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Ortho substituted (diphenylphosphoryl)-, (dipherhdpphorothioyl)- and
(diphenylphosphoroselenoyl)-phosphinic amide€¢H4(P(X)Ph)(P(O)NPr,) (X = O (20a), S
(20b), Se @Oc)) have been synthesized through ortho directddaliion of N,N-diisopropyl-
P,P-diphenylphosphinic amide (RPR(O)NPr,) followed by trapping with P#Cl and
subsequent oxidation of th&(diphenylphosphine)phosphinic amid&9) with H,O,, S3 and
Se. The reaction of the new mixed-donor bidentaanids with zinc dichloride afforded the
corresponding complexes [ZnP(X)Ph)o-CgH4(P(O)NPr,)] (21a-c). The new compounds
were structurally characterized in solution by raagl magnetic resonance spectroscopy and \»
the solid-state by X-ray diffraction analysis ofjdind @Ob) and the three complexeg1@-c).
The X-ray crystal structure oRQb) suggests the existence of a P=B(S)-C intramolecular
nonbonded interaction. The natural bond orbital Banalysis using DFT methods showeu
that the stabilization effect provided by a-nc*p.c orbital interaction was negligible. The
molecular structure of the complexes consistedesfes-membered chelates formed by O,X:
coordination of the ligands to the zinc cation. Trhetal is four-coordinated by binding to the
two chlorine atoms showing a distorted tetrahedgabmetry. Applications in catalysis
revealed that hemilabile ligand20a-c act as significant promoters of the addition oi
diethylzinc to aldehydes, witkOa showing the highest activity. Chelation oL, Eb by 20a was
evidenced through NMR spectroscopy.

Introduction monodentate or N,O-bidentate ligand through thé&ibaks of
the N-aryl substituents giving rise to dimeric'(® R? = Me)
Zinc(ll) compounds are the focus of great attentiving to and monomeric (R="Pr, R = H) complexes, respectively.
the diversity of applications they show in fields different as Bis(phosphazenyl)methane8® and imine-phosphazenet®
food additives, electroluminescent and polymerictemials, Contain two nitrogen atoms in a scaffold that fagodhe
biological fluorescent probes, étcThe inexpensive andformation of tetracoordinated N,N-chelates with Zn@nd
environmentally benign nature of zinc makes theimplexes Znl.
attractive catalysts in  organic synthésis.Although Phosphine oxide ligands coordinate to zinc diteslido
organophosphorus ligands are ubiquitous in tramsitinetal afford complexes with two P=O groups bound to allZri¢n
coordination chemistry, the use of P=X (X = N, QS8) based with a tetrahedral geometry. The halide atoms ogdhp two
ligands for the construction of coordination conxgle with remaining tetrahedral sites and the architecture tio¢
zinc dihalides is an area that remains under-egglor complexes depends on the spacer connecting theliRk&ges.
The reaction of neutral monophosphazenes such T4 simplest structures are obtained by assemblirg
MePhP=NSiMe 1 with ZnCl, furnishes the dimer [Clzp¢ MOnodentate triphenylphosphine oxide with ZriX = CI, Br,
Cl)(MePhP=NSiMe)], in which the monomeric units arel).-" The analogous reaction of 1,2-bis(diphenylphosphin
connected  through p-chloro  bridges. Functionalised €thane) dioxidé (dppeQ) containing two P=0O groups linked
phosphazenes provide access to alternative cosiatinmodes. by an ethylene bridge furnishes 1D polymers [£X
Thus, the coordinating behaviour of dibenzofurahglp dPPeQ)], with alternative dppeOand ZnX repeating units
phazene€ (Fig. 1) towards ZnGlcan be tuned to act as NWhere the P=O groups exist in an anti conformalidn.
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contrast, 1,1-bis(diphenylphosphino)ferrocene diex 6

(dppfO,) with the P=0O groups appended to the more rigid Gimed

rings of a ferrocenyl system behaves as a cheléigagd in the
reaction with ZnQJ yielding the 1:1 adduct [ZngdppfO,)].°

