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The organic synthesis reactions of diboron(4) compounds in which B-B cleavage is involved can
introduce a new set of boron-containing organic reagents that were proven to be very useful in
many organic synthetic routes and can be regarded as ideal candidates for green chemistry. So it is
very valuable and significant to understand one of the thermodynamic properties of the B-B bond,
the strength of the B—B bond, which can be measured by using the homolytic bond dissociation
enthalpies (BDEs). To this end, the 34 B-B BDEs of diboron(4) compounds were calculated by
theoretical methods including composite high-level ab initio and density functional theory (DFT)
methods. The results show that it is reasonable and reliable to regard the 34 B—B BDE averages of
the five high-level methods including G3, G3B3, CBS-Q, CBS-QB3 and ROCBS-QB3 as the standard
reference values and the SOGGA11-X method provides the best accuracy with the smallest root
mean square error (RMSE) of 4.4 kJ mol™. Subsequently, the B-B BDEs of three types of diboron(4)
compounds according to their different molecular symmetry were investigated in detail by using
this method. The results indicate that the different substituents have different effects on B-B BDE
values. Natural bond orbital (NBO) analysis and investigations of the ground-state effect (GE) and
the radical-state effect (RE) as well as frontier orbital energy analysis were performed in order to
further disclose the essence of corresponding BDE change patterns. In addition, in order to better
understand the catalytic process involving B-B cleavages by transitional-metal catalysts, the Pt-B
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1 Introduction

In recent years, the knowledge of diboron(4) compounds
which originated in 1925 has been developed rapidly, and
a series of synthetic reactions involving these compounds
have been extensively studied by chemists. A new set of
boron-containing organic reagents that are very versatile and
useful in many synthetic routes to form valuable natural
products, pharmaceutical intermediates and biologically
active compounds can be obtained through the synthetic
reactions."” These new boron-containing organic reagents
are regarded as ideal candidates for green chemistry, because
they are generally considered to be nontoxic and environ-
mentally friendly compounds for plants, mammals and other
complex life forms.* In general, the synthetic reactions
involving diboron(4) compounds such as B,X,, By(NR;)4,
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B,(alkyl),, B,(OR),, etc. mainly include borylation reac-
tions, diboration reactions,>™® borylative cyclization
reactions,'*" borylative ring opening reactions,”*>*’ bor-
acarboxylation reactions,*® hydroboration and carboboration
reactions,*"** etc. For instance, Miyaura et al.**** developed
the borylation reactions using dialkoxyboranes or diboron(4)
compounds, such as Bjcat, (ref. 35) (cat = 1,2-0,CcH,),
B,pin, (ref. 36 and 37) (pin = 1,2-0,C,Me,), and B,neop, (ref.
38) (neop = OCH,CMe,CH,0) with organic halides under the
condition of using a palladium catalyst. Marder et al.*® re-
ported the rhodium(i)-catalyzed diboration reaction of E-
styryl boronate esters with B,cat,, in which the 1,1,1-tribor-
ylalkane is the dominant product. Ito and co-workers*’
introduced the copper-catalyzed borylative cyclization reac-
tion of allylic phosphates with B,pin,, and the 3-membered
ring products were obtained. Szabo et al.** studied the bor-
ylative ring opening reaction of substituted vinyl-
cyclopropanes and vinyl aziridines with tetrahydroxydiboron
catalyzed by palladium. Besides the above exemplified reac-
tions catalyzed by the transitional-metal catalyst, there are
also many researches on the reactions involving diboron(4)
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compounds under the transition-metal-free condition, such
as borylation reactions,'®'* diboration reactions'®™*®* and
borylative ring opening reactions, etc.

Based on the quantities of experimental studies on the
reactions involving diboron(4) compounds, it is found that
the B-B cleavages of diboron(4) compounds, which are
involved in the reactions, play an extremely important role.
Therefore, it is momentous and necessary to understand the
relevant thermodynamic properties of the B-B bonds. One of
the thermodynamic properties, the strength of the B-B bond,
can be measured by using the homolytic bond dissociation
enthalpies (BDEs). Unfortunately, the experimental B-B BDE
values of diboron(4) compounds are very scarce, probably
due to the difficulty in obtaining boron radicals during the
experimental BDE measurements.** With the rapid develop-
ment of quantum chemistry and computers, the BDE calcu-
lations of organic compounds can be performed well by
theoretical methods, such as composite methods and DFT
methods etc.***® For the examples of the theoretical
researches on BDEs of organoboron compounds, Rablen*’
used ab initio molecular orbital calculations at the G-2 and
CBS-4 levels to investigate the B-H BDEs in a series of donor-
acceptor complexes of borane, and the results showed
excellent agreement with experimental data. In our previous
work, the C-B BDEs including C(sp)-B, C(sp?)-B and C(sp®)-B
of organoboron compounds such as boronic acids, tri-
fluoroborate salts, boronate esters, etc. were calculated, and
the M06-HF method was found to perform the best with the
highest precision (the root mean square error equals to only
6.4 k] mol™').>® The theoretical studies on B-B BDEs of
organoboron compounds were rarely reported. For example,
Ducati et al.** used the BP86/TZ2P method to calculate the
B-B BDEs of OCBBCO, N,BBN, and [OBBBBO]*", and the
values are 625.7 k] mol™*, 606.5 k] mol~* and 346.9 k] mol™*,
separately. Sakaki et al.>* calculated the B-B BDEs of BH,-
BH, and B(OH),-B(OH), by using the MP4SDQ method and
the values are 375.8 k] mol ' and 433.0 k] mol™%,
respectively.

In our present study, the B-B BDEs of diboron(4) compounds
as well as the substituent effects were systematically investi-
gated by using theoretical methods including composite high-
level ab initio methods and a series of DFT methods, which
are considered to be very beneficial to better understand the
B-B cleavages of diboron(4) compounds in synthesis reactions
and provide more valuable guidance for the later experimental
researches.

25-27

2 Theoretical calculation strategy and
method
2.1 Computational strategy

The B-B bond cleavage of diboron(4) compounds is shown in
the following reaction. The enthalpy change of this reaction
under the conditions of 1 atm and 298.15 K in the gas phase
represents the homolytic bond dissociation enthalpy (BDE) of
the B-B bond.”
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The enthalpy of each species can be calculated using the
following equation:

H (298 K) = E + ZPE + Hypans + Hyot + Hyp + RT  (2)

In this equation, ZPE represents the zero point energy.
The Hirans, Hrot, and Hyj, are the standard temperature
correction terms calculated with equilibrium statistical
mechanics with harmonic oscillator and rigid rotor
approximations.>*>*

2.2 Computational method

In our present study, the theoretical calculation methods
including composite high-level ab initio methods and 28 DFT
methods were used for B-B BDE calculations of diboron(4)
compounds and all of the calculations were carried out with
Gaussian 09 packages.*® In the composite high-level ab initio
methods, the Gaussian-n (Gn) series (G3,°” G4,*® G3B3,°**°
G4MP2 (ref. 61)) and the complete-basis-set CBS series (CBS-
4M,*>% CBS-Q,** CBS-QB3,°>* ROCBS-QB3 (ref. 67)) which
are suitable for the systems of less than 8 non-hydrogen
atoms were selected. In addition, the 28 DFT methods
including M06-HF,*® M05-2X,* wB97,”° MN12-SX,”* BMK,
SOGGA11-X,”® wB97XD,”* M06-2X,”> M06,” KMLYP,”” MN12-
L,”* M11,” N12-SX,”* MPW1B95,*® BP86-D3,** MPW1P86,
N12,** B3P86,** B3LYP-D3,* M05,* M06-L,* CAM-B3LYP,
PBE1PBE,* SOGGA11,* MPW1K,* B3LYP,* M11-L,*2 B97D%
were used. For the DFT calculations, the geometry optimi-
zations and the frequency calculations of molecules and the
corresponding radicals were performed at the B3LYP/6-
31+G(d) level, which is suitable for structure optimization
due to its high accuracy and lower computational cost.**™*®
The basis set of 6-311++G(2df,2p) was adopted for the single-
point energy calculations. For the calculations of the transi-
tion metals Pt and Cu, the effective core potential LANL2DZ
basis set was used for the geometry optimizations and the
SDD basis set was used for the single-point energy
calculations.

