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Two newly discovered linear tetraboronate and boroxine
stabilized by digermylene are reported, which features a B4Os
chain and a B3Os; ring, respectively. DFT calculations reveal
that not only can the digermylene stabilize the electron-
deficient boron centers, but also increase the energies of the
LUMOs of the boron moiety. Our results provide a hint for
the development of boronate covalent organic frameworks.

Since Yaghi and co-workers reported the first crystalline boroxine
covalent organic frameworks (COFs) in 2005, boroxines (Fig. 1, A,
B305) and boronate esters (Fig. 1, B, C,0,B) containing COFs have
emerged as popular materials for gas adsorption and storage in the
past decade.? The Lewis acidic boron atoms of COFs present unique
adsorbent surface, which are ready to interact with Lewis basic
substrates. For example, COF-10 showed the highest ammonia
uptake capacity of any porous material >
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Fig. 1 The structure of (A) boroxines, (B) boronate esters, (C)
heteroboroxines, (D) spiro-pentaboronates, and (E) linear boronate

Recently, intensive research efforts have explored the structural
variety of the organic boron-oxygen linkage. Heteroboroxines (Fig. 1,
C, MB,03), are mainly prepared from arylboronic acids.* Roesky
and co-workers showed that the reaction of aluminum(l) compound
LAl (L! = CH[(CMe)(2,6-Pr,CsH3N)],) or aluminum(lll) hydride

This journal is © The Royal Society of Chemistry 2012

L'AIH, with arylboronic acids generated alumaboroxines
L AI[(OBAT),0].° Following this, main-group metals (Sn, Sb and Bi)
containing heteroboroxines® and spiro-pentaborates’ (Fig. 1, D, BsOg)
were also reported by Dostd and co-workers. However, as pointed
out by Korich and lovine, heteroboroxines and other metal-
containing boronates remain quite limited.® Further, linear boronates
(Fig. 1, E) have not been reported.

Owing to their unique ylide-like character, heavier carbene
analogues, germylenes, show high reactivity in the activation of
functional groups and small molecules.® N-heterocyclic ylide-like
germylene 1, first prepared by Driess and co-workers,™® was capable
of activating C-X (X = halogen),”® C-H,"* N-H,'? O-H® and P-H*
bonds and producing the corresponding 1,4-addition products.
Herein we report a remarkably different reactivity of germylene 1
towards arylboronic acids, which results in a digermylene-stabilized
linear tetraboronate (B,Os chain) (Scheme 1, 2) and a digermylene-
stabilized boroxine (B;O3 ring) (Scheme 2, 4). In addition, having a
bulky substituent on arylboronic acids makes one of the B-OH group
too sterically encumbered to react further and only produces
monogermylene 3 (Scheme 1).
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Scheme 1 The reaction of 1 with PhB(OH), and 2-Ph-CgH4B(OH),.
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Fig. 2 Molecular structure of 2 with the anisotropic displacement
parameters depicted at the 50% probability level. The hydrogen
atoms and disorder on iso-propyl groups have been omitted for
clarity. Selected bond lengths (A) and angles (deg): Ge(1)-N(1)
2.001(4), Ge(1)-N(2) 1.989(4), Ge(1)-O(1) 1.858(3), Ge(2)—N(3)
1.989(4), Ge(2)-N(4) 2.001(4), Ge(2)—-0O(5) 1.866(3), B(1)-0O(1)
1.342(6), B(1)-0(2) 1.374(7); N(1)-Ge(1)-N(2) 90.06(15),
N(3)-Ge(2)-N(4) 90.14(15), Ge(1)-O(1)-B(1)  127.9(4),
Ge(2)-0(5)—B(4) 123.5(3).

