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Calcium-Catalyzed Intermolecular Hydrophosphination
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Summary: Thes-diketiminato complex {HC(C(Me}N-2,6:-
ProCsHs)2} Ca{ N(SiMe),} (THF)] effects intermolecular hydro-
phosphination of a range of alkenes and alkynes. In bielna
reminiscent of lanthanocene(lll) catalysis, a more electrophilic
alkene is polymerized to phosphine-terminated macromolecules.

Organophosphines 3R, are an important class of compound
widely employed in transition metal catalysis and organic
synthesis. Hydrophosphination, the addition of theHPbond
of a primary or secondary phosphine to an unsaturate@€ C
bond, is a potentially powerful and, importantly, atom-efficient
route to such compoundsThe transformation can be achieved
under radical conditions or, alternatively, may be promoted by
group 12 late transition metal,or lanthanide based catalysts.

On the basis of a proposed analogy between catalytic
lanthanide and heavier group 2 metal centers, we have previ-
ously reported thgs-diketiminato-stabilized calcium amidke
as an effective catalyst for the intramolecular hydroamination
of aminoalkenes and aminoalkyrfeshe reaction was postulated
to occur by the generalized catalytic cycle outlined in
Scheme 1, via (i) initiation of the precatalyst byocabond
metathesis (or protonolysis) &fwith a primary amine to form
a calcium primary amide, (ii) an intramolecular insertion of the
alkene into the CaN bond, and (iii) thes-bond metathesis of
the resultant calcium alkyl with a further equivalent of amine
to liberate the product and regenerate the active catalyst. On
the basis of the numerous applications of lanthanide-based
catalysts to the heterofunctionalization of unsaturated carbon
carbon bonds, we speculated that the observed reactivity wa
not confined to the intramolecular hydroamination of alkenes
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Scheme 1. Calcium-Mediated Heterofunctionalization of
Alkenes
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and alkynes. Indeed, Harder has very recently shown that
homoleptic benzyl alkaline earth complexes may act as pre-
catalysts for the hydrosilylation of alkengs.

Lanthanocene catalysts of the form GpfiX (X = H, CH-
(SiMe3);, Ln = La, Sm, Y, Lu) have been applied to the
intramolecular hydrophosphination/cyclization of a variety of
phosphinoalkenesin this case, the reaction mechanism has
been studied in depth and occurs via a pathway analogous to
that depicted in Scheme 1. Both experimental and theoretical
studies suggest that tliebond metathesis of the C bond
of the intermediate is the rate-determining step (cf. Scheme 1,
step iii). Furthermore, the intermolecular hydrophosphination
of alkenes with such catalysts has not been achieved; rather, a
lanthanocene phosphide mediated polymerization of ethylene
has been reporteédAlthough divalent ytterbium catalysts have
been applied to the intermolecular variant of this reactiting
reaction mechanism in these cases is potentially complicated
y reductive initiation.

We now present a preliminary account of the application of
1 to theintermolecularhydrophosphination of unsaturatee-C
bonds. In this regard it is noteworthy that limited evidence exists
for botho-bond metathesis and insertion steps requisite for the
proposed catalytic cycle. Thus, the homoleptic calcium phos-
phide complex [CEP(SiMe&)2}(TMTA),] (TMTA = 1,3,5-
trimethylhexahydro-1,3,5-triazine) has been synthesized by the
addition of HP(SiMe), to [Ca{ N(SiMe3)2} (THF),],° and Wester-
hausen has isolated and characterized a novel homoleptic
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Table 1. Calcium-Mediated Intermolecular times ranging from 20 to 40 h at temperatures of230°C 3P
Hydrophosphination of Alkenes The observation of regio- and stereoselectivity in the calcium-
T NG mediated reaction is consistent with not only the mechanism
1.2 equiv. CeD%Z;:hS °c putllned in Scheme 1 byt a!so precedent set by Ianthamde(ll!)
: intermolecular hydroamination catalyses. The preferential anti
S o T —o Markovnikov or 2,1-addition of diphenylphosphine to styrene
/°c /h 1% can be attributed to the organization of the transition state to
A ph" PP 1 7520 95 P—C bond formation. As with the organolanthanides, the
A P 2 75 36 9% bonding in heavier group 2 organometallic compounds is largely
A P 3 6 # ® ionic and any transition state toward bond formation is also
B thP«/&+ pth/\/k 1 25 24 95 likely to have a large ionic contribution. Factors that stabilize
79 21 the developing anionic charge upon the atom adjacent to the
C thPO 1 5% T8 metal center in the transition state te-€ bond formation will,
Ph_ Ph  Ph therefore, be expected to lower the activation energy of the
D C A ronso13 oM insertion step. In the case of the 2,1-insertion of styrene into
% 2 the Ca-P bond, the phenyl group may stabilize the adjacent
2Legend: A, styreneB, isoprene(C, 1,3-cyclohexadiend), dipheny- anionic center. In the case of a 1,2-insertion, no such stabiliza-

