Communication

JAC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Transition-Metal-like Behavior of Main Group Elements: Ligand

Exchange at a Phosphinidene
Max M. Hansmann and Guy Bertrand*

UCSD-CNRS Joint Research Laboratory (UMI 3555), Department of Chemistry and Biochemistry, University of California, San

Diego, La Jolla, California 92093-0358, United States

© Supporting Information

ABSTRACT: (Phosphino)phosphaketenes (>P—P=
C=0) behave as (phosphino)phosphinidene-carbonyl
adducts (>P—P«:C=0). CO scrambling was observed
using 3C labeled CO, and exchange reactions with
phosphines afford the corresponding (phosphino)-
phosphinidene—phosphine adducts (>P—P+«:PR;). The
latter react with isonitriles and singlet carbenes giving
(phosphino)phosphinidene—isonitrile (>P—P+«:CNR)
and —carbene adducts (>P—P<«:C<). Based on exper-
imental results and DFT calculations, it is shown that these
“ligand” exchange reactions occur via an associative
mechanism as classically observed with transition metal
complexes.

P ioneered by Frenking, the concept of “carbones,”" in which
an allene could be regarded as a carbon(0) atom stabilized
by two Lewis bases (L:—C<«:L),” is leading to a rethinking of
the bonding in main-group element derivatives.” > This
concept creates a strong analogy between transition metals
and main group compounds, and indeed, during the past
decade it has been shown that the latter can mimic to some
extent the behavior of transition metal complexes. Similar to
the latter, carbenes and their analogues feature nonbonding
electrons and an accessible vacant orbital, thereby allowing for
the activation of small molecules,” and even the stabilization of
highly reactive species.” We and others have shown that CO
can “coordinate” stable singlet electrophilic carbenes,” and
Braunschweig et al.'"’ were able to isolate the first main group
dicarbonyl compound in the reaction of a metal—borylene with
carbon monoxide. Lastly, we recently reported that the stable
singlet phosphinidene PA***""'* was not only able to bind CO
but also other Lewis bases such as phosphines, isonitriles, and
carbenes (Scheme 1)."* These results prompted us to explore
whether these Lewis bases act as “L ligands” for singlet
phosphinidenes and therefore undergo one of the most
prototypical reactions in transition metal chemistry, namely L
ligand exchange.

The carbonyl group is arguably one of the more labile ligands
for transition metals. Therefore, we started our study by
investigating whether the CO group of the phosphaketene 1P
could be substituted thermally by a phosphine,'* one of the
most classical ligand exchange reactions in organometallic
chemistry. Upon addition of trimethyl- and triphenyl-
phosphine to phosphaketene 1°"P, we observed gas evolution
(identified by *C NMR as CO; 5 = 184.5 ppm) and after a few
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Scheme 1. “Carbone” Concept (1) and Its Extension to the
Phosphaketene 1*"** (2), and the Reactivity of the Stable
Singlet Phosphinidene P*"** with Lewis Bases

% .
Ne=cz¢! ~——= oi=G=C
% N ™ 2N A
o RsP: N
Ar s [ P-P=<—PR,
[N‘P pP=c=0 N
N\' Ar
Art* Ar** IAr**
Ar* co N : N
1 (Z)I 2 [ p-po [ RNC:, [ P-P<:C=NR
A N N
[N\ . Ar Ar
P-P<:C=0 "
N, . PAr R R Ar,,*
g o R

N\ .
L= 5 [ P-P=iC
N

\
\
O .

R

hours at room temperature and S0 °C, respectively, the *'P
NMR spectra indicated the clean formation the phosphine-
phosphinidene adducts 2PPPa and 2P"*Pb (Scheme 2).

Scheme 2. Carbon Monoxide/Phosphine Exchange at a
Phosphinidene
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Interestingly, although the bulkier phosphaketene 1%7** also
reacted quickly with trimethylphosphine to give adduct 2*%*a,
no reaction occurred with triphenylphosphine even at 60 °C
and prolonged reaction times.

