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Finding novel pathways for the reduction of carbon oxides is
important for the ongoing search for new systematic entries to
hydrocarbon feedstocks. The CO to formyl conversion with
readily available hydrides represents an important step along
this way. Using boranes as the reducing reagents is desirable
and potentially useful. Reactions of trialkylboranes with
carbon monoxide are synthetically established. H. C. Brown
had shown that R3B systems readily react with CO at 100 to
125 8C at normal pressure to yield the respective tertiary
alcohols after oxidative workup.[1] They modified this proce-
dure to achieve the synthesis of ketones and aldehydes. In the
latter case lithium aluminium hydride reagents were
added.[1,2] However, carbon monoxide is surprisingly reluc-
tant to be reduced with [B]H boranes.[3, 4] Carbon monoxide is
reported to react with B2H6 at 100 8C and 20 atm to give
“borane carbonyl” [H3B-CO], a gas (b.p. �64 8C) that
dissociates at atmospheric pressure.[5, 6]

We have now found that B�H borane reduction of carbon
monoxide can be carried out with a suitable borane at
a frustrated phosphane/borane Lewis pair (FLP)[7,8] template.
We stirred a mixture of the bulky cyclopentenylphosphane
1 with the hydroboration reagent [HB(C6F5)2]

[9] for about
15 minutes at RT and then subjected the resulting mixture to
an atmosphere of carbon monoxide (2 bar). Workup after
12 h at RT eventually gave the reduction product 2 as
a colorless solid in 63 % yield (see Scheme 1). Single crystals

of 2 were obtained from dichloromethane/n-pentane. In the
crystal compound 2 contains a “h2-formyl” B(C6F5)2 subunit
that is bonded through the acyl carbon atom (C1) to the
phosphorus atom and through the acyl oxygen atom (O1) to
the boron center (B1) of the FLP framework (see Figure 1
and Table 1). The resulting six-membered heterocycle fea-

tures a half-chair-like conformation. The annulated B,C,O
heterocyclopropane subunit features typical element–ele-
ment single bond lengths. Both the carbon (C1) and the
boron (B2) atoms show pseudo-tetrahedral coordination
geometries, whereas the onium-type oxygen atom exhibits
a distorted trigonal planar coordination pattern (sum of bond
angles at O1: 359.718) The X-ray crystal structure analysis has
revealed that the all-trans-diastereoisomer of 2 was obtained.

Scheme 1. Reaction of the cyclopentenylphosphane 1 with the hydro-
boration reagent [HB(C6F5)2] and carbon monoxide.

Figure 1. Molecular structure of compound 2.[15]

Table 1: Selected structural data of the complexes 2, 5, and 7.[a]

Compound 2 5 7

C1-O1 1.466(3) 1.487(3) 1.465(3)
C1-B2 1.588(4) 1.581(4) 1.588(4)
O1-B2 1.533(3) 1.588(4) 1.533(3)
C1-P1 1.828(3) 1.842(3) 1.827(3)
O1-B1 1.573(3) 1.635(4) 1.583(3)
�CPOB 296.79 302.10 296.15
�OCBB 359.71 321.92 359.99

[a] Bond lengths in �, angles in deg.
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In solution compound 2 shows the 1H/13C NMR signals of
the central -CHO- moiety at d = 5.60 (2JPH = 17.6 Hz) and d =

56.1 ppm (1JPC� 60 Hz), respectively. The 11B NMR signals of
compound 2 occur at d = 7.7 and �4.3 ppm and we have
monitored the clearly separated p-F 19F NMR signals of two
pairs of diastereotopic C6F5 substituents at the two boron
atoms. The 31P NMR resonance of 2 was observed at d =

36.7 ppm (for further details see the Supporting Information).
The FLP 4, in situ generated by treatment of the alkenyl-

phosphane 3 with Piers� borane [HB(C6F5)2] reacted similarly
with CO and an additional molar equivalent of [HB(C6F5)2]
under mild conditions (RT, 12 h) to give the formyl deriva-
tive 5 that has been isolated as a colorless solid in about 80%
yield (see Scheme 2). Compound 5 is characterized by

11B NMR signals at d = 8.4 and d =�1.3 ppm, a 31P NMR
resonance at d = 30.3 ppm and the 1H/13C signals of the
central -CHO- unit at d = 5.14 (2JPH = 13.0 Hz) and d =

60.0 ppm (1JPC � 65 Hz), respectively. Compound 5 was also
characterized by an X-ray crystal structure analysis (see
Figure 2 and Table 1 for some details). It showed that the
stereoisomer was formed that had the formyl (C)-H hydrogen
atom orientated towards the norbornane endo side. We note

that in this geometrically constrained case the O1–B1 bond is
rather long and the coordination geometry at O1 is markedly
distorted from planarity.

