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Table S1. Valence electronic configurations and orbital compositions of CO and BO molecules,

based on the energy level and irreducible representation shown in Figure 1.

Valence configuration Valence configuration
219(83.12%B + 16.88%0) 21%(77.97%C + 22.03%0)
561(86.74%B + 13.26%0) 562(90.98%C + 9.02%0)
BO  174(80.43%0 + 19.57%B) Cco 174(73.89%0 + 26.11%C)
462(81.46%0 + 18.55%B) 462(80.60%0 + 19.40%C)

362(84.66%0 + 15.34%B) 362(76.09%0 + 23.91%C)
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Figure S1. Molecular orbital (MO) energy levels of Sc(OB)~ and Sc(BO)~ calculated at the

PBE/TZ2P level, based on geometries optimized at the CCSD(T)/def2-TZVP level.
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Figure S2. Molecular orbital (MO) energy levels of Cu(OB)- and Cu(BO)~ calculated at the

PBE/TZ2P level, based on geometries optimized at the CCSD(T)/def2-TZVP level.



Table S2. The electron configurations of M(OB)~ and M(BO)~ (M = Sc - Zn) at the PBE/TZ2P level

(All energies in kcal/mol). The ground states are highlighted in bold.

M(BO) 2s+1 Configuration  Energy M(OB) 2s+1 Configuration Energy

2 a. ! -360.81 2 a. m! -360.92
S¢(BO)y 2 b. 8! 35824  Sc(OBy 2 b. 5! -364.55
2 c. ¢! -350.13 2 c. ¢! -354.2
3 a. m? -385.78 3 a. m? -378.91
3 b. & 37895 . 3 b. 8 -383.52
Ti(BOY 4 c. o 31594 OBy 5 c. & 3172
3 d. n'c! -385.48 3 d. nlc! -383.76
2 a. o2d! -406.27 2 a. 028! -390.94
2 b. o?n! -307.27 2 b. o?r! -306.39
4 c. m2d! -423.55 4 c. m2d! -409.75
V(BO) 4 d. &l 41454 V(OB)y 4 d. &l -410.76
4 e. méc! -375.79 4 e. m?c! -369.98
4 f. 8%c! -393.77 4 f. 8%c! -397.53
6 g. m25? -425.66 6 g T3 -415.59
1 a. -375.69 1 a. -345.22
1 b. & -334.85 1 b. & -334.73
3 c. mo? -316.07 3 c. m2c? -313.53
Cr(BOY 4 d. c? 36598 CTOB) 5 d. o’ 1368.43
5 e. m25? -470.25 5 e. m25? -458.70
7 f. n26%c! -472.27 7 f. n26%c! -461.11
2 a. wtc! -320.55 2 a. wtc! -299.65
2 b. 6*c! -347.50 2 b. %! -345.46
2 c. mo? -274.76 2 ¢. m'o? -233.07
Mn(BO)- M B)
nBor, d. 82 sos79 MOPT d 3'c? -314.05
6 e. nd%c! -472.77 6 e. w2d%c! -468.32
6 f. n28%c? -437.80 6 f. n28%c? -426.40
1 a. mo? -308.3 1 a. wto? -216.96
1 b. 6*c? -220.61 1 b. &2 -314.21
3 c. m2dt -452.55 3 c. m2d* -398.57
Fe(BO) 3 d. 2 41258 Fe(OBy 3 d. w2 -419.11
5 e. m2d%c? -417.21 5 e. m2d%c? -415.44
5 f. §*n2c! -413.02 5 f. §*n2c! -403.25
5 g. nc! -444.64 5 g. &nc! -415.73
2 a. m46? -437.60 2 a. m*&? -402.81
2 b. &3 -415.58 2 b. &3 -389.52
2 c. mé* -405.62 2 e. md4 -367.59
Co(BO) 4 d. &*n2o! 4195  Co(OB) 4 d. §*nc! -408.98
4 e. d%c! -424.95 4 c. m*d%c! -399.96
4 f. 8*n?c? -375.42 4 f. 8*n?c? -375.9
4 g. 3nic? -382.46 4 g. 3mic? -366.99
1 a. m*s¢ -398.26 1 a. mid¢ -358.65
3 b. n*6%c? -295.69 3 b. n*8%c? -292.52
, 3 c. &*n’c? -32527 3 c. &8*n’c? -325.51
Ni(BO)y 3 d. w8l 37421 NiOB) 5 d. 83! -356.54
3 e. m*d*c! -376.52 3 e. n*d*c! -353.98
3 f. 14d3c? -376.46 3 f. 14d3c? -357.04




\S}

a. md*c! -318.25 2 a. n*d*c! /

Cu(BOy b. misio? 369.08 CuOBy b. Tsio? -345.18

Zn(BO) 1 a. n'6‘c? -323.69 Zn(OB) 1 a. n'6‘c? -320.95




Table S3. The electron configurations of M(OB)~ and M(BO)~ (M = Sc - Zn) at the CCSD(T)/def2-
TZVP level (All energies in kcal/mol). The ground states are highlighted in bold. *Entries marked
with ‘c’ indicate that an orbital occupation adjustment was attempted using the ORCA program, but

was unsuccessful.