lacetylene. Based o the consumption of phosphine from integration of - ion exists. Furthermore, the almost exclusive syn addition of
signals in the't and ™ NMR. © 20 mol % catalyst used. diphenylphosphine to diphenylacetylene can be attributed to a

phosphacyclopentadienide calcium complex derived from the concerted insertion of the alkyne into the €r bond.
insertion of 1,4-diphenylbutadiyne into a €R bond© Attempts to catalyze the hydrophosphination of alkenes with
Encouraged by this literature precedent, an initial NMR-scale [Ca{ N(SiMez)2} 2(THF),] (2) met with limited success. Although
reaction, in GDe, was conducted between styrene and diphe- the hydrophosphination of styrene with diphenylphosphine
nylphosphine in the presence of 10 mol %lofAfter 20 h at could be achieved in the presence of 10 mol 92,dhe reaction
75 °C diphenylphosphine, observed -a#0.6 ppm in the3lP was slow and took 36 h at 75C to near completion. The
NMR spectrum, was almost completely consumed with concur- reaction was accompanied by the precipitation of a small amount
rent production of PhCCH,PPh (95% conversion). The  of ayellow insoluble solid, assumed to be a homoleptic calcium
identity of the product was confirmed by a characteristic peak phosphide of the form [Ca(PRB(Sk]y (S= THF, HPPh). We
at—15.9 ppm in thé’P NMR and by GC-MS analysis following  have recently isolated and characterized [CagRPIHF)4],
aqueous workup. On the basis of this findidgyas applied to from the reaction of [CEN(SiMes),} 2(THF),] with two equiva-
the intermolecular hydrophosphination of a series of moderately lents of HPPhin THF, and this compound demonstrates very
activated alkenes, dienes, and alkynes with diphenylphosphine limited solubility in benzené? These results suggest that the
The reactions were conducted first on an NMR scale and presence of thg-diketiminate spectator ligand is necessary to
subsequently on a preparative scale, using 10 mol % of theincrease the solubility of the calcium phosphide intermediate
catalyst1.11 and, hence, maintain a high concentration of the catalyst in
The results of this study are presented in Table 1. The solution. We have made similar observations when attempting
hydrophosphination of a series of unhindered activated substrategshe intramolecular hydroamination of aminoalkenes with
with diphenylphosphine was achieved. The structures of the [Ca{ N(SiMe3)2} 2(THF),]. The homoleptic amide is inactive for
isolated products are consistent with an anti-Markovnikov syn this latter reaction, due to the insolubility of the intermediate
addition of the P-H bond across the least hindered, unsaturated calcium primary amide in noncoordinating hydrocarbon sol-
C—C bond of the substrate. The reaction proved to be highly vents®

dependent upon the steric demands of the alkene, and more A number of common features were apparent in each of the
hindered substrates suchcasnethylstyrene, 1,2-diphenylethene, NMR-scale reactions. After several hours at room temperature
andtransstilbene did not readily undergo hydrophosphination the protonolysis of HN(SiMg, from 1 was observed by
under these reaction conditions. Similar observations have beenproduction of a singlet at 0.09 ppm in the proton NMR. Over
made in the hydrosilylation of styrenes with calcium benzyl the same time period the NMR solutions gradually became
complexes, witha-methylstyrene being less reactive toward yellow-orange, characteristic of the formation of a group 2
hydrosilylation than styrene itsélfFollowing hydrophosphi- phosphide compleX12 In order to investigate the reaction
nation, the products were purified by flash column chromatog- fyrther, the stoichiometric reaction betwekand diphenylphos-
rgphy and isolated as the organophosphine oxides. The isolatecbhine was conducted on an NMR scale (Scheme 1, step i).
yields, 51-93%, reflected those observed on an NMR scale. \onitoring of the!H NMR spectrum revealed the consumption
Although the reaction times are long (224 h) and inmany  of giphenylphosphine with concurrent production of HN(Side
cases elevated temperatures<75 °C) are required to effect g a single new product peak-a21.3 ppm, in théP NMR.
hydrophosphination, the observed activities compare well with |, jine with the expectation provided by the precedent in