The parent intramolecular ethylene-bridged FLP 6 fea-
tures a weak internal P···B interaction.[10, 11] Nevertheless, this
system also reacts with the CO/HB(C6F5)2 pair under our
typical conditions to give the P,B,B-bonded CHO moiety (see
Scheme 2). The respective product 7 was isolated in 82%
yield [11B NMR: d = 5.8, d =�5.9; 31P NMR: d = 31.7; 1H/
13C NMR: d = 5.49 (2JPH = 19.7 Hz), d = 54.7 (1JPC =

63.8 Hz)]. The X-ray crystal structure analysis features the
characteristic heterocyclic framework with a typical C,O,B
containing three-membered subunit (see Table 1 and
Figure 3). Both the B1–O1 and B2–O1 bonds in 7 are rather
short.

These reactions are taking place in rather complicated
three-component systems that are not easy to analyze
mechanistically because a manifold of potentially equilibrat-
ing active or dormant intermediates along the preferred
pathway must principally be considered. However, it can
probably be assumed that reduction of the carbon monoxide
molecule by HB(C6F5)2 at the FLP template plays an essential
role. We investigated a plausible pathway taken in the
reaction of the alleged FLP 11 with CO and HB(C6F5)2 by
a DFTanalysis (PW6B95-D3//TPSS-D3 using def2-TZVPAO
basis sets and including corrections to free enthalpies in
toluene solution using the COSMO-RS model; for details see
the Supporting Information).[12] It revealed that CO forms
a thermodynamically favorable adduct (8) with Piers� borane.
An allegedly competing formation of the corresponding
(C6F5)2B-CHO formyl system 9 is thermodynamically disfa-
vored by about 13 kcal mol�1. Therefore, this reaction prob-
ably avoids the intermediate 9. It may react by
(C6F5)2B(H)C�O addition to the FLP 2[13] to generate 10

Scheme 2. Reaction of the alkenylphosphane 3 with Piers’ borane and
CO.

Figure 2. Molecular structure of compound 5.[15]

Figure 3. A view of the molecular structure of compound 7.[15]
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(by an additional 6 kcal mol�1 exergonic). 1,2-Hydride shift
from boron to carbon (about �17 kcalmol�1) would then
complete the favored CO reduction pathway to form the
observed product 2 (see Scheme 3 and Figure 4).[14]

The here described reactions of the intramolecular P/B
FLPs with CO and HB(C6F5)2 may be considered typical
examples of efficient activation of a small molecule by a FLP.
The direct formation of the formyl borane as CO reduction
product is unfavorable. The involvement of the P/B FLP
facilitates the reduction of CO both thermodynamically as
well as kinetically. 1,2-Addition of the FLP to the borane
carbonyl moiety may convert the inactive R2B(H)-C�O (8)
unit to an activated intermediate 10 that may then undergo
a 1,2-hydride shift to eventually form the thermodynamically
stabilized product 2.[14] We shall see whether this attractive
FLP/CO activation route can be transferred to other hindered
small molecule reduction reactions.

Experimental Section
General procedure: The phosphane 1 (150.0 mg, 0.45 mmol) and
HB(C6F5)2 (308.4 mg, 0.89 mmol) were weighted together, dissolved
in CH2Cl2 (5.0 mL), and stirred at RT for 15 minutes. The resulting

yellow solution was degassed by freeze-pump-thaw cycles, cooled to
�78 8C, and CO gas was pressed (2.0 bar) over the solution. The
reaction mixture was allowed to warm to RT and stirred for 12 h at
RT. The solvent was evaporated under vacuum and the residue was
washed with n-pentane (3 � 3 mL). The residue was dried under
vacuum yielding compound 2 as a colorless solid (298.2 mg,
0.28 mmol, 63% yield).

Received: October 31, 2012
Published online: January 15, 2013

.Keywords: boron · carbon monoxide · frustrated Lewis pairs ·
phosphorus · reduction

[1] H. C. Brown, Acc. Chem. Res. 1969, 2, 65 – 72.
[2] a) M. E. D. Hillman, J. Am. Chem. Soc. 1963, 85, 1626 – 1628;

b) M. E. D. Hillman, J. Am. Chem. Soc. 1963, 85, 982 – 984; see
also: c) A. Pelter, M. G. Hutchings, K. Smith, D. J. Williams, J.
Chem. Soc. Perkin Trans. 1 1974, 145 – 150; d) A. Pelter, K.
Smith, M. G. Hutchings, K. Rowe, J. Chem. Soc. Perkin Trans.
1 1975, 2, 129 – 138; e) G. W. Kabalka, J. T. Gotsick, R. D. Pace,
N.-S. Li, Organometallics 1994, 13, 5163 – 5165; f) V. K. Aggar-
wal, G. Y. Fang, X. Ginesta, D. M. Howells, M. Zaja, Pure Appl.
Chem. 2006, 78, 215 – 229; g) M. A. Dureen, D. W. Stephan, J.
Am. Chem. Soc. 2010, 132, 13559 – 13568.