Stirring a solution of a stoichiometric mixture of 1 and PhB(OH); in
toluene for 24 h resulted in an unprecedented formation of
digermylene-stabilized linear tetraboronate [L'Ge(OBPh),],O (2),
which was isolated as single crystals in 33% yield. Although the 'B
NMR spectrum of 2 showed one broad signal at 13.2 ppm, which is
slightly different from the PhB(OH), (9.3 ppm),*® there is no
terminal C=CH, signal (ligand backbone)® but 6 B-CH; was
detected in the *H NMR spectrum, indicating the occurrence of 1,4-
addition reaction of PhB(OH), toward 1. Additionally, the IR
spectrum of 2 confirmed no voy band around 3600 cm™. Indeed,
crystals of 2 suitable for single-crystal XRD analysis were obtained
from a mixed solution of toluene and "hexane. Compound 2
represents a new type of linear tetraboronate compound that consists
of a B,Os chain as the backbone and Ge'" atom at the terminal
position (Fig. 2). The molecular structure of 2 features nearly right
angles at N—Ge—N [90.06(15) and 90.14(15)9. The average B—O
bond length [1.352 A] in 2 is distinctly longer than the B=O bond
length [1.304(2) A] in L2BOAICI; (L? = HC(CMe),(NC4Fs),)™® and
the B=O bond length [1.210(3) A] in [(CysP),(PhS)Pt(BO)].}" Also,
the average Ge—0O bond length [1.862 A] in 2 is longer than that of
Ge—OH bond [1.828(1) A] in L'GeOH."

For a better understanding of the bonding situation and stability of
the B,4Os chain in 2, density functional theory (DFT) calculations
were carried out at the M06-2X/6-31G(d) level of theory. Fig. 3
depicts the selected frontier molecular orbitals of 2. The highest
occupied molecular orbital (HOMO) and HOMO-1 are mainly
localized at the p orbitals of the germanium atoms. The lowest
unoccupied molecular orbital (LUMO) and LUMO+1 are the C-N &t
antibonding orbitals of germylene rings (See ESI for details). The
Lewis acidic ability of the B,Os chain are shown by the vacant
orbitals of boron atoms in LUMO+2 (0.48 V), LUMO+3 (0.56 eV)
and LUMO+4 (0.67 eV). To be comparable, frontier molecular
orbitals of HO[B(Ph)O],H (2B, H atoms instead digermylene) were
analyzed at the same level of theory, showing that the LUMO (-0.28
eV), LUMO+1 (0.21 eV) and LUMO+2 (0.29 eV) are mainly the
empty orbitals of boron atoms, which are significantly lower in
energy than those of 2. Therefore, the digermylene groups of 2 can
decrease the Lewis acidic character of the B,Os chain, making boron
atoms of 2 less susceptible to Lewis bases.

Indeed, the computed free energy of complexation of 2A with
ammonia is 8.8 kcal mol™ (Fig. 4, top), which is higher than that (5.5
kcal mol?) of 2B with ammonia. Moreover, the second-order
perturbation theory of the natural bond orbital (NBO) method at the
MO06-2X/TZVPI/IM06-2X/6-31G(d) level of theory performed on a
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model compound 2A (methyl groups instead 2,6-diisopropylphenyl
groups) gives relatively high stabilization energies (36.6 and 15.0
kcal mol™) by two-electron donor—acceptor interactions from the
lone pairs of germanium atoms into the central boron vacant orbitals
(Fig. 4, bottom).

LUMO+2 LUMO+3
0.48 eV 0.56 eV

LUMO+4
0.67 eV

Fig. 3 Selected frontier molecular orbitals of 2 (isovalue = 0.05).
The hydrogen atoms have been omitted for clarity.
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Fig. 4 (Top) Modeled reactions performed at MO06-2X/6-
311++G(2d,p)//B3LYP/6-31G(d) level of theory in the gas phase.
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(Bottom) Selected NBOs for the second-order perturbation theory
analysis. Energies are given in kcal mol™.

Here we propose a mechanism via intermediate [L'GeOB(Ph)OH]
(3A) to illustrate the aforementioned formation reaction of 2
(Scheme 1). Firstly, the reaction of N-heterocyclic ylide-like
germylene 1 with PhB(OH), produces an intermediate 3A. Then 3A
undergoes a dehydration-condensation process with PhB(OH), under
the promotion of 1. To verify our assumption, we treated one
equivalent of 1 with one equivalent 2-Ph-C4H,B(OH),. Colourless
crystals of 3 were obtained in high yield. The *H NMR analysis of 3
revealed two singlets at 5.06 ppm and at 3.87 ppm, which were the
characteristic peak of the ligand backbone y-CH and BOH,
respectively. The IR spractrum of 3 showed a strong absorption band
at 3603.6 cm™, confirming the existence of OH group. As expected,
the molecular structure of 3 indicated that it is a mono 1,4-addition
product L'GeOB(2-Ph-C¢H,)OH (Fig. 5). In the structure of 3, one
of the two B—OH groups remains intact due to the steric hindrance.
The formation of 3 strongly supports the mechanism postulated
above. Further, the two B—O bond lengths in 3 [1.370(3) and 1.347(3)
A] are close to those in 2. The three angles on the Ge' center of 3,
the N—Ge—N angle [90.08(8) and the N-Ge-O [92.07(7) and
90.68(7) 9, are nearly right angles as well.

