 490 eV and band D at 529 eV are broad and not well
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resolved. Above 5.5 eV, the signal-to-noise ratios are poor,
and no definite spectral transitions can be identified. It should
be pointed out that the overall 193 nm spectral pattern of
IrB,O~ shows some similarities to that of the recently
reported RhB,O " suggesting they may have similar
structures.

The spectra of ReB,O~ (Figure 2) are completely differ-
ent, displaying a series of sharp spectral features below 4.5 eV.
These observations indicate that ReB,O~ likely has a more
symmetric structure and that there is little structural change
upon electron detachment. The ground-state band X in the
355 nm spectrum (Figure 2a) is intense and sharp with two
weak vibrational features at 1060 cm ™' and 1960 cm ™. Band
X yields an EA of 2.15eV for neutral ReB,0O. Band A at
2.77eV is sharp with a relatively weak intensity, which
increases with the photon energy (Figure 2b,c). Band B at
3.13 eVis very weak in the 355 nm spectrum and slightly more
visible in the 266 nm spectrum (Figure 2b). Band C at 3.30 eV
in the 355 nm spectrum is similar to band A, and its relative
intensity increases with photon energies and becomes the
most intense peak in the 193 nm spectrum (Figure 2¢). A
weak and broad band D at 3.51 eV is observed in the 266 nm
spectrum along with three more sharp bands: E at 3.86 eV, F
at 4.17eV, and G at 440eV (Figure 2b). In the 193 nm
spectrum (Figure 2¢), essentially continuous signals are
observed above 4.5 eV, and bands H, I, and J are labeled for
the sake of discussion. The VDEs of the observed spectral
bands are given in Table 1 and 2 for IrB,O™ and ReB,0O",
respectively, where they are compared with theoretical data.

To understand the electronic structure and chemical
bonding of IrB,O™ and ReB,O, we carried out theoretical
calculations using the TPSSh and CCSD(T) methods.['”! We
used the aug-cc-pVTZ-pp basis set and the relativistic
effective core potential ECP60MDF for Re and Ir,'® as
well as the aug-cc-pVTZ basis set for B and O.') The first
VDE was calculated as the energy difference between the
anion and neutral at the anion geometry. Higher VDEs were
calculated using TD-DFT and the TPSSh functional.””!
Different structures were computed and those within 1 eV
of the global minima are given in Figure S1 (Supporting
Information). The global minima of IrB,0O~ and ReB,0~
calculated using the TPSSh method are shown in Figure 3.
We found that the global minimum of IrB,O™ is a bent
structure with a BO™ unit coordinated to the Ir atom, which
forms a short Ir—B bond with a terminal B atom, similar to the

Table 1: Comparison of the experimental and theoretical results for
IrB,O~. The experimental and theoretical VDEs for IrB,O™ are given in eV.
The theoretical VDEs were calculated using the CCSD(T) method for the
first VDE and using TD-TPSSh for the higher VDEs.

Peak VDE  VDE Electronic state and MO configuration
(exp.) (theo.)

X 290  3.02 A, 1a'2a%32"%4a"%52a%12"2a'"%6a"*7a'*3a"?8 a"

A 3.65  3.88 2N 1a'%2a'?3a"%4a'?5a"*1a"*2a"*6a'*7a’*3a"""8a"?

B 3.96 4.23 2N, 1a?2a"?3a%4a"%5a"%1a""*2a"*6a'*7 a""3a2"%8a"?

C 490 493 27" 1a'%2a'?3a'%4a'*5a%1a"%2a""6a'*7a"?32"*8a"

D 529 5.20 2N’ 1a'?2a"?3a"%4a"%5a1a""%2a"%6 2" 7a'*3a2"%8a"?
6.20 2A” 1a'®2a?3a"%4a'*5a*1a""2a"%6a"*7a'*32""%8a"”
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Figure 3. The optimized structures for a) IrB,O~ and ReB,0™ as well
as b) IrB,O and ReB,O using the TPSSh method. Bond lengths are
given in A

global minimum of RhB,O~ reported recently.'”! The linear
isomer for IrB,O~ ('=") was found to be 0.58 eV higher in
energy (Figure Sla). However, we found that the global
minimum of ReB,O" is linear with a short Re—B bond and
a BO™ unit bonded to the B atom. The second low-lying
isomer for ReB,O" is also linear, but with a higher spin state,
which is 0.72 eV above the global minimum (Figure S1b). The
molecular orbitals (MOs) of IrB,0O~ and ReB,O™ are shown
in Figure S2. The normal modes of vibration and their
computed frequencies for neutral IrB,0O and ReB,O are
shown in Figure S3. The calculated first VDEs and vibrational
frequencies are compared with the experimental results in
Table S1.