[3] a) T. W. Bentley, J. Org. Chem. 1982, 47, 60 – 64; see also: b) E.
Kaufmann, P. v. Ragu� Schleyer, S. Gronert, A. Streitwieser Jr.,
M. Halpern, J. Am. Chem. Soc. 1987, 109, 2553 – 2559; P. v.
Ragu� Schleyer, S. Gronert, A. Streitwieser Jr., M. Halpern, J.
Am. Chem. Soc. 1987, 109, 2553 – 2559; c) M. Yalpani, R. Kçster,
J. Organomet. Chem. 1992, 434, 133 – 141.

[4] This is similar to the reluctance of direct insertion of CO into the
Zr�H bonds of many d0 ZrIV hydrido complexes, see e.g.: a) J. M.
Manriquez, D. R. McAlister, R. D. Sanner, J. E. Bercaw, J. Am.
Chem. Soc. 1978, 100, 2716 – 2724; b) H. Berke, R. Hoffmann, J.
Am. Chem. Soc. 1978, 100, 7224 – 7236; c) T. Wolczanski, R. S.
Threlkel, J. E. Bercaw, J. Am. Chem. Soc. 1979, 101, 218 – 220;
d) T. Wolczanski, J. E. Bercaw, J. Am. Chem. Soc. 1979, 101,
6450 – 6452; e) P. T. Wolczanski, J. E. Bercaw, Acc. Chem. Res.
1980, 13, 121 – 127; f) G. Erker, K. Kropp, C. Kr�ger, A.-P.
Chiang, Chem. Ber. 1982, 115, 2447 – 2460; g) K. Kropp, V.
Skibbe, G. Erker, C. Kr�ger, J. Am. Chem. Soc. 1983, 105, 3353 –
3354; h) G. Erker, Acc. Chem. Res. 1984, 17, 103 – 109; see also:
i) A. Berkefeld, W. E. Piers, M. Parvez, L. Castro, L. Maron, O.
Eisenstein, J. Am. Chem. Soc. 2012, 134, 10843 – 10851.

[5] A. G. Burg, H. I. Schlesinger, J. Am. Chem. Soc. 1937, 59, 780 –
787.

[6] a) T. P. Fehlner, W. S. Koski, J. Am. Chem. Soc. 1965, 87, 409 –
413; b) J. C. Carter, A. L. Moy�, G. W. Luther III, J. Am. Chem.
Soc. 1974, 96, 3071 – 3073; c) H. Umeyama, K. Morokuma, J.
Am. Chem. Soc. 1976, 98, 7208 – 7220; d) R. G. Montemayor,
R. W. Parry, Inorg. Chem. 1979, 18, 1470 – 1473; e) B. F. Spiel-
vogel, A. T. McPhail, J. A. Knight, C. G. Moreland, C. L.
Gatchell, K. W. Morse, Polyhedron 1983, 2, 1345 – 1352;
f) A. S. Goldman, K. Krogh-Jespersen, J. Am. Chem. Soc.
1996, 118, 12159 – 12166; g) C. M. �lvarez, R. Carrillo, R.
Garc�a-Rudr�guez, D. Miguel, Chem. Commun. 2012, 48,
7705 – 7707; h) A. Fukazawa, J. L. Dutton, C. Fan, L. G. Mercier,
A. Y. Houghton, Q. Wu, W. E. Piers, M. Parvez, Chem. Sci. 2012,
3, 1814 – 1818.

[7] D. W. Stephan, G. Erker, Angew. Chem. 2010, 122, 50 – 81;
Angew. Chem. Int. Ed. 2010, 49, 46 – 76.

[8] A. E. Ashley, D. O�Hare, Top. Curr. Chem. 2012, DOI: 10.1007/
128_2012_377, and references therein.

[9] a) D. J. Parks, R. E. von H. Spence, W. E. Piers, Angew. Chem.
1995, 107, 895 – 897; Angew. Chem. Int. Ed. Engl. 1995, 34, 809 –

Scheme 3. Possible pathway taken in the reaction of the alleged FLP 11
with CO and HB(C6F5)2.

