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ABSTRACT: It was found that homoleptic cyclopentadienyl lanthanide
complexes Cp3Ln (Ln = Y (1), Yb (2), Sm (3), Nd (4), La (5), Cp =
cyclopentadienyl) can be employed as excellent catalysts for the hydroboration of
various aldehydes and ketones toward pinacolborane. These robust lanthanide
catalysts exhibited high reactivity with low catalyst loadings (0.01−1 mol %) under
mild conditions and good functional group tolerability. These complexes also
demonstrated uniquely carbonyl-selective hydroboration in the presence of alkenes and alkynes.

Organoborane compounds as a class of vital organic
intermediates have demonstrated miscellaneous con-

versions in organic synthesis.1 Hydroboration is a powerful
reaction that is mostly utilized for the conversion of carbonyl
compounds into alcohols with good chemical and regional
selectivity.2 In the past decades, much attention has been paid
to the hydroboration of unsaturated C−C bonds.3 In contrast
to the hydroboration of unsaturated C−C bonds, investigations
of C−X (X = N, O heteroatoms) have been relatively sluggish.4

In recent years, the arena for the hydroboration of C−N, C−O
unsaturated bonds has gained continuous momentum and
developed rapidly. A variety of transition and main group metal
complexes have proven efficient catalysts for the hydroboration
reaction toward unsaturated compounds.1f,2a−c,3d,5 To our
surprise, rare earth metal complexes as one of important
branch of organometallic chemistry are rarely reported for
hydroboration of carbonyl compounds. Only two examples
concerning hydroboration have been investigated, by Marks et
al., until now. In 2014, Marks’ team reported that lanthanide
hydride complexes could act as excellent catalysts for
dearomaticity of pyridine and its derivatives.6 Very recently,
Marks et al. have proven that La[N(TMS)2]3 can serve as a
catalyst for the hydroboration.7 During the same period, our
group also found that a series of lanthanide complexes,
La[N(TMS)2]3,

8a [2,6-iPr2-C6H3-NC(Me)CHC(Me)N-C6H3-
2,6-iPr2]LnBH4·2THF (Ln = Sm, Yb)8b and [2-Me-C6H4-
NC(Me)CHC(Me)N-C6H4-2-Me]2Ln-N(SiMe3)2 (Ln = Nd,
Pr),8c could serve as very efficient catalysts for this trans-
formation. Therefore, further exploration of suitable lanthanide
complexes to realize this highly valuable hydroboration
transformation is of significant importance.9

Organolanthanide complexes stabilized by Cp and modified
Cp ligands have played a vital role in organolanthanide
chemistry and witnessed the prosperity of organolanthanide
chemistry during the past 60 years.10 Over the past decades, a
vast number of lanthanide complexes supported by Cp or Cp-
functionalized ligands have been synthesized and proven to
have versatile reactivity.10 Moreover, many Cp lanthanide

complexes act as excellent catalyst precursors in organic
reactions and polymer science.11 In contrast to their counter-
parts, mono- and bis-cyclopentadienyl complexes, the applica-
tion of readily attainable homoleptic Cp3Ln complexes is rather
limited, which may be attributed to its three less reactive
spectator Cp ligands around the center Ln atom.12 The
exploration of the catalytic behavior of homoleptic Cp3Ln
complexes is limited to polymerization by far.13 There is only
one report on stoichiometric Cp3Ln with small molecules, i.e.,
benzophenone, reported by Zhou et al.14 It is thus rewarding to
expand the application of Cp3Ln complexes in catalytic
chemistry.
In this paper, we found that the very simple and readily

attainable Cp3Ln complexes could serve as extremely efficient
catalysts for the hydroboration toward aldehydes and ketones
for the first time. The Cp3Ln complexes also exhibited good
chemical selectivity toward unsaturated carbonyl compounds.
The homoleptic lanthanide complexes Cp3Ln (Ln = Y (1),