For IrB,0O7, electron detachment from the highest occu-
pied molecular orbital (HOMO) 8a’ gives rise to a calculated
first VDE at 3.02 eV, where the experimental value is 2.90 eV
(Table 1). The computed Ir—B stretching frequency for the
short Ir—B bond is 907 cm ™, in reasonable agreement with the
experimental result of 870 cm~'. Band A results from electron
detachment from the 3a” orbital with a computed VDE at
3.88 eV, agreeing well with the experimental value at 3.65 eV.
Detachment from the 7a’ orbital gives a theoretical VDE of
4.23 eV, in good agreement with band B at 3.96 eV, whereas
detachment from the 2a” MO with a computed VDE of
493 eV is in excellent agreement with that of band C at
4.90 eV. Band D at 5.29 eV corresponds to detachment from
the 6a’ orbital with a calculated VDE at 5.20 eV. The 8a’ and
3a” orbitals are nonbonding 5d orbitals (Figure S2), consistent
with the sharp PES bands X and A. The PES bands B, C, and
D correspond to detachment from the bonding MOs 7a’, 2a”,
and 6a’, respectively, in good agreement with the broad PES
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features. Overall, the theoretical data for IrB,O~ are in
excellent agreement with the experimental results, unequiv-
ocally confirming the bent global minimum.

For ReB,O7, the first electron detachment is from the So
orbital, leading to the *S" ground state of neutral ReB,O. The
computed VDE of 1.95 eV was underestimated in comparison
to the experimental result at 2.15 eV (Table 2). Very weak
vibrational features were resolved in the 355 nm spectrum
(Figure 2a) and the two observed vibrational bands at 1060
and 1960 cm™" agree well with the calculated frequencies for
the B—B (v,) and B—O (v,) stretching modes at 1161 and
2010 cm™!, respectively (Figure S3). The 506 MO is mainly
a nonbonding Re 6s orbital (Figure S2), consistent with the
fact that there is little geometry change between the anion
and the neutral ground state (Figure 3) and the large detach-
ment cross-section at 355 nm. Detachment from the S0 MO
can also result in a low-spin *X~ state with a computed VDE of
3.55 eV, in good agreement with peak D (Table 2). The next
detachment channel comes from the 18 singly occupied
molecular orbital (SOMO), which consists purely of the Re
5d,,/5d. . orbitals (Figure S2), resulting in a *A final state.
Spin-orbit (SO) splitting leads to two final states (*A;, and
%As;,), which are assigned to peaks A and B. The separation
between peaks A and B (2900 cm™) is consistent with the SO
splitting of the Re atom,?" and the computed VDE 0f 2.99 eV
(without considering SO effects) is in good agreement with
the average VDE of peaks A and B. The atomic-like sharp
peak A and the low detachment cross-section at 355 nm are
both in perfect accord with the nature of the 18 MO. The next
detachment channel stems from the 2t bonding MO, which
can yield two final states: *IT and *I1 The computed VDEs of
3.45 eV and 3.89 eV (without SO effects) are in good agree-
ment with the observed VDEs of peaks C and E, respectively
(Table 2). However, SO splitting can give rise to multiple final
states: “Tsp,301 and Ty, Which agree qualitatively with
the additional weak features (F and G) and possible
unresolved features on the higher-binding-energy side. Addi-
tional detachment channels all stem from strongly bonding
MOs at higher binding energies, which are expected to yield
broad features, consistent with the continuous PES signals on
the higher-binding-energy side in the 193 nm spectrum (Fig-

Table 2: Comparison of the experimental and theoretical results for
ReB,O~. The experimental and theoretical VDEs for ReB,O~ are given in
eV. The theoretical VDEs were calculated using the CCSD(T) method for
the first VDE and using TD-TPSSh for the higher VDEs.