3 Results and discussion
3.1 The evaluation of composite high-level methods

In view of the high computing resources demand of the
composite high-level ab initio methods which have high
accuracy for the calculation of molecular energy,>”*7* we
designed 34 diboron(4) compounds including B,X,, B5(NRy),,
B,(alkyl),, B,(OR),, etc. in which less than 6 non-hydrogen
atoms are included as the training set. In this training set,
the experimental B-B BDE values of the 34 designed
diboron(4) compounds are unknown. In order to better
evaluate and compare the precisions of the different
composite high-level ab initio methods, the Gaussian-n (Gn)

This journal is © The Royal Society of Chemistry 2017
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Table 1 The 34 B-B BDEs of diboron(4) compounds calculated by 8 composite high-level methods (kJ mol™)
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Gn series CBS series Average values
Average Average values (G3, G3B3, CBS-Q,
values (CBS-Q, CBS-QB3, CBS-QB3,
Entry Molecules G3 G3B3 G4 G4MP2 (G3, G3B3) CBS-Q CBS-QB3 ROCBS-QB3 CBS-4M ROCBS-QB3) ROCBS-QB3)
HO, pH
1 /B_B\ 434.4 433.8 423.3 416.9 434.1 433.5 433.4 433.4 427.2 433.4 433.7
HO OH
HO, JOH
2 /B_B\ 414.8 413.8 404.0 398.4 414.3 414.8 414.0 414.0 405.7 414.3 414.3
HO CHs
HO, CHs
3 /B—B\ 406.9 405.8 398.0 392.9 406.4 407.2 406.5 406.5 399.9 406.7 406.6
HO CHs;
HO_ _CHg3
4 /B_B\ 392.5 391.0 382.5 378.0 391.8 393.6 391.5 391.5 382.6 392.2 392.0
H3C OH
HO_ CH3
5 /B—B\ 394.4 393.0 385.9 381.6 393.7 396.0 393.9 393.9 388.1 394.6 394.2
H3C CHs;
HaC._~_ CH3
6 /B—B\ 406.8 404.9 398.9 394.7 4059 410.5 406.4 406.4 404.1 407.8 407.0
H3C CHj;
HoN__  NH;
7 ,B_B\ 426.3 423.9 416.4 412.1 425.1 425.9 426.3 426.1 420.1 426.1 425.7
HoN NH2
HoN_  NH2
8 /B_B\ 417.2 415.0 407.6 403.5 416.1 418.2 417.3 417.2 411.7 417.6 417.0
HoN CHs
HoN_ CHs
9 ,B_B 410.4 408.7 401.6 397.5 409.6 412.9 410.7 410.6 405.2 411.4 410.7
HoN CHs
HoN_ ,CHj
10 B—B, 408.9 406.9 399.7 395.7 407.9 410.7 409.0 408.9 404.3 409.5 408.9
H3C NH,
HoN, ~ CH3
11 /B_B\ 403.9 402.0 395.4 391.3 403.0 406.8 403.8 403.7 400.2 404.8 404.0
H3C CHs
F. F
12 /B—B\ 436.0 436.5 426.2 419.3 436.3 439.2  439.2 439.1 426.0 439.2 438.0
F F
Cl_ ClI
13 /B_B\ 424.0 423.5 414.4 409.2 423.8 426.4 425.6 425.6 423.3 425.9 425.0
Cl Cl
HS_ _SH
14 /B—B\ 423.0 421.2 411.7 407.9 422.1 423.1 420.0 420.4 417.3 421.2 421.5
HS SH
HS_ _SH
15 /B_B\ 419.2 417.7 409.7 405.7 418.5 421.0 418.1 418.4 415.9 419.2 418.9
HS CHs
HS_ _CH3
16 /B_B\ 414.9 412.6 405.4 401.1 413.8 417.2 413.2 413.3 410.7 414.6 414.2
HS CHs
HS_ _CH3
17 /B—B\ 415.8 414.0 407.3 403.4 4149 418.4 415.3 415.5 413.5 416.4 415.8
H3C SH
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Table 1 (Contd.)
Gn series CBS series Average values
Average Average values (G3, G3B3, CBS-Q,
values (CBS-Q, CBS-QB3, CBS-QB3,
Entry Molecules G3 G3B3 G4 G4MP2 (G3, G3B3) CBS-Q CBS-QB3 ROCBS-QB3 CBS-4M ROCBS-QB3) ROCBS-QB3)
HS,_ P
18 /B—B\ 411.0 409.4 403.0 398.9 410.2 413.7 410.6 410.7 408.3 411.7 411.1
H3C
H2N\ /OH
19 /B_B\ 427.0 425.6 416.7 411.3 426.3 426.2 426.4 426.4 419.2 426.3 426.3
HoN OH
HoN,
20 /B_B\ 417.1 415.4 406.7 401.7 416.3 416.4 416.1 416.0 406.6 416.2 416.2
HO
HaN,
21 /B_B 424.1 423.1 413.2 407.5 423.6 423.7 423.3 423.2 414.5 423.4 423.5
HO
HoN_
22 /B_B\ 418.6 417.0 408.7 404.1 417.8 418.8 418.6 418.4 410.1 418.6 418.3
HoN
HoN_
23 /B—B\ 443.7 442.5 4319 426.4 443.1 445.8 444.7 444.5 434.4 445.0 444.2
F NH»
HaN,
24 /B—B\ 444.5 443.6 432.6 426.4 4441 446.7 446.2 446.0 433.9 446.3 445.4
F
HoN_
25 /B_B\ 433.9 432.3 423.2 418.3 433.1 435.3 434.7 434.5 426.2 434.8 434.1
HoN
HoN_
26 /B_B\ 446.0 444.9 436.0 431.6 445.5 446.6 447.2 447.1 442.3 447.0 446.4
Cl
H2N\ 2
27 /B_B 432.9 431.9 422.6 417.9 4324 431.2 434.9 434.8 430.6 433.6 433.1
(¢]]
HoN,
28 /B_B\ 434.4 432.8 424.7 420.3 433.6 434.9 435.3 435.1 429.5 435.1 434.5
HoN
HaC,
29 /B_B\ 400.0 399.1 391.0 385.9 399.6 402.2 401.5 401.4 392.9 401.7 400.8
F
HaC,_
30 /B_B\ 403.3 402.1 394.9 390.2 402.7 406.1 404.2 404.1 398.3 404.8 404.0
H3C
H3C\
31 /B—B\ 420.8 420.1 410.9 405.0 420.5 423.4 422.8 422.6 412.2 422.9 421.9
F
HsC,_
32 /B_B\ 415.7 414.8 407.4 402.8 415.3 417.9 416.7 416.7 415.0 417.1 416.4
Cl
HaC,_
33 /B_B\ 413.8 412.3 405.8 401.3 413.1 416.4 414.2 414.2 411.7 414.9 414.2
H3C
HsC.
34 CI/B_B 421.7 421.1 412.9 408.0 421.4 424.5 423.5 423.4 421.5 423.8 422.8
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Fig.1 34 B-B BDE distributions of Gn series.

series (G3, G3B3, G4,G4MP2) as well as the complete-basis-
set CBS series (CBS-4M, CBS-Q, CBS-QB3, ROCBS-QB3) were
used. The calculated B-B BDE values were listed in the Table
1. Moreover, the corresponding average values of B-B BDEs
were also listed.