those reported in the literature for the later transition métals. organolanthanide catalysishe stoichiometric reaction was very
Only recently have [NIP(OEt}} 4] and [Pd(MeCN)Cl,] been slow.
applied as catalysts to the intermolecular hydrophosphination

of substituted styrenes with diphenylphosphine, with reaction Indeed, plotting the normalized associated(SiMe;), as a

function of time for the reaction of with 15 equiv of HPPh
(10) Westerhausen, M. Digeser, M. H. toH.; Poinkwar, W.: Seifert, showe(_j that the half-life of this _reaction is approximately
T.; Polborn, K.Inorg. Chem.1999 38, 3207. 200 min at room temperature (Figure 1). Furthermore, the

(11) NMR-scale experiments: in a glovebox, diphenylphosphing((20 reaction appears to be highly dependent upon the concentration
0.115 mmol) was added to a solution of the catalyst (0.01 mmol, 10 mol
%) in CsDg and the alkene/alkyne (0.137 mmol) was added as either a solid
or a solution in the same solvent. The solution was then loaded into a Youngs  (12) Barrett, A. G. B.; Crimmin, M. R.; Hill, M. S.; Hitchcock, P. B.
tap NMR tube and the reaction monitoredyand3P NMR spectroscopy. Manuscript in preparation.
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Figure 1. Plot of the log of the normalized associatet(SiMes),

as a function of time for the reaction tfwith 15 equiv of HPPk

on the basis of an initiall] of 0.146 M, measured byH NMR

against (MgSi),Si as an internal standard.
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Figure 2. Ortep representation &f with thermal ellipsoids at 20%

probability. Selected bond lengths (A) and bond angles (deg): Ca-

(1)-0(1) = 2.313(8), Ca(1yN(1) = 2.319(8), Ca(1yN(2) =
2.332(8), Ca(1yP(1) = 2.872(4); N(1»-Ca(1)-N(2) = 81.9(3),
O(1)-Ca(1)-N(1) = 104.1(3), O(1}-Ca(1)-N(2) = 103.1(3),
O(1)-Ca(1)-P(1) = 123.8(2), N(1}-Ca(1)-P(1) = 122.7(3),
N(2)—Ca(1)-P(1) = 112.1(2).

of the phosphine, as the stoichiometric reactiod wfith HPPh
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A preparative-scale experiment in hexane allowed the isola-
tion of the THF-solvated, heteroleptic calcium phospH3des
an orange crystalline solid (eq 1).Compound3 has been

X HPPh,, C¢Dg N
g h
N NG N .N
Ar”Ca A_r rt Ar” /Ca'\ “Ar
THE N(SiMea)2  _ n(siMes), THF  PPh,

1

characterized in both solution and the solid state. X-ray
diffraction analysis of a single crystal 8frevealed there to be
four unique conformers present within the unit cell, the gross
features of which were nearly identical. Presented in Figure 2
is a representation of a single conformer; important bond
distances and bond lengths are given in the figure caption, while
full details are given in the Supporting Information. The
compound is monomeric in the solid state. The calcium center
is four-coordinate with the coordination sphere being provided
by the chelatings-diketiminate ligand, theo-bonded di-
phenylphosphine, and a single molecule of THF. Both thel@a
bond lengths of 2.313(8) and 2.319(8) A and the®+N bite
angle of 81.9(3) are consistent with our previously structurally
characterizeg@-diketiminate stabilized calcium amides, acetyl-
ides, and cyclopentadieny#3The Ca—P bond of 2.872(4) A

is considerably shorter than those reported fo{ fX&iMe;),} o
(TMTA),]° and [Ca(PPH2(THF)4],1? 2.992(2) and 2.9882(4)
A, respectively, a fact that may be attributed to the lower
coordination number at calcium B A number of heteroleptic
calcium phosphides have been reported, including mixed
phosphide-amides of the form [Ca(PHBRuz){ N(SiMes)2}1,-
which, in contrast, are dimeric in solutidh.