Figure 4. Reaction cascade of the formation of product 2 from FLP 11,
CO, and HB(C6F5)2 calculated by DFT. The values given refer to free
reaction enthalpies in toluene solution at 298 K (i.e., they include
entropy as well as solvent effects) whereas the numbers in parentheses
are pure electronic reaction energies in the gas phase.

2301Angew. Chem. 2013, 125, 2299 –2302 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1021/ar50015a001
http://dx.doi.org/10.1021/ja00894a020
http://dx.doi.org/10.1021/ja00890a033
http://dx.doi.org/10.1021/om00024a069
http://dx.doi.org/10.1351/pac200678020215
http://dx.doi.org/10.1351/pac200678020215
http://dx.doi.org/10.1021/ja1064153
http://dx.doi.org/10.1021/ja1064153
http://dx.doi.org/10.1021/jo00340a012
http://dx.doi.org/10.1021/ja00243a001
http://dx.doi.org/10.1016/0022-328X(92)83300-7
http://dx.doi.org/10.1021/ja00477a025
http://dx.doi.org/10.1021/ja00477a025
http://dx.doi.org/10.1021/ja00491a018
http://dx.doi.org/10.1021/ja00491a018
http://dx.doi.org/10.1021/ja00495a037
http://dx.doi.org/10.1021/ja00515a060
http://dx.doi.org/10.1021/ja00515a060
http://dx.doi.org/10.1021/ar50148a004
http://dx.doi.org/10.1021/ar50148a004
http://dx.doi.org/10.1002/cber.19821150707
http://dx.doi.org/10.1021/ja00348a075
http://dx.doi.org/10.1021/ja00348a075
http://dx.doi.org/10.1021/ar00099a004
http://dx.doi.org/10.1021/ja300591v
http://dx.doi.org/10.1021/ja01284a002
http://dx.doi.org/10.1021/ja01284a002
http://dx.doi.org/10.1021/ja01081a003
http://dx.doi.org/10.1021/ja01081a003
http://dx.doi.org/10.1021/ja00817a009
http://dx.doi.org/10.1021/ja00817a009
http://dx.doi.org/10.1021/ja00439a018
http://dx.doi.org/10.1021/ja00439a018
http://dx.doi.org/10.1021/ic50196a013
http://dx.doi.org/10.1016/S0277-5387(00)84397-1
http://dx.doi.org/10.1021/ja960876z
http://dx.doi.org/10.1021/ja960876z
http://dx.doi.org/10.1039/c2cc33443g
http://dx.doi.org/10.1039/c2cc33443g
http://dx.doi.org/10.1039/c2sc20336g
http://dx.doi.org/10.1039/c2sc20336g
http://dx.doi.org/10.1002/ange.200903708
http://dx.doi.org/10.1002/anie.200903708
http://dx.doi.org/10.1002/ange.19951070724
http://dx.doi.org/10.1002/ange.19951070724
http://dx.doi.org/10.1002/anie.199508091
http://www.angewandte.de


811; b) R. E. von H. Spence, D. J. Parks, W. E. Piers, M.-A.
MacDonald, M. J. Zaworotko, S. J. Rettig, Angew. Chem. 1995,
107, 1337 – 1340; Angew. Chem. Int. Ed. Engl. 1995, 34, 1230 –
1233; Review: c) W. E. Piers, T. Chivers, Chem. Soc. Rev. 1997,
26, 345 – 354; d) D. J. Parks, W. E. Piers, G. P. A. Yap, Organo-
metallics 1998, 17, 5459 – 5503.

[10] a) P. Spies, G. Erker, G. Kehr, K. Bergander, R. Frçhlich, S.
Grimme, D. W. Stephan, Chem. Commun. 2007, 5072 – 5074;
b) G. Kehr, S. Schwendemann, G. Erker, Top. Curr. Chem. 2012,
DOI: 10.1007/128_2012_373.

[11] See for a comparison: a) K. Axenov, C. M. Mçmming, G. Kehr,
R. Frçhlich, G. Erker, Chem. Eur. J. 2010, 16, 14069 – 14073; b) S.
Schwendemann, R. Frçhlich, G. Kehr, G. Erker, Chem. Sci. 2011,
2, 1842 – 1849.