The 34 B-B BDE value distributions by the eight high-level
methods were depicted in the following figures, in which the
consistency of the eight methods including Gn and CBS
series for B-B BDE calculations can be intuitively shown. In
Fig. 1, the 34 B-B BDE distributions of the Gn series were
listed. It can be seen that the 34 B-B BDEs calculated by G4
and G4MP?2 are lower than those by G3 and G3B3, and the
G4MP2 gave the smallest 34 B-B BDEs. Moreover, there is
a very good consistency between G3 and G3B3 values for all
the 34 B-B BDEs. Therefore, the 34 B-B BDE average values
of G3 and G3B3 methods were calculated. In Fig. 2, the 34
B-B BDE distributions of CBS series were depicted. Simi-
larly, it is shown that the 34 B-B BDE values calculated by
CBS-Q, CBS-QB3 and ROCBS-QB3 are very close and the CBS-
4M gives the smallest 34 B-B BDE values. Due to the good

]
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Fig. 2 34 B—B BDE distributions of CBS series.
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self-consistency between the CBS-Q, CBS-QB3 and ROCBS-
QB3 methods in CBS series for 34 B-B BDE calculations,
the 34 average values of these three methods were calcu-
lated, which are listed in the Table 1. Based on the above
observations, the distributions of 34 B-B BDE average values
of Gn series (G3, G3B3) and CBS series (CBS-Q, CBS-QB3,
ROCBS-QB3) were depicted in Fig. 3, which indicates that
there is a good agreement between the two different high-
level method series. Furthermore, the good linear relation-
ship between the 34 B-B BDE averages of Gn and CBS series
was shown in Fig. 4, and the correlation coefficient (R) is
high to 0.998.

Overall, the 34 B-B BDE averages of the five high-level
methods including G3, G3B3, CBS-Q, CBS-QB3 and ROCBS-
QB3 were calculated and listed in the Table 1. Considering
that the 34 experimental B-B BDEs are unknown, it is reason-
able and reliable to regard the 34 B-B BDE averages of the five
high-level methods as the standard reference values for the DFT
methods evaluation in the subsequent study.

T T T T T T T T T T T
A450 T BDE(Averages of three CBS methods) 7
g = BDE(Averages of two Gn methods)-0.76
S 4404 R=0.998 N=34 |
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Fig. 4 Correlation between averages (Gn series) and averages (CBS
series).
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3.2 The evaluation of DFT methods

For the B-B BDE calculations of the large systems, the
composite high-level ab initio methods are not applicable.
Currently, the density functional theory (DFT) method has
been developed as a popular theoretical tool for the BDE
calculations because of its relatively low CPU-costs, no
serious spin-contamination and reasonable calculation
precision.’®%® In order to find out an economical and
accurate method to predict the B-B BDEs of large diboron(4)
compounds, the 28 DFT methods were selected to calculate
the 34 B-B BDEs in Table 1 and the corresponding results are
listed in the ESI.f Among these DFT methods, there are some
functionals with dispersion correction such as B3LYP-D3,
B97D and long-range correction such as wB97XD, CAM-
B3LYP. The generalized gradient approximations (GGA)
such as SOGGA11, the hybrid GGA such as MPWIK,
SOGGA11-X, the meta-GGA like M06-L, M11-L, the global-
hybrid meta-GGA such as MPW1B95, M05, M05-2X, MO06,
MO06-2X, M06-HF and the range-separated hybrid meta-GGA
like M11 as well as the nonseparable gradient approxima-
tion (NGA) like N12, the meta-NGA like MN12-L and the
range-separated hybrid meta-NGA like MN12-SX were
included. Furthermore, these functionals such as N12, M11,
M11-L, MN12-L, MN12-SX, SOGGA11l, SOGGA11l-X were
produced after 2010.

By comparing the 34 B-B BDEs calculated by the 28 DFT
methods with the standard reference values, the corre-
sponding mean deviation (MD), mean absolute deviation
(MAD) and root mean square error (RMSE) values were listed
in the Table 2. From this table, it can be seen that the
SOGGA11-X method gives the highest precision for the B-B
BDE calculations, and the RMSE value is the smallest of
4.4 kJ mol™'. The MD, MAD values are —1.8 k] mol™' and
3.3 k] mol ', respectively. In addition, the KMLYP method is
the second better, and the corresponding RMSE, MD and
MAD values are 6.3 k] mol™, 5.4 k] mol~* and 5.4 k] mol™,
separately. The M11-L method gives the worst accuracy,
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Fig.5 Correlation between 34 B-B BDEs by SOGGA11-X and standard
reference values.

because the RMSE value reaches to the highest of
51.5 kJ mol™, and the MD and MAD values are
—51.4 k] mol ! and 51.4 k] mol™*. The B3LYP method, which
is a relatively popular method,®® does not give high precision
for the B-B BDE calculations, and the MD, MAD, RMSE
values are —34.5 k] mol ™%, 34.5 k] mol " and 34.6 k] mol %,
respectively. The precisions of corresponding dispersion
correction function and long-range correction function, i.e.
B3LYP-D3 and CAM-B3LYP, have been improved a little as
compared to the B3LYP. In addition, the wB97 method has
a better precision than the long-range correction method
wB97XD. The RMSE values of M06-HF, M06, M06-2X and
MO06-L methods are 9.0 k] mol™*, 13.4 k] mol ™%, 20.1 k] mol™*
and 27.9 k] mol ™, in which the precision is gradually worse.
Besides, some functionals that appeared after 2010 such as
MN12-SX, MN12-L, M11, N12, SOGGA11 do not give good
precision for the B-B BDE calculations. Subsequently, the

Table 2 Correlations between the 34 theoretical B—B BDEs by 28 DFT methods with the standard reference values (kJ mol™3)¢

DFT methods MD MAD RMSE DFT methods MD MAD RMSE
MO06-HF —7.0 7.0 9.0 BP86-D3 —23.6 23.6 23.7
MO05-2X 9.0 9.1 9.9 MPW1P86 —24.7 24.7 24.9
wB97 8.0 8.1 8.7 N12 —21.9 21.9 22.1
MN12-SX —17.0 17.0 17.6 B3P86 —25.5 25.5 25.6
BMK —10.9 10.9 11.2 B3LYP-D3 —22.2 22.2 22.2
SOGGA11-X —1.8 3.3 4.4 MO05 —-7.9 8.3 9.5
wB97XD —10.5 10.5 10.7 MoO6-L —27.5 27.5 27.9
Mo06-2X —19.9 19.9 20.1 CAM-B3LYP —23.3 23.3 23.5
MO6 —13.2 13.2 13.4 PBE1PBE —28.0 28.0 28.1
KMLYP 5.4 5.4 6.3 SOGGA11 —25.7 25.7 26.0
MN12-L —23.7 23.7 24.3 MPW1K —29.9 29.9 30.1
M11 —19.8 19.8 20.0 B3LYP —34.5 34.5 34.6
N12-SX —8.7 8.7 9.3 M11-L —51.4 51.4 51.5
MPW1B95 —16.5 16.5 16.6 B97D —25.3 25.3 25.8

“ Note: MD (mean deviation) = 3 (x; — ;)/N; MAD (mean absolute deviation) = 3" |x; — y;|/N; RMSE (root mean square error) = [ (x; — y,)*/N]"? (N =
34, x; represents the BDEs of DFT methods, and y; represents the standard reference values).
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good linear relationship between the 34 B-B BDEs calculated
by SOGGA11-X method and the standard reference values
was depicted in Fig. 5, in which the correlation coefficient (R)
is 0.955. In view of the above analysis, the best
method SOGGA11-X was used to investigate the B-B
BDEs of large diboron(4) compounds in the following
discussions.