By analogy with transition metal chemistry, two mechanisms
could be envisaged (Scheme 3): (i) a dissociative mechanism
involving the formation of phosphinidene P followed by
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Scheme 3. Possible Mechanisms for the Ligand Exchange at
the Phosphinidene Center
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addition of the phosphine, as classically observed for 18-
electron complexes; (ii) an associative mechanism in which the
phosphine would attack at the phosphorus center with CO
acting as a leaving group, as observed for 17-electron
complexes. Additionally, another associative mechanism (iii)
in which the phosphine would add onto the carbonyl group
followed by decarbonylation could be considered.

We have already demonstrated that the bulky phosphinidene
PA"*quickly reacts with triphenylphosphine, even at room
temperature,13 and because Ph;P does not react with 147* the
dissociative mechanism (i) involving P can readily be excluded.
Mechanism (iii) is also unlikely since the carbonyl carbon of
147% seems too far from the Ar** substituents to be protected
toward the triphenylphosphine, but it cannot definitely be
excluded.” For the associative mechanism (i) we performed
DEFT calculations, which predict that the substitution of the CO
group of 1”P by trimethylphosphine is exergonic by 2.3 kcal
mol ™! with an energy barrier of 20.7 kcal mol™}; note that this
value is significantly lower than the barrier for the endergonic
decarbonylation of 1°"PP into P (31 kcal mol™"). Interestingly,
the transition state features a T-shape geometry in which the
entering and leaving groups are 180° apart, as observed for
ligand exchange in transition metal chemistry (Figure 1).

G [kcal mol']

Figure 1. Energy profile and geometry of the transition state for the
CO/PMe; exchange.

These results encouraged us to investigate the CO/CO
exchange reaction (Scheme 4). A solution of phosphaketene

Scheme 4. CO/CO Exchange Reaction
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147%% was exposed to 1—2 atm of labeled *CO and after 2 days
at 50 °C, a significant increase of the ketene-CO 13C resonance
(>20% based on *'P NMR) was observed indicating the
feasibility of CO scrambling,

To provide further evidence dismissing the associative
mechanism (iii) in the CO/PR; and CO/CO exchanges, we
turned our attention to exchange reactions involving the
phosphinidene—triphenylphosphine adduct 2°®Pb as a starting
material. To our delight, addition at room temperature of
trimethylphosphine cleanly led to the corresponding phosphi-
nidene adduct 2"Pa (Scheme 5). Note that precedents for a

Scheme S. Exchange of PPh; by PMe;, Isonitrile, N-
Heterocyclic Carbene, and CAAC Ligands
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similar reaction can be found in the literature.' More
interestingly, when adamantyl isocyanide was added to 27¥Pb,
the corresponding isonitrile adduct 3P was cleanly formed
along with free PPh; after 8 h at room temperature. Using
2P"PPy, featuring the more basic trimethylphosphine, the same
reaction also occurred but only after heating at 60 °C for 24 h.
Lastly, we investigated the phosphine—carbene exchange
reaction, and indeed an N-heterocyclic carbene can displace
the phosphine ligand. Upon addition of 1,3-diisopropylimida-
zol-2-ylidene to 2”"Pb clean formation of adduct 4°'P and
release of PPh; was detected over 12 h at room temperature.
Furthermore, this approach is also valid for other carbenes such
as a CAAC [cyclic (alkyl) (amino)carbene]."” In this case slight
heating at 50 °C for 12 h leads to the clean formation of the
carbene adduct 5P"P. It is important to note that adducts 4°*?/
5P cannot be obtained by addition of a singlet carbene to the
carbonyl adduct 1P"P; instead, an addition/ rearrangement
occurs.