M(BO) 2s+1 Configuration  Energy M(OB) 2s+1 Configuration Energy

2 a 7l 37.65 2 a. 8! -8.79
Se(BOY b. 5! 0.00 Sc(OB) / /
. 3 a. m? / . 3 a. 3ln! -3.19
TiBO)y 5 b. izl 0.00 TiOB) 4 b. w2 0.00
6 a. 1252 6.90 6 a. 1252 12.55
V@Boy b. 125! 0.00 voBy b. n25! 1.26
Cr(BO) 7 a. n2d’c! 0.00 Cr(OB) 7 a. n2d’c! 9.41
Mn(BO) 6 a. n’8%c! 0.00 Mn(OB) 6 a. n’d%c! -0.18
3 a. *d? c 3 / /
Fe(BOY b. 18! 0.00 Fe(OB)y 4 b. 128! 1.26
2 a. e’ 1.88 o2 a. m*d’ 22.59
Co(BO) b. T83s! 0.00 Co(OBy b. nisic! 20.71
Ni(BOY 1 a. 484 92.87 Ni(OBY 1 a. m*s 45.81
i(BO) 4 b. n53c? 0.00 i(OB) 4 b. n&3c? 23.22
Cu(BO) 2 a. n'd‘c? 0.00 Cu(OB) 2 a. m'd‘c? 21.34
Zn(BO) 1 a. m4*d4'c4’ 0.00 Zn(OB) 1 a. a"”a'"a'%a'?a"?  0.63




Table S4. Relative energies (in kcal/mol) of the lowest lying state for MOB~ and MBO~ (M = Sc -

Zn) complexes at the PBE, PBEO and CCSD(T) levels of theory, respectively.

M PBE PBEO CCSD(T)
MBO- MOB- MBO- MOB- MBO- MOB-
Sc 0.00 -6.31 0.00 -7.6 0.00 -8.79
Ti 0.00 2.02 0.00 -0.03 0.00 -3.19
A% 0.00 13.80 0.00 4.89 0.00 1.26
Cr 0.00 11.16 0.00 9.13 0.00 9.41
Mn 0.00 4.45 0.00 1.04 0.00 -0.18
Fe 0.00 7.97 0.00 3.84 0.00 1.26
Co 0.00 25.92 0.00 30.24 0.00 20.71
Ni 0.00 19.42 0.00 -15.89 0.00 23.22
Cu 0.00 24.80 0.00 21.88 0.00 21.34

Zn 0.00 2.74 0.00 2.02 0.00 0.63




Table S5. The electron configurations of M(BO)~ and M(OB)~ molecules at the PBE/TZ2P level,
with geometric structures from CCSD(T)/def2-TZVP. The ground state species are highlighted in

bold. Note: The italic electron configuration corresponds specifically to the occupancy of the metal's

3d orbitals.

M(BO) 2S8+1 Valence Configuration M(OB) 2S+1 Valence Configuration
Sc(BO) 2 96231*106211621 8 Sc(OB) 2 96231*106%11621
Ti(BO) 3 96231*1062116%1 5 4n! Ti(OB) 3 96231410021 1621 5 4n!
V(BO) 4 96231*106247%1 51162 V(OB) 4 96231*10021 547’1 16>
Cr(BO) 7 96231410021 16'47°1 126" Cr(OB) 7 9623110621 16" 1 47’1207
Mn(BO) 6 96231*10621 &#110'47°1262 Mn(OB) 6 9623141 F47°1006'116%1262
Fe(BO) 5 96231*106%47°15116'1262 Fe(OB) 5 9623141’ 100’ 1 11621262
Co(BO) 4 96231410621 16'47%1 5126! Co(OB) 4 9623110621 1671 $47*120!
Ni(BO) 3 9623110621 16°47°1 5126" Ni(OB) 3 96231*1 $106°47*1162%126!
Cu(BO) 2 9623n*106247*116°15'120! Cu(OB) 2 96231*100°1 547*116%120!
Zn(BOY 1 18'96237'106%4n'1162126>  Zn(OB) 1 Ha®3a™12a 4" [3a"[4a”15

a'25a"?16a"?17a"




Table S6. T1 diagnostic values computed at the CCSD(T)/def2-TZVP level for the most stable

monoboronyl complexes M(BO)/M(OB)™ across the 3d series.