View Article Online

RSC Advances

3.3 The B-B BDE predictions of diboron(4) compounds

The B-B homolytic cleavage of diboron(4) compounds which
are involved in quantities of reported reactions, can be
mainly divided into three types described in the following
according to the different molecular symmetry of the
compounds. Herein, the R; and R, groups include -X, -NR,,
-alkyl, -SR and -OR etc.

Table3 The B-B BDEs, bond lengths, Wiberg bond orders, orbital energies as well as the GE and RE values of diboron(4) compounds in reaction

(3)
B-B B-B bond Wiberg bond Esomo GE RE
Entry Compounds BDEs (k] mol ™) lengths (A) orders (B-B) (eV) (kJ mol ) (kJ mol ™)
H3CO\ /OCH3
1 B—B 428.9 1.730 0.956 53 27.52 28.21
H3CO OCH34
O\
2 [ B— B j 468.8 1.703 0.952 —6.2 22.03 5.51
/
(e O
O
3 460.0 1.707 0.957 —6.8 18.96 8.36
/
(0] O
CQ ,oj
4 B— B\ 443.0 1.718 0.947 —5.4 19.17 16.99
/
O (0]
O O
5 B, 488.3 1.687 0.975 —6.9 26.44 —2.01
O (0]
S, S
6 B B 460.9 1.680 1.023 —6.5 30.07 13.48
s 'S
(H3C)oN,  N(CH3),
7 ,B—B 387.2 1.740 0.944 -4.3 17.40 44.01
(H3C)oN N(CH3)
H3CH2C\ /CHZCH3
8 /B—B\ 396.9 1.690 0.977 —4.6 0.81 30.85
H3CH,C CH,CH3
(H3C)3C, _ ,C(CH3)3
9 B—B_ 349.3 1.729 0.956 —4.4 —40.41 34.03
(H3C)3C C(CHz3)3
10 B—B 401.2 1.700 0.949 —4.6 7.31 31.92
Fo /F
11 /B—B\ 445.4 1.727 0.957 —7.1 7.53 9.95
F F
Cl ClI
B—B
12 N 423.6 1.693 0.972 —6.3 2.00 18.08
cl’ Cl
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R2 R1 2 R1

Firstly, the B-B BDEs of diboron(4) compounds that were
shown in reaction (3) were calculated by using SOGGA11-X
method with the basis set of 6-311++G(2df,2p), and the
values were listed in the Table 3. For the B,(OR),
compounds, the largest B-B BDE of 488.3 k] mol ' was
found in [2,2']bi[benzo[1,3,2]dioxaborolyl] (Entry 5), and the
smallest B-B BDE was 428.9 k] mol™* when R, is -OCH;
(Entry 1). The difference between them is as high as
59.4 k] mol~'. The B-B BDE values of [2,2']bi[[1,3,2]dioxa-
borolanyl] (Entry 2), 4,4,5,5,4',4',5',5-octamethyl-[2,2/]bi
[[1,3,2]dioxaborolanyl] (Entry 3) and [2,2']bi[[1,3,2]dioxa-
borinanyl] (Entry 4) which are extensively used in the
synthetic reactions, were 468.8 k] mol ™', 460.0 k] mol~" and
443.0 kJ mol™', separately. For the B,(SR), compound, the
B-B BDE of [2,2']bi[benzo[1,3,2]dithiaborolyl] (Entry 6) was
460.9 kJ mol !, which is much smaller (27.4 k] mol ")
comparing with the same structure B,(OR), compound [2,2’]
bi[benzo[1,3,2]dioxaborolyl] (Entry 5). The optimized

conformations of the two compounds (Entries 5 and 6) at the
B3LYP/6-31+G(d) level are shown in Fig. 6, in which the [2,2/]
bi[benzo[1,3,2]dioxaborolyl] is plane conformation while the
distorted.

[2,2"]bi[benzo[1,3,2]dithiaborolyl] is The

o o
/ B T B\
o o

View Article Online
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Ri.. _Ri H, H R , H R
BB + BB —> BB + BB
Ri R H H Ri H H R (a)
Rio H R1. H
Be + B-B, — = BB + oB_
R1/ H H R{ H H (b)

Scheme 1 GE (a) and RE (b) of these diboron(4) compounds in reac-
tion (3).

conformation difference may lead to the B-B BDE difference
between them. For the B,(NR,), and B,(alkyl), compounds
(Entries 7-10), the B-B BDEs were 387.2 kJ mol ",
396.9 k] mol %, 349.3 k] mol " and 401.2 k] mol ", respec-
tively, which are obviously lower than other R; groups
including -OR, -SR, etc. Especially, the B-B BDE of
B,(C(CH3)3)4 (Entry 9) is the lowest in all of the diboron(4)
compounds. In addition, for the B,X, compounds, the
convenient solution-phase syntheses of B,F,, B,Cl, and B,I,
from the common precursor B,Br, were proposed by
Braunschweig et al. in the recent study.'® In our calcula-
tions, the B-B BDE of B,F, (Entry 11) is higher than B,Cl,
(Entry 12), and the difference between them is 21.8 k] mol 7,
which shows that the more electronegative halides make the
B-B bond stronger. Similarly, there is a large conformation
difference between B,F, and B,Cl, (Fig. 6), that is, the B,F, is
plane conformation, while the B,Cl, is perpendicular, which
is in accordance with the results of Demachy et al."*® From
above analysis, it is found that the different R; groups
including -X, -NR,, -alkyl, -SR and -OR, etc. have great
effects on the B-B BDE values. Besides, the B-B bond lengths
and the Wiberg bond orders of B-B bond were listed in Table
3. It can be seen that the range of B-B bond lengths is from
1.680 A to 1.740 A, and the Wiberg bond orders of B-B bond
are around 1.000 for all of the diboron(4) compounds.
Usually, in order to better investigate the substituent
effects on BDEs, the B-substituent effects can be separated
into the ground-state effect (GE) and the radical-state effect

Fig. 6 The molecular optimized conformations at the B3LYP/6-31+G(d) level of four diboron(4) compounds in reaction (3).
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(RE).>»111-113 Ag a reference, the R, effects on B-B BDEs in our
system can similarly be divided into GE and RE defined by the
enthalpy changes of the reactions (a) and (b) in Scheme 1,
and the GE and RE values calculated by the SOGGA11-X
method are shown in the Table 3. Generally speaking, the
positive GE (RE) values indicate that the stability of the
molecules (radicals) is enhanced while the negative values

BDE value of 349

View Article Online

RSC Advances

represent the stability of the molecules (radicals) is weakened
by the substituents, and the overall effects determine the
change pattern of the B-B BDEs. From the Table 3, it can be
seen that for the B,(C(CHj3);),4 (Entry 9) with the smallest B-B
.3 k] mol™, the GE value is a larger absolute
negative value (—40.41 kJ mol ") while the RE value is a larger
positive value (34.03 k] mol '), which indicates that the

500 T T T T T T T
4804 y=1.64x+410.54|
= ol L]
460 R=0.759 N=12 a
#
3 440 o
£
=2 4204 L //
z 7
QO 400 A m
m 2
~ |
E 380 //
360 o
i _
L T
340
T T T T T T T

50 -40 -30 20 -10 0 10 20
GE (kJ/mol)

(@
Fig. 7

-0.669 -0.669

B-B BDE:s (kJ/mol) 488.3

-0.776 -0.787

H3CH2£\ /LHchg
0.651<-B—B—=0.659
H3CH, ?HzCH3

.0.786 -0.778

B-B BDEs (kJ/mol) 396.9

460.9
-0.491 -o.?91
4
R F
0.983<B-B—0.983
-0.491

-0.491

4454

Fig. 8 Natural charges of atoms in molecules of representative diboron(4) compounds.