We performed DFT calculations at the B3LYP-D3BJ/def2-
TZVP level” of theory to understand the kinetics and
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thermodynamics of the ligand exchange process (Figure 2).
The phosphinidene—ligand stability follows the following
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Figure 2. Energy profile for the ligand exchange reactions at a
phosphinidene center.

order: CO < PR; < CNR < NHC < CAAC. Interestingly,
phosphinidene adducts with amines (+24.3 kcal/mol) and
nitriles (+29.7 kcal/mol) are energetically higher than the free
phosphinidene (+13.2 kcal/mol) and therefore unstable toward
dissociation. It is important to note that the transition state for
CO/PR; (+20.7 kcal/mol) and PR,/CNR exchanges (+20.9
kcal/mol) are significantly lower in energy than the decarbon-
ylative transition state of the reaction leading to the free
phosphinidene (+30.3 kcal/mol)."* This further confirms that
the free singlet phosphinidene is not involved in these
transformations.

These results demonstrate that “L ligand” exchange, the
prototypical reaction for transition metal complexes, can also
occur at a main group element center. We are currently
investigating the scope of this concept.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOIL: 10.1021/jacs.6b11496.

Synthesis, characterization, and computational data
(PDF)

B AUTHOR INFORMATION
Corresponding Author
*guybertrand@ucsd.edu

ORCID

Guy Bertrand: 0000-0003-2623-2363

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Thanks are due to the NSF (CHE-1359809) for financial
support, and to the Alexander von Humboldt foundation for a
Feodor-Lynen scholarship (M.M.H.). We are also grateful to
the Keck Foundation for funding the KeckII computer center.

B REFERENCES

(1) (a) Tonner, R; Frenking, G. Angew. Chem., Int. Ed. 2007, 46,
8695. (b) Frenking, G.; Hermann, M.; Andrada, D. M.; Holzmann, N.
Chem. Soc. Rev. 2016, 45, 1129. (c) Frenking, G.; Tonner, R.; Klein, S.;
Takagi, N.; Shimizu, T.; Krapp, A.; Pandey, K. K,; Parameswaran, P.
Chem. Soc. Rev. 2014, 43, 5106.

(2) (a) Fiirstner, A,; Alcarazo, M.; Goddard, R.; Lehmann, C. W.
Angew. Chem., Int. Ed. 2008, 47, 3210. (b) Dyker, C. A; Lavallo, V.;
Donnadieu, B.; Bertrand, G. Angew. Chem., Int. Ed. 2008, 47, 3206.
(c) Lavallo, V.; Dyker, C. A; Donnadieu, B.; Bertrand, G. Angew.
Chem., Int. Ed. 2008, 47, 5411. (d) Alcarazo, M.; Lehmann, C. W.;
Anoop, A, Thiel, W,; Fiirstner, A. Nat. Chem. 2009, 1, 295.
(e) Pranckevicius, C.; Liu, L; Bertrand, G.; Stephan, D. Angew.
Chem., Int. Ed. 2016, 55, 5536.

(3) See for examples: (a) Wang, Y.; Xie, Y.; Wei, P.; King, R. B;
Schaefer, H. F.; Schleyer, P. v. R.; Robinson, G. H. Science 2008, 321,
1069. (b) Mondal, K. C.; Roesky, H. W.; Schwarzer, M. C.; Frenking,
G.; Niepotter, B.; Wolf, H.; Herbst-Irmer, R.; Stalke, D. Angew. Chem,,
Int. Ed. 2013, 52, 2963. (c) Li, Y.; Mondal, K. C.; Roesky, H. W.; Zhu,
H.; Stollberg, P.; Herbst-Irmer, R.; Stalke, D.; Andrada, D. M. J. Am.
Chem. Soc. 2013, 135, 12422. (d) Sidiropoulos, A.; Jones, C.; Stasch,
A,; Klein, S.; Frenking, G. Angew. Chem. Int. Ed. 2009, 48, 9701.
(e) Wang, Y,; Xie, Y,; Wei, P,; King, R. B.; Schaefer, H. F,, III;
Schleyer, P. v. R.; Robinson, G. H. J. Am. Chem. Soc. 2008, 130, 14970.
(f) Braunschweig, H; Dewhurst, R. D.; Hammond, K; Mies, J;
Radacki, K; Vargas, A. Science 2012, 336, 1420.