M 25 + 1 Tl
Sc(OBY 2 0.035
Ti(OB) 3 0.030
V(BOY 4 0.045
Cr(BOY 7 0.025
Mn(OB) 6 0.024
Fe(BO)- 5 0.030
Co(BOY 4 0.030
Ni(BO) 3 0.033
Cu(BO) 2 0.030
Zn(BOY 1 0.018




Table S7. The bond length (in A) and bond angle (in °) and frequency (in cm™) of in M(BO)~ and
M(OB)~ (M=Sc-Zn). Note that the slight nonlinearity reported for Sc(OB)~ (179.8°) and Mn(OB)~

(178.6°) are attributed to Jahn-Teller distortion with electrons occupying on the non-degenerated

MOs.
Length Frequency Length Frequency
Species /M-B-O Species  /M-0O-B

M-B B-O O-B B-M M-O O-B O-B (]34'

*Sc(BOY 180.0 258 123 1815 256  2Sc(OB) 179.8 208 126 1615 413
STi(BOY 180.0 241 123 1806 273  3Ti(OB) 180.0 196 127 1586 473
V(BOY 180.0 227 123 1800 288  SV(OBY 180.0 200 126 1657 397
'Cr(BOY 180.0 229 123 1795 288  Cr(OBY 180.0 208 126 1677 313
‘Mn(BO) 180.0 242 123 1805 213  SMn(OBY 1786 207 126 1653 301
*Fe(BO)Y 180.0 226 123 1822 249  SFe(OBY 180.0 197 126 1652 350
*Co(BOY 180.0 202 124 1767 339  4Co(OB) 180.0 200 125 1691 305
'Ni(BOy 180.0 196 124 1833 399  INi(OBY 180.0 196 125 1694 327
*Cu(BOY 180.0 198 123 1814 333  2Cu(OB) 180.0 193 125 1693 318
'Zn(BOy 1799 251 124 1781 150 'Zn(OBy 1679 217 125 1657 196




Table S8. Atomic charges of M, BO™ ligands and bond orders of M-B and B-O bonds in M(BO)~

(M =Sc-Zn)

Species Mulliken Charge Hirshfeld Charge Mayer bond order

qM) q(BO) qM) q(BO) M-B B-O
2Sc(BOY -0.52 -0.48 -0.49 -0.51 0.80 2.10
3Ti(BOY -0.55 -0.44 -0.45 -0.56 0.97 2.05
“V(BOY -0.59 -0.41 -0.48 -0.52 1.01 2.06
Cr(BOY -0.46 -0.55 -0.37 -0.63 0.97 2.04
‘Mn(BO) -0.54 -0.46 -0.48 -0.52 0.67 2.08
SFe(BOY -0.41 -0.59 -0.39 -0.61 0.76 2.08
4Co(BOY -0.49 -0.51 -0.42 -0.58 1.19 1.98
3Ni(BOY -0.53 -0.47 -0.38 -0.62 1.05 2.01
2Cu(BOY -0.67 -0.33 -0.45 -0.55 1.11 2.05

1Zn(BO) -0.37 -0.63 -0.37 -0.63 0.39 2.03




Table S9. Theoretical charges of M, OB~ ligands and bond orders of M-B and B-O bonds in M(OB)~

(M=Sc-Zn)

Species Mulliken Charge Hirshfeld Charge Mayer bond order
P gM) __ qOB) _ gM) __ q(OB) M-O OB
2Sc(OB) -0.27 -0.73 -0.43 -0.57 0.43 1.61
3Ti(OB) -0.27 -0.73 -0.44 -0.56 0.53 1.57
V(OBY -0.29 -0.71 -0.44 -0.56 0.49 1.60
Cr(OB) -0.21 -0.79 -0.29 -0.71 0.35 1.67
‘Mn(OB) -0.28 -0.72 -0.36 -0.64 0.37 1.60
SFe(OB) -0.32 -0.68 -0.40 -0.60 0.44 1.58
4Co(OB) -0.24 -0.76 -0.31 -0.69 0.42 1.62
3Ni(OB) -0.33 -0.67 -0.31 -0.70 0.43 1.63
2Cu(OB) -0.30 -0.70 -0.33 -0.67 0.46 1.66