0.257 -0.222

-0.736<0
0.954<2B
-0.736«<0
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-0.879 -0.549

0.796=8" bk
. "CH,CH;,

-0.878 -0.560

-0.201 -0.192
0.103:;5 B
0.117
0.109<S -0.201
-0.201 -0.192
-0.523
F
1.045=*B,
-0.523

Fig. 9 Natural charges of atoms in radicals after B—B cleavage of diboron(4) compounds.
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(a) Correlation between GE values with B—B BDEs. (b) Correlation between RE values with B—B BDEs.
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Table 4 The B-B BDEs as well as the GE and RE values of diboron(4) compounds in reaction (4) (kJ mol™?)

View Article Online

Paper

Entry Compounds B-B BDEs GE RE (Ry) RE (Ry) RE (R;) + RE (Ry)
H3CO /S
1 B—B_ :@ 443.9 27.77 28.21 13.48 41.69
H;CO S
H3CO, /N(CH3)2
2 /B—B\ 408.2 22.59 28.21 44.01 72.22
H;CO N(CH3),
H3CO, /F
3 /B—B\ 442.6 22.99 28.21 9.95 38.16
H3CO F
H3CO, /CI
4 /B—B\ 427.4 15.90 28.21 18.08 46.29
H;CO Cl
H3CO, /CHZCH3
5 /B—B\ 408.5 9.81 28.21 30.85 59.06
H3;CO CH5CH3
H3CO\
6 B—B 409.4 11.70 28.21 31.92 60.13
HsCO
O, S
7 E /B—B\ 466.3 27.52 5.51 13.48 18.99
(e} S
O, /N(CH3)2
8 [ /B—B\ 433.2 24.97 5.51 44.01 49.52
(@) N(CHs3)»
O, F
9 E /B—B\ 461.8 19.52 5.51 9.95 15.46
(o) F
O, Cl
10 [ /B—B\ 446.4 12.19 5.51 18.08 23.59
(@] Cl
O, /CHZCH3
11 [ /B—B\ 434.1 12.66 5.51 30.85 36.36
(@) CH,CH3
O\ /
12 [ /B—B 436.4 16.02 5.51 31.92 37.43
13 456.7 29.38 16.99 13.48 30.47
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Table 4 (Contd.)

View Article Online

RSC Advances

Entry Compounds B-B BDEs GE RE (Ry) RE (R,) RE (Ry) + RE (Ry)
QO N(CHs),
14 <: /B—B\ 415.6 18.81 16.99 44.01 61.00
0] N(CH3),
O\ /F
15 <: B-B, 454.5 23.66 16.99 9.95 26.94
O F
o c
16 <: B—B 438.4 15.74 16.99 18.08 35.07
CI
Q CHZCH3
17 /B B 419.9 9.96 16.99 30.85 47.84
(@) CH2CH3
Q Q
18 B—B 421.7 12.83 16.99 31.92 48.91
0
O, S
19 B B 476.8 30.53 —2.01 13.48 11.47
o S
O, N(CH3)2
20 B B 445.9 30.09 —2.01 44.01 42.00
O CH3)2
O,
21 /B B 469.4 19.58 —2.01 9.95 7.94
(0]
O,
22 /B B 454.1 12.34 —2.01 18.08 16.07
(e
O, CH2CH3
23 /B B 444.1 15.18 —2.01 30.85 28.84
(e CHgCH3
O /
24 B B 445.8 17.96 —2.01 31.92 29.91
e
S, N(CH3)2
25 B B 429.8 29.49 13.48 44.01 57.49
s N(CH3)2
459.0 24.64 13.48 9.95 23.43

S
26 @[BB
S
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Table 4 (Contd.)
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Entry Compounds B-B BDEs GE RE (Ry) RE (R,) RE (Ry) + RE (Ry)
S,
27 B B 443.5 17.31 13.48 18.08 31.56
s
S, CH2CH3
28 B B 431.3 17.83 13.48 30.85 44.33
s CH2CH3
S
29 B B 430.9 18.48 13.48 31.92 45.40
0
(H3C)oN, F
30 ,B—B 433.0 29.19 44.01 9.95 53.96
(H3C)oN’ F
(H3C)oN, ClI
31 ,B—B_ 418.0 22.34 44.01 18.08 62.09
(H3C)2N Cl
(H3C)aN, ,CHCH3
32 ,B—B_ 386.9 3.97 44.01 30.85 74.86
(H3C)oN CH,CHg
(H3C)aN,
33 B-B 389.5 7.65 44.01 31.92 75.93
(H3C),N O
F Cl
34 ,B—B_ 433.6 3.84 9.95 18.08 28.03
F Cl
F ,CH,CHj3
35 ,B—B 432.8 15.82 9.95 30.85 40.80
F CHZCH3
36 B’ 432.8 16.90 9.95 31.92 41.87
Cl_ ,CH,CH3
37 /B—B 423.4 14.58 18.08 30.85 48.93
Cl CHzCH3
38 420.9 13.09 18.08 31.92 50.00

we
s
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stability of molecule is strongly weakened while the stability
of radical is greatly enhanced. On the contrary, for the [2,2']bi
[benzo[1,3,2]dioxaborolyl] (Entry 5) with the largest B-B BDE
of 488.3 k] mol™', the GE value is a larger positive value
(26.44 kJ mol™") while the RE value is a smaller absolute
negative value (—2.01 k] mol™'), and the opposite effect of GE
and RE on the stability of the molecule and radical both lead
to the remarkably increase of the B-B BDE value. Moreover,
for the B,Cl, (Entry 12) with the B-B BDE value of
423.6 k] mol™*, the GE and RE are both positive values of
2.00 k] mol™* and 18.08 k] mol ', separately. It is obvious
that the larger positive RE value has a stronger effect on B-B
BDE than the smaller positive GE value, which lead to the
relatively smaller B-B BDE value. Besides, the linear rela-
tionships between GE values and RE values with B-B BDEs
were obtained, which are depicted in Fig. 7(a) and (b). It can
be seen that the correlation coefficient R and slope between
GE values with B-B BDEs are 0.759 and 1.64, while the
correlation coefficient R and slope between RE values with
B-B BDEs are 0.892 and —2.61, respectively. The larger
absolute slope of RE values with B-B BDEs demonstrates that
the RE has a stronger effect on B-B BDEs than GE for the 12
diboron(4) compounds.

The natural charges of atoms in molecules and radicals
after B-B cleavage of representative diboron(4) compounds
by the natural bond orbital (NBO)'** analysis at the SOGGA11-
X/6-311++G(2df,2p) level are shown in Fig. 8 and 9. Firstly, for
the [2,2']bi[benzo[1,3,2]dioxaborolyl] (Entry 5) and [2,2']bi
[benzo[1,3,2]dithiaborolyl] (Entry 6) compounds, the NBO
analysis of molecules (in Fig. 8) gives the large positive
natural charges (0.824) for the two B atoms in [2,2/]bi[benzo
[1,3,2]dioxaborolyl], while the small absolute negative
natural charges (—0.092) on the two B atoms are found in
[2,2']bi[benzo[1,3,2]dithiaborolyl]. Meanwhile, the four O

N(CH3),

View Article Online

RSC Advances

atoms in [2,2']bi[benzo[1,3,2]dioxaborolyl] carry the large
absolute negative charges (—0.669) while the four S atoms in
[2,2']bi[benzo[1,3,2]dithiaborolyl] carry the small positive
charges (0.215). The large difference of natural charge
distributions may be related to the different optimized
conformations of the two diboron(4) compounds which are
shown in Fig. 6. And the natural charge distributions of their
corresponding radicals (in Fig. 9) show that the B atom carry
the large positive charge (0.954) and the O atoms carry the
large absolute negative charges (—0.736) in benzo[1,3,2]
dioxaborole, while the B and S atoms all carry the small
positive charges (0.117, 0.109) in benzo[1,3,2]dithiaborole,
which may be consistent with the large RE difference of the
two compounds. Secondly, it is found that in the molecules of
B,(N(CH3),)4 and B,(C,Hs), as well as in the corresponding
radicals, the natural charges of B atoms are both relatively
smaller than those in B,(OR), compound [2,2/]bi[benzo[1,3,2]
dioxaborolyl]. In the compound of B,F, with plane confor-
mation, the two B atoms carry the large positive natural
charges (0.983) and the four F atoms carry the large absolute
negative charges (—0.491), in contrast, the B atoms carry
small positive natural charges (0.259) and the four Cl atoms
carry the small absolute negative charges (—0.130) in the
compound of B,Cl, with perpendicular conformation (in
Fig. 8). Similarly, the significantly different charge distribu-
tions of -BF, and -BCl, are found.