Peak VDE (exp.) VDE (theo.) Electronic state and MO configuration

X 2.15 1.95 27, 10%20%30%1*40%2m*56"1 62
A 2.77 2.99 *Aypp, 10°220%30°171%467271*56°19"
B 3.13 ’Asp, 10°20%30°10*40%20*5 0719
C 3.30 3.45 s, 10°20°30°1*40°2°56°18°
D 3.51 3.55 23~ 10%220%30*1t*40%21*56"1 62
E 3.86 3.89 Ty, 16°220%30°11*40°2°50°16°

Ty, 10°20°30°1*40°2°56°16°
F 417 L, 5, 10°20%30°1*4072n°50%18°
G 4.40 “TI, 5, 10°2030°1*40°2°50°18°
H 5.39 5.84 237, 10%20%30%1*46"2m*5671 62
| 5.85 6.06 437, 10%220%30*1t*46"211*50%1 52
J ~6.2 6.39 1, 16%20%30*1n*40%°27*50%18?
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ure 2¢). Overall, the observed spectral pattern of ReB,0~
agrees well with the theoretical data. Only a linear structure
can yield such complicated PE spectra due to the strong SO
effects and the resulting different total-angular-momentum
states.

In addition to the MO analyses (Figure S2), we also
performed chemical-bonding analyses for IrB,O~ and
ReB,O~ using the adaptive natural density partitioning
(AdNDP) method and the TPSSh functional,?” as shown in
Figure 4. The AdNDP results of IrB,O~ revealed a 5d,
a 5d,,, and an O sp lone-pair orbital (first row in Figure 4 a) as
well as a B=O triple bond and an OB—Ir single bond (third
row). The second row in Figure 4a depicts the bonding
between Ir and the terminal B atom, showing an Ir=B triple
bond and a B—Ir—B three-center (3c-2e) bond. The Ir—B
bond length of 1.808 A in IrB,O" is consistent with the Ir=B

a) IrB,0"

Two 1c-2e Ir lone pairs, ON=1.89-1.99

Vad i

Three 2c-2e Ir-B bonds, ON=2.00

Three 2c-2e B-O bonds, ON=2.00
b) ReB,0"

Two 1c-1e Re lone pairs, ON=1.00

0D+ 0 -+

Three 2c-2e Re-B bonds, ON=1.87-1.98

rr‘ 0. Qe @

Three 2c-2e B-O bonds, ON=1.99-2.00

Figure 4. Chemical-bonding analyses using AANDP for a) IrB,O™ and b) ReB,O".
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One 1c-2e O lone pair, ON=1.98

One 3c-2e B-Ir-B bond, ON=1.98

One 2c-2e Ir-B bond, ON=1.89

soe My ..H.

One 1c-2e Re lone pair, ON=1.96

One 1c-2e O lone pair, ON=1.98

One 2c-2e B-B bond, ON=1.99
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triple-bond length (1.80 A) predicted from Pyykko’s covalent
atomic radii.l’! The structure and bonding of IrB,0~ are
similar to RhB,0~, which has a Rh=B quadruple-bond
character.'” The difference of bonding in the two isoelec-
tronic systems lies in the B-M—B bond angles and the 3c—2e
B—M-B bond. The B-Rh—B bond angle is 99.8° and there-
fore larger than the B—Ir—B bond angle of 91.5°. The smaller
bond angle in IrB,O~ allows a more delocalized 3c-2e B—Ir—
B bond, whereas in RhB,O™, the 3c—2e bond is more localized
on the terminal Rh—B bond, giving rise to its quadruple-bond
character. This difference in M—B bonding in the MB,O~
systems is similar to the difference in the diatomic MB
systems. While RhB was recently found to possess a quadruple
bond,'"! a very recent study found that IrB actually has
a smaller bond order of 3.5.%! The difference in bonding
between Ir and Rh is due to the relativistic effects that
stabilize the 6s orbital in Ir, so
that IrB has a triplet ground state
(*A) due to the promotion of an
’ electron from a 5d lone-pair orbi-
/ 9 tal to a 6s-dominated, weakly
: antibonding MO,  whereas
‘ RhB is closed shell ('=") because
the 5s-dominated LUMO is much
higher in energy.'” Hence, the
bent IrB,0~ structure can be
expressed  approximately as
("OB)I'=B, while RhB,O~ can
be expressed as ("TOB)Rh=B.