Yb (2), Sm (3), Nd (4), and La (5)) were prepared on the
basis of the well-documented files.9 The modeling trial was
performed by means of diamagnetic complex Cp3Y to explore
the possibility of hydroboration of acetophenone with
pinacolborane (HBpin) at ambient atomosphere (25 °C). We
were pleased to observe that with 1 mol % catalyst loading and
within 10 min, in various organic solvents including Tol, THF,
CHCl3, DME, CH2Cl2, and 1,4-dioxane, this hydroboration
transformation can be realized with an excellent conversion rate
(higher than 95%) (Table 1, entries 2−7). Noticeably, without
solvent, the conversion is only 63% (Table 1, entry 1), which
may be attributed to the poor solubility of the catalyst in the
reaction mixture. The blank experiment indicated that the
hydroboration reaction can hardly proceed without catalyst,
which is consistent with the literature report.7 Herein, THF was
chosen to be the reaction solvent for the definition of the
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optimal reaction conditions. Further, the amount of catalyst
loading was investigated. We found that even when the loading
is lowered to 0.01 mol %, 88% conversion is achieved within 60
min (Table 1, entry 8). With the optimized reaction conditions
mentioned above, reaction activity trials of different central Ln
metals were also conducted (Table 1, entries 9−13). It was
found that the La complex showed paramount catalytic
efficiency in the Cp3Ln system. By slightly increasing the
molar amount of HBpin to 1.2 equiv (excess HBpin may
stabilize the resting state of the catalyst and thus preserve it),5n

both larger radius metal Nd and La complexes obtain full
conversions within 1 h, which show superior performances than
those of the smaller Y, Yb, and Sm complexes (Table 1, entries
14−18). It should be noted that the reactivity of Cp3La toward
acetophenone is higher than that of the recorded La[N-
(TMS)2]3 complex as the catalytic amount is 10-fold of our
system.7

Enlightened by the aforementioned modeling reaction, the
substrate scope was broadened. The representative hydro-
boration outcomes are listed in Tables 2 and 3, respectively.
Table 2 delineates the scope of aldehydes investigated in this

manuscript. The preliminary results evidently display that the
Cp3La complex is an excellent catalyst toward a variety of
aldehyde compounds with good compatibility of various
substituted functional groups. It can be seen that with 0.01
mol % catalyst loading in 60 min benzaldehyde skeleton
substrates with both electron-donating groups and electron-
withdrawing groups could deliver excellent conversion rates for
the target hydroboration products (Table 2, entries 2−4 and
6−8). The catalytic activity is proven to be higher than that of
the La[N(TMS)2]3 system as 0.1 mol % loading was required.7

Note that for the monohalogen-substituted benzaldehyde
substrates, the group position (o, p, m) on the benzene ring

have no significant impact on the reactivity within 60 min
(Table 2, entries 6, 7, and 8). The highly efficient catalytic
activity is demonstrated with the multisubstituted 2,4,6-
trimethylbenzaldehyde (Table 2, entry 5). Aliphatic substrate
(Table 2, entry 11) and heterocyclic substrate nicotinaldehyde
(Table 2, entry 12) also gave excellent conversions with 0.01
mol % catalyst loading within 60 min.
The typical hydroboration outcomes toward ketone com-

pounds are shown in Table 3. Generally, like aldehydes, Cp3La
could serve as a very robust catalyst to reduce pertinent
carbonyl groups. However, the reactivity toward aldehydes is
higher than that of ketones (Table 3, entry 2, and Table 2, entry
2), which may be due to less electrophilic and sterically more
hindered carbonyl centers in the latter. This trend is consistent
with the previously reported transition and main group metal
complexes5g,i but opposite to that reported by Marks et al.7

Quantitative conversions of most aldehydes and ketones
(TON > 9900) were observed within 1 h.5g Turnover
frequency (TOF) up to 33200 h−1 was observed (Table 3,
entry 1), which is a very high value albeit lower than that of
Okuda’s report (60000 h−1).1f

Steric hindrance shows a more conspicuous influence on the
reactivity toward ketone than aldehyde. The representative
examples are listed in Table 3, entry 9, and Table 2, entry 5,
respectively. With 0.01 mol % catalyst loading, only 91%
conversion of 2,4,6-trimethylacetophenone can be achieved

Table 1. Optimization of the Reaction Conditionsa

entry
cat.

(mol %) solvent
time
(min)

substrate
ratiob

convc

(%)

1 1 (1) neat 10 1:1 63
2 1 (1) THF 10 1:1 >99
3 1 (1) Tol 10 1:1 99
4 1 (1) CHCl3 10 1:1 98
5 1 (1) DME 10 1:1 98
6 1 (1) CH2Cl2 10 1:1 95
7 1 (1) 1,4-dioxane 10 1:1 99
8 1 (0.01) THF 60 1:1 88
9 1 (0.01) THF 10 1:1 22
10 2 (0.01) THF 10 1:1 12
11 3 (0.01) THF 10 1:1 51
12 4 (0.01) THF 10 1:1 77
13 5 (0.01) THF 10 1:1 88
14 1 (0.01) THF 60 1:1.2 99
15 2 (0.01) THF 60 1:1.2 97
16 3 (0.01) THF 60 1:1.2 99
17 4 (0.01) THF 60 1:1.2 >99
18 5 (0.01) THF 60 1:1.2 >99

aAcetophenone, HBpin, and Cp3Ln at ambient atmosphere (25 °C).
bAcetophenone, HBpin. cConversion was determined by 1H NMR
spectroscopy.