(4) For reviews, see: (a) Wilson, D. J. D.; Dutton, J. L. Chem. - Eur. ].
2013, 19, 13626. (b) Dyker, C. A.; Bertrand, G. Science 2008, 321,
1050. (c) Lepetit, C.; Maraval, V.; Canac, Y.; Chauvin, R. Coord. Chem.
Rev. 2016, 308, 59.

(5) For a controversial discussion, see: (a) Himmel, D.; Krossing, 1;
Schnepf, A. Angew. Chem., Int. Ed. 2014, 53, 370. (b) Frenking, G.
Angew. Chem., Int. Ed. 2014, 53, 6040.

(6) For reviews, see: (a) Power, P. P. Nature 2010, 463, 171.
(b) Martin, D.; Soleilhavoup, M.; Bertrand, G. Chem. Sci. 2011, 2, 389.

(7) See for examples: (a) Frey, G. D.; Lavallo, V.; Donnadieu, B;
Schoeller, W. W.; Bertrand, G. Science 2007, 316, 439. (b) Frey, G. D.;
Masuda, J. D,; Donnadieu, B.; Bertrand, G. Angew. Chem., Int. Ed.
2010, 49, 9444. (c) Back, O.; Kuchenbeiser, G.; Donnadieu, B.;
Bertrand, G. Angew. Chem., Int. Ed. 2009, 48, 5530. (d) Masuda, J. D.;
Schoeller, W. W.; Donnadieu, B.; Bertrand, G. Angew. Chem., Int. Ed.
2007, 46, 7052. (e) Martin, C. D.; Weinstein, C. M.; Moore, C. E.;
Rheingold, A. L.; Bertrand, G. Chem. Commun. 2013, 49, 4486.
(f) Moerdyk, J. P.; Schilter, D.; Bielawski, C. W. Acc. Chem. Res. 2016,
49, 1458. (g) Blom, B.; Driess, M.; Gallego, D. Inorg. Chem. Front.
2014, 1, 134.

(8) (a) Martin, C. D.; Soleilhavoup, M.; Bertrand, G. Chem. Sci.
2013, 4, 3020. (b) Back, O.; Ali Celik, M.; Frenking, G.; Melaimi, M.;
Donnadieu, B.; Bertrand, G. J. Am. Chem. Soc. 2010, 132, 10262.
(c) Mondal, K. C.; Roesky, H. W.; Schwarzer, M. C.; Frenking, G;
Tkach, I; Wolf, H.; Kratzert, D.; Herbst-Irmer, R.; Niepétter, B;
Stalke, D. Angew. Chem., Int. Ed. 2013, 52, 1801. (d) Bissinger, P.;
Braunschweig, H,; Damme, A;; Krummenacher, I; Phukan, A. K;
Radacki, K;; Sugawara, S. Angew. Chem., Int. Ed. 2014, 53, 7360.
(e) Kretschmer, R; Ruiz, D. A; Moore, C. E.; Rheingold, A. L;
Bertrand, G. Angew. Chem., Int. Ed. 2014, 53, 8176. (f) Dorsey, C. L,;
Mushinski, R M.; Hudnall, T. W. Chem.—Eur. ]. 2014, 20, 8914—
8917. (g) Kinjo, R; Donnadieu, B; Ali Celik, M; Frenking, G.;
Bertrand, G. Science 2011, 333, 610. (h) Weinberger, D. S.; Melaimi,
M.; Moore, C. E.; Rheingold, A. L.; Frenking, G.; Jerabek, P.; Bertrand,
G. Angew. Chem., Int. Ed. 2013, 52, 8964—8967. (i) Wang, Y. Z.; Chen,
M. W,; Xie, Y. M; Wei, P. R; Schaefer, H. F,, III; Schleyer, P. v. R;
Robinson, G. H. Nat. Chem. 2015, 7, 509.