Interestingly, although the usefulness of the rigidentate 1,2-

phenylenebis(diphenylphosphine oxide}yCsH4(P(O)Ph),, as
a ligand for the main groupd@nd f cations is well-knowtf

and the X-ray crystal structure of the free ligamas been /P'
described? the complexation behaviour of this ligand with P'},h/ “NRY,

group 12 metals seems to have not been investigatdake.
Zinc complexes of phosphinic amides have been nhesh
studied. Oxygen co-ordination of the P(O)N linkagemetal
salts including zinc(ll) cations has been proposeded on
solution spectroscopic studies and X-ray powdectsp& The
only X-ray structure available of a zinc complextiwia
phosphinic amide ligand is the 1D helical chaimfed in the
reaction of N-(4-methyl-2-pyrimidinyl)P,P-diphenyl-
phosphinic amidg with ZnCb, [Zn(7)Cl],.*3 In this complex,
the ligand bridges the zinc atoms through the doatibn of
the oxygen atom of the phosphinic amide group doedI¢ss
hindered nitrogen atom of the pyrimidyl moiety. Ttveo CI
atoms complete the distorted tetrahedral geomdtmhe zinc
cation. Regarding the donor properties of diphemgfphinic
acid derivatives, it has been shown that bis(phiosplamides)
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metalloenzymes and zinc fingéfsin line with this, in a study
at developing new organozinc catalysts
hydroamination reactions, Roesky and co-workersontep
very recently the first examples of zinc complegéthe hybrid
P=N/P=S ligand.0 with ZnCL and Zn}.*°

for

Q Ph_ NR'z Ph_ NR'
1) s-BuLi PN 3) Se PXo
2) R%,PCI s
Z e
11 PR2, P
12 13 R%,
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1 Q N'Pr,
RN 2X Ph, BHs \P/ Ho
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Scheme 1 Synthesis of P-containing bi- and tri-dentate digs
using directed ortho lithiation methods

Williams et al. reported the synthesis ofortho
(phosphanyl)phoshinic amided?2 via ortho-lithiation of

and mixed phosphinic amide-phosphine oxides coedecphosphinic amided1 with s-BuLi followed by electrophilic

through a trimethylene bridge act as templatesifernydrogen

quench with diphenylphosphine chloride (Scheme?°1).

bond-based formation of [2]rotaxanésThe corresponding Compoundsl2 proved to be efficient ligands in the palladium

solid-state structures showed remarkable differenice the
hydrogen bonds networks. No rotaxane was detecteshwhe
corresponding bis(phosphine oxide) was used aslétenp
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catalyzed Suzuki—Miyaura cross-coupling reactioractivated
aryl chlorides and strongly deactivated aryl brossidwith
phenylboronic acid. Moreover, oxidation ®2 with elemental
selenium afforded the corresponding (phosphorosgligshos-
phinic amidesl3. Recently, we achieved the enantioselective
synthesis of12 via ortho deprotonation oN-dialkyl-P,P-
diphenylphosphinic amides using the complexBLLi-(-)-
sparteine] as a bagk.

As part of our interest in the development of méthlogies
of ortholithiations directed byP-based functional group$4
for accessing to bi- and tridentate hemilabile nigs, e.g.15-
17 (Scheme 15° we describe herein the synthesis and structur a
characterisation of ortho substituted (diphenylphasyl)-,
(diphenylphosphorothioyl)- and (diphenylphosphoteseyl)-
phosphinic amides, and of their zinc(ll) complexékhe
difference in the electronic properties betweendbror atoms
of the polar P=X groups makes these compoundseistiag
ligands for applications in catalysis. Carbon-carbbond-
forming reactions mediated by zinc represent ama afegreat

Fig. 1 Examples of P=X-based bidentate ligands used én f’ﬂterestz. It can be viewed from two perspectives: zinc salts

complexation of zinc dihalides.

In the same vein, zinc co-ordination to
triorganophosphane chalcogenides such as phospuipkides
and selenides has received scarce attention. Gmiwh of

applied as Lewis acid catalysts and the use of muzjac
compounds as reagents for transferring an organietsn The

softdigsults shown here connect both approaches. Thentpait

usefulness of the new ligands has been ascertalmed
investigating the addition of diethylzinc to aldeleg catalysed

ZnCl, and Zn} to the sulphur and selenium donor atoms & 19 and20a-c. No solvent other than the hexane of th&Z Bt
PhP=X, (p-tolyl)sP=X and (CH)s(PhP=X), (X = S, Se) has solution is used. Ligand20a produced a significant

been established by the decrease observed in thed&rum of
the frequency of the P=X absorption with respecthe free

enhancement of the rates of formation of ethyndlate
compounds while minimizing the amount of the reguctby-

ligand® To the best of our knowledge, only two moleculdproducts generated. The participation of a diethglzhelate

structures of zinc dihalide complexes have beemacierised
so far. The (phosphanyl)phosphine seleni@e and the
bis(phosphine selenide® chelate to znGt® and znp,*’
respectively, to give the corresponding metalloegcivith a
tetrahedral geometry about the zinc cation. Zimz$eto form
stable complexes with N- and S-donors, a featurphasized
by the dominance of the ZpHN, structural motif in zinc

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

analogue to the Znglcomplexes2la as active catalysts is
supported by solution NMR measurements.