Fig. 5 Molecular structure of 3 with the anisotropic displacement
parameters depicted at the 50% probability level. The hydrogen
atoms except that for the OH group have been omitted for clarity.
Selected bond lengths (A) and angles (deg): Ge(1)-N(1) 1.9873(19),
Ge(1)-N(2) 2.0103(19), Ge(1)-0O(2) 1.8601(15), B(1)-0O(1)
1.370(3), B(1)-0(2) 1.347(3); N(1)-Ge(1)-N(2) 90.08(8),
Ge(1)-0(2)-B(1) 126.01(15), O(1)-B(1)—0O(2) 118.5(2).

To probe the reaction mechanism further, we treated one
equivalent of 1 with two equivalents PhB(OH), under the same
conditions. However, no desired product 2 was isolated from this
reaction mixture, indicating that the presence of excess amount of
germylene 1 promoted the elimination of water under B,Os chain
formation. To further validate our assumption, we mixed one
equivalent of 1 with one equivalent PhB(OH),. The resulting mixture
was kept at -20 °C for 5 days to make sure that most of the desired
product 2 crystallized out. Then the mother liquor was stored at -20
°C for another 2 weeks. A small amount of colorless crystals of
L'GeOH 5 was obtained and fully characterized.™®
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Scheme 2 The reaction of 1 with Mes,B(OH).
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parameters depicted at the 50% probability level. The hydrogen
atoms isopropyl groups and methyl groups (at the aryl group at
boron) have been omitted for clarity. Selected bond lengths (A) and

angles (deg): Ge(1)-N(1) 2.008(6), Ge(1)-N(2) 1.995(7),
Ge(1)-0(1) 1.882(5), Ge(2)-N(3) 2.012(7), Ge(2)-N(4) 2.027(7),
Ge(2)-0(5) 1.880(6), B(1)-O(1) 1.317(13), B(1)-0O(2) 1.386(12),
B(1)-0(4) 1.373(12); N(1)-Ge(1)-N(2) 89.9(3), N(3)-Ge(2)-N(4)
91.2(3), Ge(1)-0O(1)-B(1) 124.8(6), Ge(2)-0(5)-B(3) 123.0(6), .

These results inspired us to investigate other precursors containing
the B-OH moiety. Reacting 1 with hydroxydimesitylborane
Mes,BOH afforded white crystalline solid 4. Unexpectedly, X-ray
diffraction analysis showed that 4 was a novel digermylene-
stabilized boroxine [(L'GeOBO),0]BMes (Fig. 6). In the molecular
structure of 4, two Ge'' atoms are linked through a B3O; six-
membered ring, which is different from that seen in 2. The average
bond lengths of B—O [1.363 A] and Ge—O [1.881 A] are slightly
longer than those in 2. In the *H and *C NMR spectra, only one set
of signals was observed, providing that the two capped Ge(ll)
moieties were equivalent. The ligand backbone y-CH of 4 displayed
a singlet at 4.86 ppm in the *H NMR spectrum, while in the 'B
NMR spectrum, it showed a broad peak at 18.4 ppm, which is close
to other boroxine compounds.*”** Compound 4, which features two
Ge'" atoms linked by a boroxine ring, represents a new type of
digermylene. Similarly, the digermylene groups of 4 can decrease
the Lewis acidic property of the B;O; ring (See ESI for details).

Conclusions

In summary, we report the unprecedented reactivity of the N-
heterocyclic ylide-like germylene 1 towards B-OH compounds.
The reaction of 1 with PhB(OH), leads to the unexpected
digermylene-stablized linear tetraboronate (B4Os chain), which
represents a new class of boronate chain tetramer that has not
yet been reported. The reaction of 1 and Mes,BOH produced
another unexpected digermylene-stablized boroxine (BsO; ring),
which is the first example of boroxine-linked heavier carbene
analogue. Furthermore, the formation of a mono 1,4-addition
product 3 indicates that the steric hindrance of the substituent
group changes the self-assembly behavior of boronic acids. The
Ge" center as well as the active OH group may make
compound 3 a promising precursor of Ge' ligands in catalysis.