(9) (a) Lavallo, V.; Canac, Y.; Donnadieu, B,; Schoeller, W. W.;
Bertrand, G. Angew. Chem., Int. Ed. 2006, 4S, 3488. (b) Martin, D.;
Moore, C. E.; Rheingold, A. L,; Bertrand, G. Angew. Chem., Int. Ed.
2013, 52, 7014. (c) Hudnall, T. W.; Bielawski, C. W. J. Am. Chem. Soc.
2009, 131, 16039. (d) Dahcheh, F.; Martin, D.; Stephan, D. W.;
Bertrand, G. Angew. Chem., Int. Ed. 2014, 53, 13159. (e) Lu, W.; Hu,

DOI: 10.1021/jacs.6b11496
J. Am. Chem. Soc. 2016, 138, 15885—15888


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.6b11496
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11496/suppl_file/ja6b11496_si_001.pdf
mailto:guybertrand@ucsd.edu
http://orcid.org/0000-0003-2623-2363
http://dx.doi.org/10.1021/jacs.6b11496

Journal of the American Chemical Society

Communication

H. T; Li, Y. X;; Ganguly, R;; Kinjo, R. J. Am. Chem. Soc. 2016, 138,
6650.

(10) Braunschweig, H,; Dewhurst, R. D.; Hupp, F; Nutz, M;
Radacki, K; Tate, C. W.; Vargas, A,; Ye, Q. Nature 2015, 522, 327.

(11) Liu, L.; Ruiz, D. A.; Munz, D.; Bertrand, G. Chem. 2016, 1, 147.

(12) For reviews on phosphinidenes, see: (a) Mathey, F. Angew.
Chem.,, Int. Ed. Engl. 1987, 26, 275. (b) Mathey, F. Angew. Chem,, Int.
Ed. Engl. 1987, 26, 275. (c) Mathey, F. In Multiple Bonds and Low
Coordination in Phosphorus Chemistry; Regitz, M.; Scherer, O. J., Eds,;
Thieme: Stuttgart, Germany, 1990; pp 33—47. (d) Aktas, H;
Slootweg, J. C.; Lammertsma, K. Angew. Chem., Int. Ed. 2010, 49,
2102. (e) Waterman, R. Dalton Trans. 2010, 1, 18. (f) Olkowska-
Oetzel, J.; Pikies, J. Appl. Organomet. Chem. 2003, 17, 28.

(13) Hansmann, M. M.; Jazzar, R; Bertrand, G. J. Am. Chem. Soc.
2016, 138, 8356.

(14) For addition and cycloaddition reactions on RPCO derivatives,
see: (a) Quan, Z.-J,; Wang, X.-C. Org. Chem. Front. 2014, 1, 1128.
(b) Puschmann, F. F.; Stein, D.; Heift, D.; Hendriksen, C.; Gal, Z. A;
Griitzmacher, H.-F.; Griitzmacher, H. Angew. Chem., Int. Ed. 2011, 50,
8420. (c) Jupp, A. R.; Goicoechea, J. M. Angew. Chem., Int. Ed. 2013,
52, 10064. (d) Heift, D.; Benkd, Z.; Griitzmacher, H.; Jupp, A. R;
Goicoechea, J. M. Chem. Sci. 2015, 6, 4017. (e) Heift, D.; Benkd, Z.;
Griitzmacher, H. Dalton Trans. 2014, 43, 831. (f) Heift, D.; Benkd, Z.;
Griitzmacher, H. Dalton. Trans. 2014, 43, 5920. (g) Heift, D.; Benk3,
Z.; Griitzmacher, H. Chem. - Eur. . 2014, 20, 11326. (h) Yao, S
Xiong, Y.; Szilvasi, T.; Griitzmacher, H.; Driess, M. Angew. Chem., Int.
Ed. 2016, 55, 4781. (i) Wu, Y,; Liu, L; Su, J,; Zhu, J; Ji, Z.; Zhao, Y.
Organometallics 2016, 35, 1593. (j) Rio, N. D.; Baceiredo, A.; Saffon-
Merceron, N.; Hashizume, D.; Lutters, D.; Miiller, T.; Kato, T. Angew.
Chem,, Int. Ed. 2016, SS, 4753. (k) Li, Z.; Chen, X; Bergeler, M;
Reiher, M,; Su, C.-Y.; Griitzmacher, H. Dalton. Trans. 2015, 44, 6431.