In addition, the energies of frontier orbitals of the singly
occupied molecular orbital (SOMO) of radicals after B-B
cleavage were calculated, which are shown in Table 3. It can
be seen that for the five B,(OR), compounds, the SOMO
energies are —5.3 eV, —6.2 eV, —6.8 eV, —5.4 eV and —6.9 eV,
respectively. The results indicated that the change of B-B
BDE values generally presents a trend, that is, the BDE value
is higher, the absolute energy of the SOMO is larger, which

S, N(CHa),
C4
S"  N(CHa),

Fig. 10 The molecular optimized conformations at the B3LYP/6-31+G(d) level of four diboron(4) compounds in reaction (4).
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Scheme 2 GE of these diboron(4) compounds in reaction (4).
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Fig. 11 Correlation between RE (R,) + RE (R;) values with B-B BDEs.

shows that the absolute energies of the SOMO are larger, the
corresponding radicals are more instable. For the B,(SR),
compound of [2,2]bi[benzo[1,3,2]dithiaborolyl] (Entry 6), the
absolute energy of the SOMO is 0.4 eV lower than [2,2']bi
[benzo[1,3,2]dioxaborolyl] (Entry 5). For the B,(NR,), and
B,(alkyl), compounds (Entries 7-10), the absolute energies of
the SOMO were generally lower than other diboron(4)
compounds. In addition, for the B,X, compounds (Entries 11
and 12), absolute energies of the SOMO of B,F, is 0.8 eV
higher than B,Cl,. Apparently, we can come to the conclusion
that the B-B BDE change patterns of different R; groups are
in accordance with the absolute energies of the SOMO of the
diboron(4) compounds.

Secondly, for the diboron(4) compounds that were shown
in reaction (4), the B-B BDEs were calculated and the results
were listed in the Table 4. From the Table 4, it can be seen
that the largest B-B BDEs are found when R, and R, are both
-OR or -SR groups and the smallest B-B BDEs are found
when R; and R, are both -NR, or -alkyl groups. For example,
for all of the diboron(4) compounds, the largest and smallest
B-B BDEs are found in R; = benzo[1,3,2]dioxaborole, R, =
benzo[1,3,2]dithiaborole (Entry 19) and R; = -N(CHj3),, R, =

0.894 -0.162
0677\\T T o
—&

(] j@
? 3
-0.677 0.224

B-B BDEs (kJ/mol) 476.8
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Rii _Re H H R1 H H R

— 7 N 7 N ,R2
ryo By + BBl —— BBl + BB
2 1 H H R2 H H R1 (a)

R1\ , R1\ , H

Be + B-B B—B_  + B
RJ H H RS H H (b)

Scheme 3 GE (a) and RE (b) of these diboron(4) compounds in
reaction (5).

-CH,CH; (Entry 32), and the BDE values are 476.8 k] mol ™"
and 386.9 k] mol™ ', respectively. When only one of the
substituents, i.e. Ry (or R,) is ~OR or -SR groups, the BDEs are
relatively larger while when only one of the substituents, i.e.
R, (or R,) is -NR, or —alkyl groups, the B-B BDEs are relatively
smaller. For example, for R; =[1,3,2]dioxaborolane, R, = -Cl
(Entry 10), the B-B BDE is 446.4 k] mol ' and for R, =
-N(CH3),, R, = -CI (Entry 31), the B-B BDE is 418.0 k] mol .
Comparing the B-B BDEs of R, (or R,) = -F with -Cl, it is
found that the B-B BDEs of -F are about 15 kJ mol " larger
than -Cl. For example, for R; = -OCHj3;, R, = -F (Entry 3), the
B-B BDE is 442.6 k] mol ' (with plane conformation in
Fig. 10) while for R, = -OCHj3;, R, = -Cl (Entry 4), the B-B BDE
is 427.4 k] mol ' (with perpendicular conformation in
Fig. 10), and the difference between them is 15.2 kJ mol .
Besides, comparing R; = benzo[1,3,2]dioxaborole with R; =
benzo[1,3,2]dithiaborole (Entries 20-29), it can be seen that
the B-B BDEs of R; = benzo[1,3,2]dithiaborole are smaller,
for example, for R; = benzo[1,3,2]dioxaborole, R, =
-N(CH3),, the B-B BDE value is 445.9 k] mol " (with distorted
conformation in Fig. 10) while for R, = benzo[1,3,2]dithia-
borole, R, = -N(CHj;),, the B-B BDE value is 429.8 k] mol ™"
(with perpendicular conformation in Fig. 10), and the
difference between them is 16.1 k] mol ™.

Similar with reaction (3), the GE values of these diboron(4)
compounds in reaction (4) defined by the enthalpy change of
the reaction in Scheme 2 are listed in the Table 4. Meanwhile,
the RE values of corresponding radicals which were calcu-
lated in reaction (3) are also listed in the Table 4. In order to
investigate the total effects of the two substituents R; and R,
on B-B BDEs, the overall RE values, i.e. the sum of the RE (R,)
and RE (R;) are listed in the Table 4. It can be seen that all of
the GE values and the overall RE values are positive. In
addition, by observing the 38 B-B BDE values as well as the
corresponding GE and overall RE values of diboron(4)
compounds with different R; and R, groups, it is found that

e LT, 1 S Sl o Ll BT R T
\s B (HsO L (CH,
B 7/ " \
N(CHjs), (H3C)2N HoCH3
0.173 -0.757 -0.769 -0.819
429.8 386.9

Fig. 12 Natural charges of atoms in molecules of representative diboron(4) compounds.
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Table 5 The B—B BDEs, orbital energies as well as the GE and RE values of diboron(4) compounds in reaction (5)