Acknowledgements

This work was supported by the Chinese National Natural
Science Foundation (No. 21375113 and 21573179), and the
National Basic Research Program of China (2012CB821600)
and the Fundamental Research Funds for the Central
Universities (220720150160). L. L. thanks Dr. D. A. Ruiz from
UCSD for English improvements.

J. Name., 2012, 00, 1-3 | 3



ChemComm

Notes and references

 Department of Chemistry and Key Laboratory for Chemical Biology of
Fujian Province, College of Chemistry and Chemical Engineering,
Xiamen University, Xiamen 361005, Fujian, China.

b State Key Laboratory of Physical Chemistry of Solid Surfaces and
Fujian Provincial Key Laboratory of Theoretical and Computational
Chemistry, College of Chemistry and Chemical Engineering, Xiamen
University, Xiamen 361005, Fujian, China.

¢ Key Laboratory of Bioorganic Phosphorus Chemistry and Chemical
Biology (Ministry of Education), Department of Chemistry, Tsinghua
University, Beijing 100084, China.

TElectronic Supplementary Information (ESI) available: Experimental
procedure, Crystallographic tables, characterization and computational
details, CIF files. See DOI: 10.1039/c000000x/

1. A P.Cote A. I Benin, N. W. Ockwig, M. O'Keeffe, A. J. Matzger and
O. M. Yaghi, Science, 2005, 310, 1166-1170.

2. Select recent publication: (a) X. Feng, X. Ding and D. Jiang, Chem. Soc.
Rev., 2012, 41, 6010-6022; (b) M. Dogru and T. Bein, Chem. Commun.,
2014, 50, 5531-5546; (c) H. M. El-Kaderi, J. R. Hunt, J. L. Mendoza-
Cortes, A. P. Cote, R. E. Taylor, M. O'Keeffe and O. M. Yaghi, Science,
2007, 316, 268-272; (d) E. L. Spitler and W. R. Dichtel, Nat. Chem.,
2010, 2, 672-677; (e) J. W. Colson, A. R. Woll, A. Mukherjee, M. P.
Levendorf, E. L. Spitler, V. B. Shields, M. G. Spencer, J. Park and W. R.
Dichtel, Science, 2011, 332, 228-231; (f) E. L. Spitler, M. R. Giovino, S.
L. White and W. R. Dichtel, Chem. Sci., 2011, 2, 1588-1593; (g) D. N.
Bunck and W. R. Dichtel, Angew. Chem., Int. Ed., 2012, 51, 1885-1889;
(h) C.-Z. Guan, D. Wang and L.-J. Wan, Chem. Commun., 2012, 48,
2943-2945; (i) X. Feng, L. Liu, Y. Honsho, A. Saeki, S. Seki, S. Irle, Y.
Dong, A. Nagai and D. Jiang, Angew. Chem., Int. Ed., 2012, 51, 2618-
2622, S2618/2611-S2618/2691; (j) D. N. Bunck and W. R. Dichtel,
Chem. Commun., 2013, 49, 2457-2459; (k) G. H. V. Bertrand, V. K.
Michaelis, T.-C. Ong, R. G. Griffin and M. Dinca, Proc. Natl. Acad. Sci.
U.S. A, 2013, 110, 4923-4928; (I) M. Dogru, M. Handloser, F. Auras, T.
Kunz, D. Medina, A. Hartschuh, P. Knochel and T. Bein, Angew. Chem.,
Int. Ed., 2013, 52, 2920-2924; (m) Y. Zeng, R. Zou, Z. Luo, H. Zhang, X.

Yao, X. Ma, R. Zou and Y. Zhao, J. Am. Chem. Soc., 2015, 137, 1020-
1023; (n) N. Huang, X. Ding, J. Kim, H. lhee and D. Jiang, Angew.
Chem., Int. Ed., 2015, 54, 8704-8707.

3. C.J. Doonan, D. J. Tranchemontagne, T. G. Glover, J. R. Hunt and O. M.
Yaghi, Nat. Chem., 2010, 2, 235-238.

4. (a) P. Brown, M. F. Mahon and K. C. Molloy, J. Chem. Soc. Dalton
Trans., 1992, 3503-3509; (b) R. K&ter, K. Angermund, J. Serwatowski
and A. Sporzynski, Chem. Ber., 1986, 119, 1301-1314.