[12] a) V. N. Staroverov, G. E. Scuseria, J. Tao, J. P. Perdew, J. Chem.
Phys. 2003, 119, 12129 – 12137; b) Y. Zhao, D. G. Truhlar, J. Phys.
Chem. A 2005, 109, 5656 – 5667; c) F. Weigend, R. Ahlrichs, Phys.
Chem. Chem. Phys. 2005, 7, 3297 – 3305; d) S. Grimme, J.
Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 2010, 132,
154104 – 154119; e) S. Grimme, S. Ehrlich, L. Goerigk, J.
Comput. Chem. 2011, 32, 1456 – 1465; f) K. Eichkorn, F.
Weigend, O. Treutler, R. Ahlrichs, Theor. Chem. Acc. 1997, 97,
119 – 124; g) S. Grimme, Chem. Eur. J. 2012, 18, 9955 – 9964;
h) A. Klamt, WIREs Comput. Mol. Sci. 2011, 1, 699 – 709.

[13] a) C. M. Mçmming, E. Otten, G. Kehr, R. Frçhlich, S. Grimme,
D. W. Stephan, G. Erker, Angew. Chem. 2009, 121, 6770 – 6773;

Angew. Chem. Int. Ed. 2009, 48, 6643 – 6646; b) R. C. Neu, E.
Otten, A. Lough, D. W. Stephan, Chem. Sci. 2011, 2, 170 – 176;
c) A. J. P. Cardenas, B. J. Culotta, T. H. Warren, S. Grimme, A.
Stute, R. Frçhlich, G. Kehr, G. Erker, Angew. Chem. 2011, 123,
7709 – 7713; Angew. Chem. Int. Ed. 2011, 50, 7567 – 7571; d) M.
Sajid, A. Stute, A. J. P. Cardenas, B. J. Culotta, J. A. M. Hep-
perle, T. H. Warren, B. Schirmer, S. Grimme, A. Studer, C. G.
Daniliuc, R. Frçhlich, J. L. Petersen, G. Kehr, G. Erker, J. Am.
Chem. Soc. 2012, 134, 10156 – 10168; e) M. Sajid, A. Klose, B.
Birkmann, L. Liang, B. Schirmer, T. Wiegand, H. Eckert, A. J.
Lough, R. Frçhlich, C. G. Daniliuc, S. Grimme, D. W. Stephan,
G. Kehr, G. Erker, Chem. Sci. 2013, 4, 213 – 219.

[14] One can easily formulate alternative CO reduction pathways. A
referee suggested potential carbon monoxide reduction at
a preformed FLP – CO adduct as an alternative. We have
found indications that both the FLPs 4 and 6 indeed form CO
adducts, but both are thermally rather unstable and loose the CO
molecule above �20 8C (M. Sajid, W. Dong, G. Kehr, G. Erker,
unpublished).

[15] CCDC 916134 (2), CCDC 916135 (5), and CCDC 916136 (7)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Center via www.ccdc.cam.ac.uk/data_
request/cif.

.Angewandte
Zuschriften

2302 www.angewandte.de � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2013, 125, 2299 –2302

http://dx.doi.org/10.1002/anie.199508091
http://dx.doi.org/10.1002/ange.19951071118
http://dx.doi.org/10.1002/ange.19951071118
http://dx.doi.org/10.1002/anie.199512301
http://dx.doi.org/10.1002/anie.199512301
http://dx.doi.org/10.1039/cs9972600345
http://dx.doi.org/10.1039/cs9972600345
http://dx.doi.org/10.1039/b710475h
http://dx.doi.org/10.1002/chem.201001814
http://dx.doi.org/10.1039/c1sc00124h
http://dx.doi.org/10.1039/c1sc00124h
http://dx.doi.org/10.1063/1.1626543
http://dx.doi.org/10.1063/1.1626543
http://dx.doi.org/10.1021/jp050536c
http://dx.doi.org/10.1021/jp050536c
http://dx.doi.org/10.1039/b508541a
http://dx.doi.org/10.1039/b508541a
http://dx.doi.org/10.1063/1.3382344
http://dx.doi.org/10.1063/1.3382344
http://dx.doi.org/10.1002/jcc.21759
http://dx.doi.org/10.1002/jcc.21759
http://dx.doi.org/10.1007/s002140050244
http://dx.doi.org/10.1007/s002140050244
http://dx.doi.org/10.1002/chem.201200497
http://dx.doi.org/10.1002/wcms.56
http://dx.doi.org/10.1002/ange.200901636
http://dx.doi.org/10.1002/anie.200901636
http://dx.doi.org/10.1039/c0sc00398k
http://dx.doi.org/10.1002/ange.201101622
http://dx.doi.org/10.1002/ange.201101622
http://dx.doi.org/10.1002/anie.201101622
http://dx.doi.org/10.1021/ja302652a
http://dx.doi.org/10.1021/ja302652a
http://www.angewandte.de