Table 2. Hydroboration of Aldehydes Catalyzed by 5a

aAldehyde (1 mmol) was added to the HBpin solution (1.2 mmol)
and Cp3La added from a stock solution of appropriate concentration.
bConversions of aldehydes are based on 1H NMR analysis of the
reaction mixture. cIsolated alcohol yields.
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even when the reaction time is extended to 30 h (Table 3, entry
9), and when the catalyst loading was increased to 1 mol %,
87% conversion was achieved within 1.25 h (Table 3, entry 9),
which is comparable with the reported result (91%).5n

Pursuing the chemoselectivity for the reduction of specific
unsaturated function group is one of the most important topics
in organic and pharmaceutical synthesis.15 Intramolecular
function selectivity is demonstrated by using various bifunc-
tional group substrates (Table 2, entries 9, 10, and 13, and
Table 3, entry 16). Carbonyl groups are demonstrated to be a
unique group being reduced with satisfactory conversion by
elevating the catalyst amount to 0.1 mol %, while other
unsaturated groups, such as CC and CN, are intact.
It is worth noting that within 2 h the diketone substrate was

successfully converted into the target bis(borate ester) product
(8) (see the Supporting Information). This provides a very easy
approach to give bis(borate ester) with a high conversion
rate.5n

Both intermolecular and intramolecular selectivities toward
aldehyde and ketone were investigated. The results indicated
that aldehyde is preferentially reduced in both cases, reaching
91% conversion of benzaldehyde for intermolecular selective
hydroboration (Scheme 1A) and 94% conversion of aldehyde

only in 4-acetylbenzaldehyde for intramolecular selective
hydroboration (Scheme 1B), respectively. This chemical
selectivity is in line with the results of the La[N(TMS)2]3
complex.7

Kinetic studies to determine the reaction order were carried
out via 1H NMR monitoring (eq 1 and 2) (see the Supporting
Information for details). The relatively retarded ketone 2-
methylacetophenone (Table 3, entry 2) and the structurally
similar counterpart 2-methylbenzaldehyde (Table 2, entry 2)
were utilized to fulfill this purpose.
Under the present reaction conditions, the rates in both

reactions were proven to be first order in [ketone]/[aldehyde],
[HBpin], and [Cp3La].

= krate [Cp La] [HBpin] [ketone]3
1 1 1

(1)

= krate [Cp La] [HBpin] [aldehyde]3
1 1 1

(2)

In summary, we have demonstrated that Cp3Ln can act as an
excellent catalyst for the hydroboration of aldehydes and
ketones under mild conditions with low catalyst loadings for a
broad range of aromatic and aliphatic substrates. Investigation
of the detailed mechanism of the catalytic cycle is ongoing in
our laboratory. Meanwhile, our attention is drawn to more
interesting findings of the catalytic behavior of homoleptic
lanthanide complexes supported by substituted Cp ligands.
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Table 3. Hydroboration of Ketones Catalyzed by 5a

aKetone (1 mmol) was added to the HBpin solution (1.2 mmol) and
Cp3La added from a stock solution of appropriate concentration.
bConversions of ketones are based on 1H NMR analysis of the
reaction mixture. cIsolated alcohol yields.