The calcium phosphid8 proved unstable in solution, and
heating samples & in benzene or toluene for extended periods
at 60 °C resulted in a Schlenk-like redistribution to the
previously reported homoleptic compouddAr)NC(Me)CHC-
(Me)N(Ar)}Cal, (Ar= 2,6-diisopropylphenyly and, presum-
ably, [Ca(PPh)2(THF),]. Likewise, hydrophosphination reac-
tions conducted withl at elevated temperatures and our
previously reported intramolecular hydroamination of aminoalk-
enes and aminoalkynes were accompanied by this solution
redistribution of the catalyst.

(13) Li, J.-N.; Liu, L.; Fu, F.; Guo, Q.-XTetrahedron2006 62, 4453.
(14) Synthesis of {{ArNC(Me)CHC(Me)NAR Ca(PPR)(THF)] (3): A

is much slower and requires several days to near completion.solution of diphenylphosphine (0.207 g, 1.1 mmol) in hexane (5 mL) was

To eliminate the possibility that the slowbond metathesis
step was due to steric factors, the reactiot wfith the isosteric
diphenylamine was conducted. Monitoring Hy NMR spec-
troscopy revealed the reaction to be quantitative within the first
point of analysis (30 min at room temperature). The resulting
p-diketiminato-stabilized diphenylamide was isolated and char-

added to a solution df (0.75 g, 1.1 mmol) in the same solvent (30 mL).
The reaction mixture was filtered and then stored &C5 The solution
gradually changed to a deep orange color and after 4 days yielded bright
orange crystals of compourd collected as two crops (0.401 g, 0.56 mmol,
51%). Mp (hexane): 180184°C dec.H NMR (400 MHz, GDe¢): 6 1.05

(m, 4H, 5-THF), 1.18 (d, 12H, 6.8 Hz;-CHMe,), 1.19 (apparent d, 12H,
—CHMey), 1.62 (s, 6H, HC(Q¥le)=NAr),), 3.15 (hept, 4HJ = 6.8,
CHMey), 3.27 (m, 4Ha-THF), 4.74 (s, IHHC(C=NAr),), 6.68 (apparent

acterized and will be reported in a subsequent publication. The dd, 2H,J = 7.2, p-(CsHs)2P), 6.79 (apparent dd, 4= 7.4, 0-(CgHs)2P),

contrasting rates of the reactions biwith diphenylphosphine

and diphenylamine can be attributed to the fact that a coordina-

tion of the substrate to the metal is required for tiond

7.11-7.15 (m, 10H, ArH). 33C NMR (100.7 MHz, GDe): o 24.4 -
THF), 245 (-CHMey), 25.1 (-CHMe,), 25.2 (HC(CMe)=NAr),), 28.7
(—CHMey), 69.4 (-THF), 94.0 (H(C=NAT)2), 121.9 -PPh Cpar), 124.4
(Crmeds 125.2 Cpard, 129.1 (d,Jrp_13c = 5.1 Hz, —PPh Crnerd, 129.9 (d,

metathesis step to occur and that the soft phosphine is a poorepsp-1ic = 17.2 Hz, —PPh Conng), 134.3 (d,Jip-15c = 16.9 Hz, —PPh

ligand than the amine for the hard calcium center. Consistent

with the hypothesis that the slow rate of this reaction is due to
a coordination effect, the reaction éfwith HPPh could be
inhibited by the addition of a large excess of HN(Si}e
Furthermore, a competition experiment betwdeand a 1:1
mixture of HNPh and HPPh showed, after 30 min at room
temperature, exclusive formation of the calcium diphenylamide
in preference t@®, despite the fact that thep of diphenylphos-

phine is calculated to be several orders of magnitude smaller

than that of diphenylamin®.

Cortho), 141.9 Cortho), 145.7 Cipso), 150.5 (d,Jep-13c = 43.7 Hz, —PPh
Cipso), 166.3 (HCC(Me)=NAr),). 31P NMR (GsDg): —21.3. Anal. Calcd
for CasH3gCaNOP: C, 75.59; H, 8.32; N, 3.92. Found: C, 75.48; H, 8.26;
N, 3.93.