1Zn(OB) -0.26 -0.75 -0.25 -0.75 0.21 1.67




Table S10. The EDA-NOCYV results for the M(BO)~ (M = Sc—Zn) complexes at the PBE/TZ2P

level. All the energies are given in kcal/mol. The table lists the total interaction energy (AEy,), Pauli

repulsion (AEp,y;), electrostatic interaction (AE,.), and orbital interaction (AE,y,), together with

the o- and m-components of AEyy, (AEqyw o and AE,y, ). Percentages in parentheses indicate the

relative contributions of AE, . and AE,, to the total attractive interactions (AEs + AEo,), and of

AE(kcal/mol) Sc + (BO) Ti + (BO) V+ (BO) Cr+(BO)  Mn+ (BO)
Se(8') Ti(8'x! ) V(r2dl) Cr(n?8*c') Mn(n2d%c!)
fragments BO-(17456?) BO- BO- BO- BO-
(11*562) (11*562) (11*562) (11*562)
AE -49.69 -49.67 -63.21 -36.88 -36.09
AEpqu; 92.82 115.47 139.50 111.97 110.95
AE -85.69 -102.71 -127.86 -105.58 -91.87
elstat (60.12%) (6220%)  (63.08%)  (70.93%)  (62.47%)
AE -56.83 -62.43 -74.85 -43.27 -55.17
o (39.88%) (37.80%)  (36.92%)  (29.07%)  (37.53%)
AE -50.32 -56.73 -61.89 -36.22 -52.29
orb o (88.54%) (90.87%)  (82.69%)  (83.71%)  (94.78%)
AE -0.84 -5.34 -7.25 -6.07 -1.66
orbm (1.48%) (8.56%) (9.69%) (14.03%) (3.01%)
AE(kcal/mol) Fe + (BO) Co+(BO)  Ni+ (BO) Cu+ (BO)  Zn—+ (BOY)
Co(n*6%c! Ni(n*83c? Cu(n*d*c? Zn(nt6c?
fragments Fe(nzszo'l)zBO (BO' : (BO' : (BO‘ : (BO' )
(In*50%) (n%56%) (%567  (I'56)  (In'5c?)
AE, -52.79 -59.90 -63.00 -56.62 -14.65
AEpaui 112.76 171.51 190.83 184.08 76.68
AE -110.18 -160.71 -180.04 -173.70 -58.26
clstat (66.55%) (6921%)  (70.65%)  (72.16%)  (63.79%)
AE -55.38 -76.07 -74.79 -67.00 -33.07
ord (33.45%) (30.79%)  (29.35%)  (27.84%)  (36.21%)
AE -43.20 -46.53 -51.95 -57.30 -29.48
o s (78.00%) (61.17%)  (69.46%)  (85.52%)  (89.14%)
AE -2.64 -17.02 -13.62 -9.49 /
orb (4.76%) (2237%)  (1821%)  (14.16%) /

AEqw o and AEyy, » to AEy, respectively.



Table S11. The EDA-NOCYV results for the M(OB)~ (M = Sc—Zn) complexes at the PBE/TZ2P
level. All energies are given in kcal-mol™. The table lists the total interaction energy (AEjy), Pauli
repulsion (AEp,y;), electrostatic interaction (AE..t), and orbital interaction (AEy), together with
the o- and m-components of AEy, (AEyw - and AE,y, ). Percentages in parentheses indicate the

relative contributions of AE..: and AE,, to the total attractive interactions (AEest + AE o), and of

AEqp o and AEyy, » to AE ., respectively.