Scheme 1. Competitive Aldehyde/Ketone Hydroboration
Selectivity Study
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(1) (a) Köster, R. Liebigs Ann. 1958, 618, 31−43. (b) Suzuki, A.
Angew. Chem., Int. Ed. 2011, 50, 6722−6737. (c) Parks, D. J.; Piers, W.
E.; Yap, G. P. A. Organometallics 1998, 17, 5492−5503. (d) Kono, H.;
Ito, K.; Nagai, Y. Chem. Lett. 1975, 4, 1095−1096. (e) Westcott, S. A.;
Taylor, N. J.; Marder, T. B.; Baker, R. T.; Jones, N. J.; Calabrese, J. C.
J. Chem. Soc., Chem. Commun. 1991, 304−305. (f) Mukherjee, D.;
Osseili, H.; Spaniol, T. P.; Okuda, J. J. Am. Chem. Soc. 2016, 138,
10790−10793. (g) Kulkarni, S. V.; Brown, H. C. J. Org. Chem. 1996,
61, 5140−5148.
(2) (a) Query, I. P.; Squier, P. A.; Larson, E. M.; Isley, N. A.; Clark,
T. B. J. Org. Chem. 2011, 76, 6452−6456. (b) Barman, M. K.; Baishya,
A.; Nembenna, S. Dalton Trans. 2017, 46, 4152−4156. (c) Manna, K.;
Ji, P.; Greene, F. X.; Lin, W. J. Am. Chem. Soc. 2016, 138, 7488−7491.
(d) Drover, M. W.; Schafer, L. L.; Love, J. A. Angew. Chem., Int. Ed.
2016, 55, 3181−3186.
(3) (a) Carroll, A.-M.; O’Sullivan, T. P.; Guiry, P. J. Adv. Synth. Catal.
2005, 347, 609−631. (b) Beletskaya, I.; Pelter, A. Tetrahedron 1997,
53, 4957−5026. (c) da Costa, J. S.; Braun, R. K.; Horn, P. A.; Ludtke,
D. S.; Moro, A. V. RSC Adv. 2016, 6, 59935−59938. (d) Zhang, G. Q.;
Zeng, H. S.; Wu, J.; Yin, Z. W.; Zheng, S. P.; Fettinger, J. C. Angew.
Chem., Int. Ed. 2016, 55, 14369−14372. (e) Yuan, K.; Suzuki, N.;
Mellerup, S. K.; Wang, X.; Yamaguchi, S.; Wang, S. N. Org. Lett. 2016,
18, 720−723. (f) Zhang, T.; Manna, K.; Lin, W. B. J. Am. Chem. Soc.
2016, 138, 3241−3249. (g) Yang, Z.; Zhong, M. D.; Ma, X. L.; Nijesh,
K.; De, S.; Parameswaran, P.; Roesky, H. W. J. Am. Chem. Soc. 2016,
138, 2548−2551. (h) Jang, W. J.; Lee, W. L.; Moon, J. H.; Lee, J. Y.;
Yun, J. Org. Lett. 2016, 18, 1390−1393. (i) Xi, Y. M.; Hartwig, J. F. J.
Am. Chem. Soc. 2016, 138, 6703−6706. (j) Bismuto, A.; Thomas, S. P.;
Cowley, M. J. Angew. Chem., Int. Ed. 2016, 55, 15356−15359.
(4) Chong, C. C.; Kinjo, R. ACS Catal. 2015, 5, 3238−3259.
(5) (a) Lindsley, C. W.; DiMare, M. Tetrahedron Lett. 1994, 35,
5141−5144. (b) Giffels, G.; Dreisbach, C.; Kragl, U.; Weigerding, M.;
Waldmann, H.; Wandrey, C. Angew. Chem., Int. Ed. Engl. 1995, 34,
2005−2006. (c) Almqvist, F.; Torstensson, L.; Gudmundsson, A.;
Frejd, T. Angew. Chem., Int. Ed. Engl. 1997, 36, 376−377. (d) Oluyadi,
A. A.; Ma, S.; Muhoro, C. N. Organometallics 2013, 32, 70−78.
(e) Hadlington, T. J.; Hermann, M.; Frenking, G.; Jones, C. J. Am.
Chem. Soc. 2014, 136, 3028−3031. (f) Chong, C. C.; Hirao, H.; Kinjo,
R. Angew. Chem., Int. Ed. 2015, 54, 190−194. (g) Kaithal, A.;
Chatterjee, B.; Gunanathan, C. Org. Lett. 2015, 17, 4790−4793.
(h) Yang, Z.; Zhong, M. D.; Ma, X. L.; De, S.; Anusha, C.;
Parameswaran, P.; Roesky, H. W. Angew. Chem., Int. Ed. 2015, 54,
10225−10229. (i) Jakhar, V. K.; Barman, M. K.; Nembenna, S. Org.
Lett. 2016, 18, 4710−4713. (j) Bagherzadeh, S.; Mankad, N. P. Chem.
Commun. 2016, 52, 3844−3846. (k) Mukherjee, D.; Shirase, S.;
Spaniol, T. P.; Mashima, K.; Okuda, J. Chem. Commun. 2016, 52,
13155−13158. (l) Guo, J.; Chen, J. H.; Lu, Z. Chem. Commun. 2015,
51, 5725−5727. (m) Koren-Selfridge, L.; Londino, H. N.; Vellucci, J.
K.; Simmons, B. J.; Casey, C. P.; Clark, T. B. Organometallics 2009, 28,