(15) Addition of a nucleophile to the carbon of the Ar*PCO unit has
been observed with silylated phosphines, see for examples: (a) Appel,
R,; Foelling, P.; Josten, B.; Schuhn, W.; Wenzel, H. V.; Knoch, F. Z.
Anorg. Allg. Chem. 1988, 556, 7. (b) Appel, R; Foelling, P.; Schuhn,
W.; Knoch, F. Tetrahedron Lett. 1986, 27, 1661. (c) Appel, R; Porz,
C.; Knoch, F. Chem. Ber. 1986, 119, 2748. (d) Appel, R;; Foelling, P.;
Josten, B.; Siray, M.; Winkhaus, V.; Knoch, F. Angew. Chem. 1984, 96,
620 see also ref 18..

(16) (a) Cowley, A. H.; Cushner, M. C. Inorg. Chem. 1980, 19, S15.
(b) Shah, S.; Simpson, M. C.; Smith, R. C.; Protasiewicz, J. D. J. Am.
Chem. Soc. 2001, 123, 6925. (c) Protasiewicz, J. D. Eur. . Inorg. Chem.
2012, 2012, 4539. For the reactivity of phosphanylidene
phosphoranes, see also: (d) Partyka, D. V.; Washington, M. P,;
Updegraff, J. B., III; Woloszynek, R. A.; Protasiewicz, J. D. Angew.
Chem.,, Int. Ed. 2008, 47, 7489. (e) Shah, S.; Simpson, M. C.; Smith, R.
C.; Protasiewicz, J. D. J. Am. Chem. Soc. 2001, 123, 6925. (f) Kilgore,
U. J; Fan, H,; Pink, M.; Urnezius, E.; Protasiewicz, J. D.; Mindiola, D.
Chem. Commun. 2009, 4521. (g) Surgenor, B. A,; Biihl, M.; Slawin, A.
M. Z; Woollins, J. D; Kilian, P. Angew. Chem,, Int. Ed. 2012, 51,
10150.

(17) (a) Lavallo, V.; Canac, Y.; Prisang, C.; Donnadieu, B.; Bertrand,
G. Angew. Chem, Int. Ed. 2005, 44, 570S. (b) Soleilhavoup, M.;
Bertrand, G. Acc. Chem. Res. 2015, 48, 256. (c) Roy, S.; Mondal, K. C;
Roesky, H. W. Acc. Chem. Res. 2016, 49, 357.

(18) (a) Li, Z.; Chen, X;; Benkd, Z.; Liu, L.; Ruiz, D. A; Peltier, J. L.;
Bertrand, G.; Su, C.-Y.; Griitzmacher, H. Angew. Chem.,, Int. Ed. 2016,
§S, 6018. (b) Li, Z.; Chen, X,; Li, Y.; Su, C. Y.; Griitzmacher, H. Chem.
Commun. 2016, 52, 11343.

(19) For a benchmark of functionals and basis-sets for such systems,
see also SI in ref 13.

(20) This discovery supports Mathey’s early claim “[...] generation of
these transient phosphinidenes is deduced from the isolation of
products, whose formation can be explained by a mechanism involving
such intermediates. However, in almost every case, it is possible to
conceive alternative mechanisms which do not involve phosphini-
denes”. In Multiple Bonds and Low Coordination in Phosphorus
Chemistry; Regitz, M.; Scherer, O. J.,, Eds.; Thieme: Stuttgart,
Germany, 1990; p 33.

15888

DOI: 10.1021/jacs.6b11496
J. Am. Chem. Soc. 2016, 138, 15885—15888


http://dx.doi.org/10.1021/jacs.6b11496