The AdNDP analyses of the
linear ReB,O™ are straightfor-
ward  (Figure 4b), revealing
a Re=B triple bond, a B=O
triple bond, a single B—B bond,
two unpaired electrons in the 5d,,
and 5d,._,. orbitals, a 6s lone-pair,
and an O sp lone-pair orbital.
Thus, the linear ReB,O~ can be
expressed as [Re=B—B=O0O] in
which both B atoms are sp-hy-
bridized, similar to carbyne com-
plexes. The Re—B bond length of
1.842 A is in good agreement with
the value of 1.83 A obtained from
Pyykko’s triple-bond covalent
atomic radii.

We further analyzed the orbi-
tal composition using the natural
atomic orbital (NAO) method™”
to gain more insights into the
M-B bonding in IrB,0O~ and
ReB,O™, as shown in Tables S2
and S3, respectively. Because
these are relatively simple sys-
tems, the MOs exhibit some sim-
ilarities to the AdNDP results,
but the MOs carry information
about the detailed atomic com-
positions, as given in Tables S2
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and S3. For IrB,0", the HOMO—1 and HOMO-9 represent
the Ir-B o bonds, but the HOMO-9 is clearly a B—Ir—B
three-center bond (Figure S2). For ReB,0O~, the AINDP
results are nearly the same as the MOs (Figure S2, Table S3).
We also analyzed the bond order for IrB,0~ and ReB,0~"
using the Mayer and Nalewajski-Mrozek methods®! at PBE/
QZAPP% using ADF,?” as given in Table S4. Both the Mayer
and Nalewajski-Mrozek bond orders for the Re=B bond in
ReB,0~ were almost exactly 3 (2.9 and 3.1, respectively). The
bond orders computed for the I'=B bond in IrB,0O~ are
slightly lower than 3 (2.5 and 2.8, respectively) due to the B—
Ir—B three-center bonding.

To understand why the bent structure is preferred over the
linear structure for IrB,0O~, we computed the bond dissoci-
ation energies (BDE) of the reaction IrB,O™—IrB + BO™ for
the bent and linear structures, as shown in Table S5. The
larger BDE for the bent structure (8.07 eV) can be attributed
to the B—Ir—B three-center bond in the bent structure. The
different structures of ReB,0O~ and IrB,O™ are surprising at
first glance, which can be understood by considering the
bonding in the linear isomer of IrB,O~. From the MOs of the
linear ReB,O~ (Figure S2), we can see that two more
electrons in Ir relative to Re would be added to the 16
SOMO to give the closed-shell linear isomer (Figure S1a),
resulting in three non-bonding lone-pair orbitals. However, in
the bent structure of IrB,O~, there are only two non-bonding
lone pairs (Figures 4 and S2). It can be assumed that those two
additional electrons in fact form the extra 3c—2e B—Ir—B bond
in the bent structure, providing the extra stability over the
linear isomer.

In conclusion, we report an investigation on the electronic
structure and chemical bonding of two transition-metal-
boron complexes (IrB,O~ and ReB,0~) using photoelectron
spectroscopy and quantum-chemical calculations. Distinct
and different spectral features are observed for the two
species and are used to compare with theoretical calculations.
IrB,O" is found to have a bent structure with a BO™ unit
coordinated to the Ir atom, whereas ReB,O™ is found to have
a linear structure in which the BO™ unit is bonded to the B
atom. Chemical-bonding analyses reveal that both contain an
M=B triple bond and can be viewed as (TOB)I1=B and [Re=
B—B=0] . ReB,0" can be considered as the first electron-
precise transition-metal borylyne complex.
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