2085−2090. (n) Arrowsmith, M.; Hadlington, T. J.; Hill, M. S.;
Kociok-Kohn, G. Chem. Commun. 2012, 48, 4567−4569. (o) Fohl-
meister, L.; Stasch, A. Chem. - Eur. J. 2016, 22, 10235−10246.
(p) Mukherjee, D.; Ellern, A.; Sadow, A. D. Chem. Sci. 2014, 5, 959−
965. (q) Yadav, S.; Pahar, S.; Sen, S. S. Chem. Commun. 2017, 53,
4562−4564. (r) Bisai, M. K.; Pahar, S.; Das, T.; Vanka, K.; Sen, S. S.
Dalton Trans. 2017, 46, 2420−2424. (s) Schneider, J.; Sindlinger, C.
P.; Freitag, S. M.; Schubert, H.; Wesemann, L. Angew. Chem., Int. Ed.
2017, 56, 333−337. (t) Wu, Y.; Shan, C.; Sun, Y.; Chen, P.; Ying, J.;
Zhu, J.; Liu, L.; Zhao, Y. Chem. Commun. 2016, 52, 13799−13802.
(6) Dudnik, A. S.; Weidner, V. L.; Delferro, M.; Marks, T. J.; Motta,
A. Nat. Chem. 2014, 6, 1100−1107.
(7) Weidner, V. L.; Barger, C. J.; Delferro, M.; Lohr, T. L.; Marks, T.
J. ACS Catal. 2017, 7, 1244−1247.
(8) (a) Xue, M. Q.; Wu, Z. J.; Hong, Y. B.; Shen, Q. PCT/CN 2016/
088046, 2016. (b) Xue, M. Q.; Hong, Y. B.; Chen, S. F.; Shen, Q.
PCT/CN 2016/088044, 2016. (c) Xue, M. Q.; Zhu, Z. Y.; Hong, Y.
B.; Shen, Q.; Zheng, Y. PCT/CN 2016/088051, 2016.
(9) Wedepohl, K. H. Geochim. Cosmochim. Acta 1995, 59, 1217−
1232.
(10) (a) Qian, C. T.; Wang, C. H.; Chen, Y. F. Huaxue Xuebao 2014,
72, 883−905. (b) Evans, W. J. Organometallics 2016, 35, 3088−3100.
(11) (a) Evans, W. J.; Davis, B. L. Chem. Rev. 2002, 102, 2119−2136.
(b) Evans, W. J.; Perotti, J. M.; Kozimor, S. A.; Champagne, T. M.;
Davis, B. L.; Nyce, G. W.; Fujimoto, C. H.; Clark, R. D.; Johnston, M.
A.; Ziller, J. W. Organometallics 2005, 24, 3916−3931. (c) Burger, B. J.;
Thompson, M. E.; Cotter, W. D.; Bercaw, J. E. J. Am. Chem. Soc. 1990,
112, 1566−1577. (d) Luo, Y. J.; Baldamus, J.; Hou, Z. M. J. Am. Chem.
Soc. 2004, 126, 13910−13911. (e) Nishiura, M.; Hou, Z. M. Nat.
Chem. 2010, 2, 257−268. (f) Cui, D. M.; Tardif, O.; Hou, Z. M. J. Am.
Chem. Soc. 2004, 126, 1312−1313.
(12) Evans, W. J.; Forrestal, K. J.; Ziller, J. W. J. Am. Chem. Soc. 1998,
120, 9273−9282.
(13) (a) Salzinger, S.; Seemann, U. B.; Plikhta, A.; Rieger, B.
Macromolecules 2011, 44, 5920−5927. (b) Sun, H. M.; Chen, S.; Yao,
Y. M.; Shen, Q.; Yu, K. B. Appl. Organomet. Chem. 2006, 20, 310−314.
(14) Li, X. Q.; Hong, J. Q.; Liu, R. T.; Weng, L. H.; Zhou, X. G.
Organometallics 2010, 29, 4606−4610.
(15) Magano, J.; Dunetz, J. R. Org. Process Res. Dev. 2012, 16, 1156−
1184.

Organic Letters Letter

DOI: 10.1021/acs.orglett.7b01335
Org. Lett. XXXX, XXX, XXX−XXX

D

mailto:yaoym@suda.edu.cn
mailto:qshen@suda.edu.cn
http://orcid.org/0000-0001-9841-3169
http://orcid.org/0000-0002-0223-3591
http://dx.doi.org/10.1021/acs.orglett.7b01335