(15) (a) Avent, A. G.; Crimmin, M. R.; Hill, M. S.; Hitchcock, P. B.
Dalton Trans.2005 278. (b) Avent, A. G.; Crimmin, M. R.; Hill, M. S;
Hitchcock, P. B.Organometallics2005 24, 1184. (c) Avent, A. G.;
Crimmin, M. R.; Hill, M. S.; Hitchcock, P. BJ. Organomet. Chen2006
691 1242.
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H.; Pfitzner, A.; Nilges, T.; Deiseroth, H.-Z. Anorg. Allg. Chem200Q
626, 1073.
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401 of poly(2-vinylpyridine), along with a number 8P resonances
2.8 L consistent with an alkyldiphenylphosphine moiety. The calcium
® e | phosphide3 was, therefore, applied to the polymerization of
&2 } 2-vinylpyridine in benzene on a preparative scale, allowing the
© . isolation of a phosphine-terminated poly(2-vinylpyridii&).
T Although at this stage an anionic polymerization mechanism
oy 0 0 = w0 “0 cannot be discounted, the stark difference in reactivity 8ith

Figure 3. 3P NMR stack plot of (a) diphenylphosphine, (b) the bet_vveen 2-vinylpyridine and styrene suggests that W_hen more
reaction mixture of diphenylphosphine withto give 3, and (c) activated alkenes are used as substrates, the rate of insertion of
the reaction mixture o8 with an excess of diphenylacetylene and the alkene into the CaC bond of the intermediate calcium
1 equiv of HN(SiMg), at 75°C for 45 min to give E)-PhC(H)y= complex becomes competitive with the ratediond metathesis
C(PPh)Ph. of the Ca-C bond with a further equivalent of diphenylphos-
phine (Scheme 1, step iii). Under these conditions the slow
Support for the mechanism, outlined in Scheme 1, was o-bond metathesis step means that a polymerization of the
provided by the reactivity 08. The reaction of diphenylphos-  alkene occurs rather than a hydrophosphination. This reactivity
phine with styrene could be catalyzed by 10 mol % 3f is analogous to that observed for lanthanocene phosphides,
(Table 1), demonstrating that the latter is kinetically active in which readily polymerize ethylene at room temperature and
the proposed catalytic cycle. More importantly, the reaction of atmospheric pressufeVe are continuing to study the mecha-
3 with an excess of diphenylacetylene and 1 equiv of HN- nism and scope of these apparently divergent reaction pathways.
(SiMes)2 in C¢Dg at 75°C for 45 min gave a 1:1 mixture of
(E)-PhC(Hy=C(PPh)Ph andl in near-quantitative yield. This Acknowledgment. We thank GlaxoSmithKline for a gener-
latter experiment provided unambiguous evidence for the ous endowment (to A.G.M.B.), the Royal Society for a
proposed mechanism and can be explained by the concerteduniversity Research Fellowship (M.S.H.) and Royal Society
insertion of the alkyne into the C&P bond of3 to generate an ~ Research Merit Award (A.G.M.B.), and the Engineering and
unstable calcium alkyl intermediate, which then undergoes a Physical Sciences Research Council for generous support of our
subsequent-bond metathesis with hexamethyldisilazane to studies.
liberate the hydrophosphinated product and regenetate
(Figure 3). Supporting Information Available: Text and a figure giving
The attempted calcium-catalyzed hydrophosphination of a full experimental details and a CIF file giving crystallographic data
more electrophilic alkene took a different course. The reaction for 3. This material is available free of charge at http://pubs.acs.org.
of 2-vinylpyridine with diphenylphosphine ingDe, catalyzed OMO70200K
by 10 mol % ofl, showed complete consumption of the alkene
within 1 h atroom temperature. Diphenylphosphine, however, (18) For an application of alkaline earth organometallics to the polym-
was not consumed at the same rate, only depleted. A numbergization of 2-vinylpyridine, see: Lindsell, W. E.; Robertson, F. C.; Souter,
of broad peaks were apparent in the proton NMR, characteristicI. Eur. Polym. J.1983 19, 115.