AE(kcal/mol)  Sc+ (OB) Ti+ (OB) V+ (OB) Cr + (OB) Mn + (OB)
Interaction Sc(dh) Ti(d'xn!) V(n2dl) Cr(n?8%c!) Mn(n28%c!)
fragments OB-(1n*56?) OB-(17*56?) OB-(11*56?) OB-(17*56?) OB-(17*56?)
AE; -55.71 -49.59 -54.15 -25.21 -31.66
AEpaui 116.81 142.62 110.47 81.47 100.62
AE -99.61 -111.79 -93.84 -65.62 -79.41
elsat (57.74%) (58.17%) (57.00%) (61.51%) (60.03%)
AE -72.92 -80.38 -70.78 -41.06 -52.87
orb (42.26%) (41.83%) (43.00%) (38.48%) (39.97%)
AE -53.68 -61.59 -53.68 -31.24 -42.75
orb o (73.61%) (76.62%) (75.84%) (76.08%) (80.86%)
AE -12.79 -15.75 -19.34 -7.88 -7.29
orb ® (17.53%) (19.59%) (27.32%) (19.19%) (13.79%)
AE(kcal/mol) _ Fe + (OB)- Co + (OB) Ni + (OB)- Cu+(OByY __ Zn+ (OB)
Interaction Fe(n?*8%c!) Co(n*d’c!) Ni(n*d%c?) Cu(n*6*c?) Zn(m*d%c?)
fragments OB-(11*56?) OB-(11*56?) OB-(17*56?) OB-(17*56?) OB-(17*56?)
AE; -45.14 -33.67 -39.83 -31.03 -11.70
AEp,ui 90.67 75.65 78.47 96.48 60.11
AE -81.97 -63.30 -70.36 -78.15 -44.16
elstat (60.36%) (57.90%) (59.48%) (61.28%) (61.50%)
AE -53.84 -46.02 -47.94 -49.37 -27.64
orb (39.64%) (42.10%) (40.52%) (38.72%) (38.50%)
AE -33.52 -30.37 -34.06 -41.61 -23.76
orb o (62.26%) (65.99%) (71.05%) (84.28%) (85.96%)
AE -8.24 -4.79 -5.34 -4.17 -2.94
orb ® (15.30%) (10.41%) (11.13%) (8.47%) (10.64%)
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Figure S3. The deformation densities Ap of the most important pairwise orbital interactions (AEq,)
of ScBO~ between Sc (...3d'4s? ) and BO (...1x* 562 20 ) at the PBE/TZ2P level. The direction

of the charge flow is from red to blue.
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Figure S4. The deformation densities Ap of the most important pairwise orbital interactions (AEq,)
of ScOB~ between Sc (...3d'4s? ) and OB (...1x* 562 20 ) at the PBE/TZ2P level. The direction

of the charge flow is from red to blue.
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Figure S5. The deformation densities Ap of the most important pairwise orbital interactions (AEq,)

of CuBO~ between Cu(...3d!%4s!' ) and BO~ (...1n* 562 2n° ) at the PBE/TZ2P level. The direction

of the charge flow is from red to blue.
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Figure S6. The deformation densities Ap of the most important pairwise orbital interactions (AEq,)
of CuOB~ between Cu(...3d'%4s! ) and OB (...1n* 562 2n0 ) at the PBE/TZ2P level. The direction

of the charge flow is from red to blue.
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Figure S7. The molecular orbital (MO) energies of the BO™ frontier molecular orbitals (HOMO and
LUMO) and the 3d orbitals of transition metals M (Sc—Zn), illustrating how the metal(3d) energy

stabilization governs metal-ligand interaction trends.



Table S12. Relative energies (in kcal/mol) of the lowest-lying species for MOB~ and MBO~ (M=Ni,

Pd, Pt) complexes at the PBE, PBEO and CCSD(T) levels of theory, respectively.

" PBE PBEO CCSD(T)

BO- -OB- BO- -OB- -BO- -OB-
Ni 0.00 19.42 0.00 -15.89 0.00 22.99
Pd 0.00 55.41 0.00 50.90 0.00 54.95

Pt 0.00 80.84 0.00 77.79 0.00 79.48




Table S13. The EDA-NOCYV results for the MBO™ (M=Ni, Pd, Pt) complexes at the PBE/TZ2P
level. All energies are given in kcal-mol™. The table lists the total interaction energy (AEy), Pauli
repulsion (AEp,y;), electrostatic interaction (AE,.), and orbital interaction (AE,y,), together with
the o- and m-components of AEyy, (AEqyw o and AE,y, ). Percentages in parentheses indicate the

relative contributions of AE, . and AE,, to the total attractive interactions (AEs + AEo,), and of

AE(kcal/mol) Ni(BO) Pd(BO)~ PYBO)
. Ni(n*8%c?2) Pd(n*dc?) Pt(n*d%c!)
Interaction fragments BO-(174502) BO-(17%502) BO-(17450%)
AE;, -63.00 -84.55 -129.98
AEpaui 190.83 322.54 446.81
AE gt -180.04 -325.55 -430.10
(70.65%) (79.97%) (74.57%)

AEqq -74.79 -81.54 -146.69
(29.35%) (20.03%) (25.43%)

Ny -51.95 -55.18 -104.94
orb o (69.46%) (67.67%) (71.54%)

AR -13.62 -26.02 38.34
orb 7 (18.21%) (31.91%) (26.14%)

AEq 5 and AEyy,  to AE, respectively.