Entry Compounds BDEs (k] mol ) GE (kJ mol™ ") RE (k] mol )
F.. _ N(CHs)
1 B—B, 437.9 29.41 24.66
(H3C)2N F
Cl,  N(CH3)2
2 BB, 426.5 15.79 23.54
(H3C)oN Cl
F._ C(CHz)s
3 ,B—B, 398.3 10.50 34.97
(H3C)sC F
Cl,  C(CHa);
4 ,B—B_ 411.1 4.36 25.52
(H3C)sC Cl
H3CO_ _N(CH3)»
5 ,B—B, 410.3 23.84 35.68
(H3C)oN OCHj3
(H3C)3C,  N(CHs),
6 ,B—B_ 375.3 -7.19 37.65
(H3C)oN C(CHs)s
H5CO, ,C(CH3)3
7 _B—B,_ 383.2 5.41 39.97
(H3C)3C OCHg3
H3CO, F
8 _B—B_ 448.5 20.66 14.99
F OCHs;
H3CO, Cl
9 _B—B, 431.9 12.54 19.19
Cl OCHs;
F. Cl
10 ,B_B\ 428.9 3.49 16.20
Cl F

the B-B BDE values are determined by the co-effects of GE
and overall RE. For example, for the diboron(4) compound in
which R; = benzo[1,3,2]dioxaborole and R, = benzo[1,3,2]
dithiaborole, the B-B BDE value is the largest of
476.8 k] mol™', and the GE is a larger positive value
(30.53 kJ mol™ ') while the overall RE is a smaller positive
value (11.47 k] mol "), it is clear that the GE has a stronger
effect on B-B BDE than the overall RE. For the diboron(4)
compound in which R; = -N(CH3), and R, = -CH,CHj3, the
B-B BDE value is the smallest of 386.9 k] mol ™%, and the GE is
a smaller positive value (3.97 k] mol~") while the overall RE is
a larger positive value (74.86 k] mol™"), which shows that the
overall RE plays a more important role on B-B BDE than GE.
Besides, the linear relationship between the overall RE values
with B-B BDEs was obtained, which is depicted in Fig. 11. It
can be seen that the correlation coefficient R and slope are
0.936 and —1.10, respectively. The excellent correlation
coefficient demonstrates that the B-B BDE change patterns in
reaction (4) are in good agreement with the values of the sum
of the RE (R;) and RE (R,).

This journal is © The Royal Society of Chemistry 2017

The natural charges of atoms in molecules of three
representative diboron(4) compounds in which there is
a large B-B BDE difference by the NBO analysis are shown in
Fig. 12. It is found that the natural charges of B atoms which
are connected to the -OR (-OR = benzo[1,3,2]dioxaborole),
-N(CH3;), and -CH,CH; groups are larger positive, while the
natural charges of the B atoms which are connected to the
-SR group (-SR = benzo[1,3,2]dithiaborole) are smaller
absolute negative. In addition, in the -OR (-OR = benzo
[1,3,2]dioxaborole), -N(CH;3), and -CH,CHj; groups, the
natural charges of O, N and C atoms are larger absolute
negative, while in the -SR group (-SR = benzo[1,3,2]dithia-
borole), the natural charges of S atoms are smaller positive.
Apparently, the different substituents can lead to large
differences in the natural charge distributions of atoms.

Thirdly, the B-B BDEs of diboron(4) compounds that were
shown in reaction (5) were calculated and the values are lis-
ted in the Table 5. From the Table 5, it can be found that the
only difference between the diboron(4) compounds in reac-
tion (5) and reaction (4) is the R; and R, substituent
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Fig. 13 Correlation between RE values with B—-B BDEs.

positions, that is, the symmetry of diboron(4) compounds is
different. Comparing the B-B BDEs of the two types of the
compounds in Tables 4 and 5, the small differences between
them can be found, which indicates that the positions of the
substituent groups R; and R, have little influence on the B-B
BDEs. For example, when R; = -F and R, = -N(CH3;), (Entry 1
in Table 5), the B-B BDE is 437.9 k] mol ', while for the same
substituent groups in Table 4 (Entry 30), the B-B BDE is
433.0 k] mol™!, and there is only 4.9 k] mol™"' difference
between them. Herein, similar with reaction (3), the GE and
RE of these diboron(4) compounds are defined by the
enthalpy changes of the reactions (a) and (b) in Scheme 3,
and the values are also listed in the Table 5. Comparing the
GE values of the diboron(4) compounds in Tables 5 and 4, it
is found that there is little difference between the corre-
sponding GE values of the two types of the compounds,
which indicates that the different positions of the substituent
groups R; and R, have little effect on the stability of the
molecules. In addition, the linear relationship between the
RE values with B-B BDEs was obtained, which is depicted in
Fig. 13. It can be seen that the correlation coefficient R and
slope are 0.885 and —2.34, respectively, which is better than
the correlation between the GE values with B-B BDEs (y =
1.48x + 397.61, R = 0.624). The larger absolute slope of RE
values with B-B BDEs (—2.34) shows that the RE plays
a stronger role on the B-B BDEs than GE for all of the 10
diboron(4) compounds.
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3.4 The Pt-B and Cu-B BDE predictions after B-B cleavages

In the quantities of experimental studies on the synthetic
reactions involving B-B cleavage, the transitional-metal
catalysts such as Pt, Pd, Ni, Cu, etc. were universally used.
There remain some interesting problems, for example, how
the different transition metals specifically affect the B-B
cleavage in the reaction process? What are the conformations
of the complexes formed after the B-B cleavage? How do the
different substituents that appeared in the diboron(4)
compounds affect the stability of these complexes? There-
fore, in order to better understand the catalytic process
involving B-B cleavage by the transitional-metal catalysts, in
our present study, the Pt and Cu catalysts were selected as the
representatives.

The platinum(0) complexes are generally considered to be
very effective and common catalysts for the diboration reac-
tion process,"™* ™ and the catalytic cycling process mainly
includes the three steps: oxidative addition (Scheme 4(a)),
coordinate on and insertion one of the Pt-B bonds, reductive
elimination.***® The copper(1) complexes are used as a new
and useful catalytic tool for the diboration process,**®**9*>*
and there are a series of o-bond metathesis steps in this
reaction process, in which the Cu-B bond is formed in the
initial metathesis step (Scheme 4(b)) and the two boryl
groups are eventually transferred to the substrate." Appar-
ently, the Pt-B and Cu-B bonds play an important role in the
whole reaction process. How about the strength of the newly
formed Pt-B and Cu-B bonds after the B-B cleavage?
Therefore, the Pt-B and Cu-B BDEs were calculated by using
the SOGGA11-X method and the values are listed in the Table
6. In addition, the ligand L is selected as the P(CH3); for the
copper(i) complexes.

By comparing the Pt-B and Cu-B BDEs of transition metal
boryl complexes with the corresponding B-B BDEs of
diboron(4) compounds (in the Table 3), it is found that the
Pt-B and Cu-B BDEs are greatly reduced. The ABDE values
between Pt-B and B-B BDEs as well as Cu-B and B-B BDEs
are also listed in the Table 6. For the Pt-B BDEs, it is found
that the BDE values are largely reduced (over 100 kJ mol™")
when R; are -OR, -SR, -NR, and -alkyl groups, especially
when R, is -C(CH3)3, the Pt-B BDE value is reduced as high as
190.9 k] mol . However, when R, are -F and -Cl groups, the
Pt-B BDE values are reduced by 86.8 k] mol ' and
86.9 k] mol ', separately. For the Cu-B BDEs, it can be seen
that the Cu-B BDE values are decreased by over 100 k] mol ™"

Ri._ Ry
R(CHa)s  2P(CHy);  R(CHa)s B By R?1\IIB/R1
(HC)sP—Rt—P(CHa)s==———= | —L . B-Pt—P(CHy);
P(CHg)s  *2P(CHa)s  piopy, Ri P(CHj)s @
Ry ,R1 R /R»]
L-Cu—X + _ B-B_ —— B-X+t L CuB
R1 R1 R1 R1 (b)

Scheme 4 The formation of the Pt—B and Cu—B bonds in the catalytic process.
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except for the R; are -C(CHj);, -F and -Cl groups
(73.2 k] mol ™", 89.5 k] mol~" and 82.1 k] mol ™). The results
indicate that the participation of transition metals such as Pt
and Cu makes the B-B cleavages become much easier, so that
the subsequent processes of the whole reaction can proceed
smoothly and the desired products can be obtained. By
comparison, when R; is —-C(CHj3)3, the Pt-B BDE is much
lower than the Cu-B BDE, which indicates that the -C(CH3);3
group is much more favorable to the B-B cleavage under the
condition of platinum than copper catalyst from the ther-
modynamic viewpoint. For the Pt-B and Cu-B BDEs with
different substituents, it can be seen that the -OCH;, -NR,
and -alkyl groups are disadvantageous for the complexes
stability, that is, the Pt-B and Cu-B cleavages are more
favorable and the boryl groups can be better transferred to
the substrates.