5. (a) Z. Yang, X. Ma, R. B. Oswald, H. W. Roesky and M. Noltemeyer, J.
Am. Chem. Soc., 2006, 128, 12406-12407; (b) X. Ma, Z. Yang, X.
Wang, H. W. Roesky, F. Wu and H. Zhu, Inorg. Chem., 2011, 50,
2010-2014.

6. (a) B. Mairychova, T. Svoboda, P. Stépniéka, A. Razicka, R. W. A.
Havenith, M. Alonso, F. D. Proft, R. Jambor and L. Dostd, Inorg. Chem.,
2013, 52, 1424-1431; (b) M. Korenkova, B. Mairychova, A. Ruzicka, R.
Jambor and L. Dostal, Dalton Trans., 2014, 43, 7096-7108.

7. L. Dostal, R. Jambor, A. Ruzicka, R. Jirasko, A. Lycka, J. Beckmann and
S. Ketkov, Inorg. Chem., 2015, 54, 6010-6019.

8. A. L. KorichandP. M. lovine, Dalton Trans., 2010, 39, 1423-1431.

9. Selected reviews: (a) O. Kuhl, Coord. Chem. Rev., 2004, 248, 411-427;
(b) S. Nagendran and H. W. Roesky, Organometallics, 2008, 27, 457-
492; (c) Y. Mizuhata, T. Sasamori and N. Tokitoh, Chem. Rev., 2009,
109, 3479-3511; (d) M. Asay, C. Jones and M. Driess, Chem. Rev., 2011,
111, 354-396; (e) S. K. Mandal, H. W. Roesky, Acc. Chem. Res., 2012,
45, 298-307; (f) W. -P. Leung, Y. -C. Chan, C. -W. So,
Organometallics, 2015, 34, 2067-2085. Selected examples: (g) C. Cui, M.
M. Olmstead, P. P. Power, J. Am. Chem. Soc., 2004, 126, 5062-5063; (h)
G. H. Spikes, J. C. Fettinger, P. P. Power, J. Am. Chem. Soc., 2005, 127,
12232-12233; (i) Y. Peng, J. -D. Guo, B. D. Ellis, Z. Zhu, J. C. Fettinger,
S. Nagase, P. P. Power, J. Am. Chem. Soc., 2009, 131, 16272-16282; (j)
R. K. Siwatch; S. Nagendran, Chem.—Eur. J., 2014, 20, 13551-13556;

4| J. Name., 2012, 00, 1-3

10.

11.
. A Jana, I. Objartel, H. W. Roesky and D. Stalke, Inorg. Chem., 2009, 48,

13.

14.

15.
16.

17.
18.

19.

(k) J. Li, C. Schenk, C. Goedecke, G. Frenking, C. Jones, J. Am. Chem.
Soc., 2011, 133, 18622-18625.

M. Driess, S. Yao, M. Brym and C. van Wilen, Angew. Chem. Int. Ed.,
2006, 45, 4349-4352.

S. Yao, C. van Wullen and M. Driess, Chem. Comm., 2008, 5393-5395.

798-800.

(@) A. Jana, B. Nekoueishahraki, H. W. Roesky and C. Schulzke,
Organometallics, 2009, 28, 3763-3766; (b) W. Wang, S. Inoue, S. Yao
and M. Driess, Organometallics, 2011, 30, 6490-6494.

Y. Wu, L. Liu, J. Su, K. Yan, T. Wang, J. Zhu, X. Gao, Y. Gao and Y.
Zhao, Inorg. Chem., 2015, 54, 4423-4430.

H. C. Beachell, D. W. Beistel, Inorg. Chem. 1964 , 3, 1028-1032

D. Vidovic, J. A. Moore, J. N. Jones and A. H. Cowley, J. Am. Chem.
Soc., 2005, 127, 4566-4567.

H. Braunschweig, K. Radacki and A. Schneider, Science, 2010, 328,
345-347.

L. W. Pineda, V. Jancik, H. W. Roesky, D. Neculai and A. M. Neculai,
Angew. Chem. Int. Ed., 2004, 43, 1419-1421.

(@) N. F. McKinley, D. F. O'Shea, J. Org. Chem., 2004, 69, 5087-5092;
(b) G. Vargas, I. Hernéndez, H. H&pfl, M.-E. Ochoa, D. Castillo, N.
Farfén, R. Santillan, E. GAnez, Inorg. Chem., 2004, 43, 8490-8500.

This journal is © The Royal Society of Chemistry 2012

Page 4 of 4