The energies of frontier orbitals including the highest
occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) of molecules as well as the
differences between HOMO and LUMO are also listed in
Table 6. From the Table 6, it is found that the Pt-B and Cu-B
BDE values are larger (except for the Pt-B BDE of R, is
—-C(CH3)3), the absolute energy differences between HOMO
and LUMO (Eyomo — ELumo in Table 6) are larger too. The
larger absolute energy differences indicate that the corre-
sponding molecules are more difficult to be activated. In
addition, the two good linear relationships between Pt-B
(except for the Pt-B BDE of R; is -C(CH3)3;) and Cu-B BDEs
with their corresponding Eyomo — Erumo were obtained,
which are depicted in Fig. 14(a) and (b). It can be seen that
the slope between Pt-B BDEs with Eyomo — ELumo 1S —79.17,
while the slope between Cu-B BDEs with Eyomo — ELumo 1S
—64.06, which demonstrates that the orbital energy effect of
platinum complexes is more pronounced than copper
complexes.

The optimized conformations of platinum complexes with
different Ry groups such as [1,3,2]dioxaborinane, -C(CHj3)3,
-F and the corresponding Pt-B bond lengths as well as the
bond angles (B-Pt-B) are shown in Fig. 15. It can be found
that the Pt-B bond lengths are all around 2.000 A, and the
three bond angles are 76.38°, 94.75° and 79.64°, respectively.
Moreover, when R, are [1,3,2]dioxaborinane and -F groups,
the Pt center exhibits planar conformation, while when R, is
—-C(CH3)s, the Pt center is non-planar, which may lead to their
Pt-B BDE difference. In addition, for all of the copper
complexes with different R; groups, the Cu centers exhibit
linear conformations (not shown in Fig. 15).

3.5 The B-B BDE predictions of several diboron(4)
compounds

In our calculations, the B-B BDE predictions of several
diboron(4) compounds which were used by experimental
chemists in the lab have also been conducted by using
SOGGA11-X method, and the values are listed in the Table S2
in the ESI.f These theoretical values can provide experi-
mental chemists with the constructive guidance for

This journal is © The Royal Society of Chemistry 2017
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Fig. 15 The optimized conformations of platinum complexes with different R; groups.

the design and development of the diboranes in the
reactions.

4 Conclusions

The organic synthesis reactions of diboron(4) compounds in
which B-B cleavages are involved can introduce a new set of
boron-containing organic reagents that was proven to be very
useful in many organic synthetic routes and be regarded as
ideal candidates for green chemistry. Therefore, it is significant
to understand one of the thermodynamic properties of the B-B
bond, the strength of the B-B bond, which can be measured by
using the homolytic bond dissociation enthalpies (BDEs). In
our present study, the 34 diboron(4) compounds in which no
more than 6 non-hydrogen atoms are included were selected as
the training set and the B-B BDEs were calculated by using the
theoretical methods including composite high-level ab initio
methods such as G3, G3B3, G4, G4MP2, CBS-Q, CBS-QB3,
ROCBS-QB3 and CBS-4M as well as 28 density functional
theory (DFT) methods. The results show that it is reasonable
and reliable to regard the 34 B-B BDE averages of the five high-
leve]l methods including G3, G3B3, CBS-Q, CBS-QB3 and
ROCBS-QB3 as the standard reference B-B BDEs, and the
SOGGA11-X method is the most accurate method to predict the
B-B BDE values with the smallest RMSE value of 4.4 k] mol ™.

This journal is © The Royal Society of Chemistry 2017

The linear correlation coefficient (R) between the 34 B-B BDEs
calculated by SOGGA11-X method and the standard reference
B-B BDE values is 0.955. Therefore, the B-B BDEs of three types
of diboron(4) compounds according to their different molecular
symmetry were investigated in detail by using the SOGGA11-X
method. The NBO analysis, the GE and RE as well as the fron-
tier orbital energy analysis were performed to further disclose
the essence of corresponding BDE change patterns. In order to
better understand the catalytic process involving B-B cleavages
by the transitional-metal catalysts, the Pt-B and Cu-B BDE
predictions after B-B cleavages were also conducted at this
level. In addition, the B-B BDE values of several diboron(4)
compounds which were used by experimental chemists in the
lab were also predicted by using the SOGGA11-X method. The
major conclusions are summarized as follows:

(1) In the B-B BDE prediction of diboron(4) compounds in
reaction (3), it is found that when R; groups are —-OR, -SR, -F
and -Cl, the B-B BDEs are larger while when R, groups are -NR,
and -alkyl, the B-B BDEs are smaller. The GE and RE values
provide a way to better understand the different R, effects on
B-B BDEs. The linear relationships between GE values and RE
values with B-B BDEs were obtained, which indicates that the
RE has a stronger effect on B-B BDEs than GE for the 12
diboron(4) compounds. In addition, the NBO analysis and
energies of frontier orbitals further illustrated the B-B BDE
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change patterns. It can be seen that the absolute energies of the
SOMO are larger, the B-B BDE values are larger.

(2) In the B-B BDE prediction of diboron(4) compounds in
reaction (4), it is found that when R, and R, are both -OR or -SR
groups, the B-B BDEs are largest while when R, and R, are both
-NR, or -alkyl groups, the B-B BDEs are smallest. Moreover, for
the compounds that only one of the substituents, i.e. R; (or R,)
is —~OR or -SR groups, the BDEs are relatively larger while for the
compounds that only one of the substituents, i.e. R; (or R,) is
-NR, or -alkyl groups, the B-B BDEs are relatively smaller. In
addition, it is found that the B-B BDE values are determined by
the co-effects of GE and overall RE. The excellent linear rela-
tionship between the overall RE values with B-B BDEs demon-
strates that the B-B BDE change patterns are in good agreement
with the values of the sum of the RE (R,) and RE (R,).

(3) Comparing the B-B BDEs of the two types of diboron(4)
compounds in reaction (5) and reaction (4), the small difference
between them indicates that the positions of the substituent
groups R; and R, have little influence on the B-B BDEs. Simi-
larly, there is also little difference between the GE values of the
two types of compounds, which indicates that the different
positions of the R; and R, have little effect on the stability of the
molecules. In addition, the linear relationship between the RE
values with B-B BDEs was obtained, which is better than the
correlation between the GE values with B-B BDEs, and the
larger absolute slope of RE values with B-B BDEs shows that the
RE plays a stronger role on the B-B BDEs than GE for all of the
10 diboron(4) compounds.

(4) In the Pt-B and Cu-B BDE predictions of transition metal
boryl complexes with different substituents after B-B cleavage, it is
found that the participation of transition metals such as Pt and Cu
can make the B-B cleavages much easier. The Pt-B BDE is much
lower than the Cu-B BDE when R, is -C(CH3);, which indicates
that the -C(CHj3); group is much more favorable to the B-B
cleavage under the condition of platinum than copper catalyst
from the thermodynamic viewpoint. By observing the Pt-B and
Cu-B BDEs with different R, groups, it is found that the -OCHj,
-NR,; and -alkyl groups are unfavorable for the complexes stability.
In addition, the frontier orbitals energy analysis further illustrates
the Pt-B and Cu-B BDE change patterns, and the two good linear
relationships between Pt-B and Cu-B BDEs with their corre-
sponding Eyxomo — Erumo were obtained, and the results demon-
strate that the orbital energy effect of platinum complexes is more
prominent than copper complexes. In the optimized conforma-
tions of platinum complexes, it is found that the Pt centers exhibit
planar conformations except for R; = -C(CHj3); group, while the Cu
centers are all linear for the copper complexes with different R,

groups.
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