Results and discussion
Synthesis and solution structure of ligands 20 and zinc

complexes 21

This journal is © The Royal Society of Chemistry 2012
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Bidentate P(O)N/P(X) (X= O; S; Se) ligand® were with limiting values of4don(19-20) = -4.45 and -5.5 ppm, that
synthesized through ortho deprotonation MiN-diisopropyl- increases in the series O < S < Se. P(lll) oxidaii® also
P,P-diphenylphosphinic amid&8 by treatment witm-BuLi in accompanied by a decrease in the magnitude of itiaal
toluene in the presence of N,N,N',N-  3p3lp coupling constanJpp(19-20) = 0.7 to 2.1 Hz).
tetramethylethylenediamine (TMEDA) at -78 °C. Sanil  On complex formations, the infrared spectr@bfshow all
results were obtained wheyBuLi in THF was used as a basethe v(P=X) stretching frequencies to lower values thhe t
The ortho-lithium derivative formed was reacted with JPIEI parent compounds. The downward shifts are 40 —r&é for

to _give the o-(diphenylphosphanyl)phenylphosphinic amidgNp=0)!® 39 cmi! for v(P=0)2 72 cni' for v(P=S}® and 5
19°%%! in a yield of 85%. Subsequent oxidation 1 with .1 for V(P=Se)™ The decrease ofb(P=X) observed is
hydrogen peroxide, elemental sulphur and sele?ﬂLaﬁorde consistent with bidentate coordination 26f to ZnC}, either as
ligands 20a-c quantitatively (Scheme 2). The synthesis Qlgjate or bridge ligands® The variation of the decrease of
ligands 20 can be performed in a one-pot manneritysitu Av(NP=0), in the serie€la < 21b < 21c suggests that P=O
oxidation of19, albeit in a slightly lower yield (79% fd0a, jqieraction of the phosphinic amide linkage witre tmetal
85% for 20b and 83% for20c). Treating ligand20 with ZnCl o455 with decreasing hardness of the chalcofgiire P=X
in a mixture of gcetonitriIe:dichlorom_ethane 1:a room group?* Bidentate binding to zinc is also supported By
temperature _furn|shed the respective complex2s in NMR spectroscopy. Compared 20, the phosphorus atoms of
quantitative yields. all NP=O moieties appear deshielded (averdge\(21-20) ~

1) n-BuLl, toluene, 7 ppm), whereas those of the phosphorothioyl anu

0 TMEDA, -78 °C Ph /N’Pr2 Ph /Niprg phosphoroselenoyl groups 2tb and?21c suffer a shielding of
I or t-BuLi, THF, P CPa 1.31 and 4.5 ppm, respectivéf’:*® Regarding the®'P3P
P 78°C So 30 o . ppm, respectively.”= Regarding !

Phph/ “NPr, —_— coupling constants, the magnitude is notably grefide 21a
18 2 _F;ngg{’on pph, (017 H202 P//X and remains unchanged f2tb,c. Expectedly, in complegilc
19 (85%) 308' Se Ph, a significant decrease of t&e'P coupling constantlsep is

(100%) 20a,X=0 observed with respect to the free ligamtlg.(20c-21c) = 72

NP ZnCl; §3'g;§§;§e Hz) due to the increase of the P=Se bond lengtm wpmplex

Ph o 2 . formation?® Full assignment of thtH and**C NMR spectra of

218, %X=9 No. o (100%) compounds20 and 21 was achieved based on the analysis ¢!
21c, X = Se _ X"Zn\C| the standard set dH, *H{3'P}, *C{*H}, dept135, gCOSY45,
B, H,3C-gHSQC, *H,®*C-gHMBC and*H*'P-gHMQC spectra.

In addition, 1D gTOCSY, gNOESY and“C{H,'P}
0P,sxperiments were performed to complete the strattur
assignment. A detailed discussion of the assignro&the *H
and**C NMR spectra of compleRla is given in the electronic
supporting information (see Table S1).

Y Compounds21b and 21c proved to be poorly soluble in
acetone, methanol, acetonitrile and THF. NMR speaxcept
'H,'%C-gHMBC, could be measured in a reasonablz
Spectrometer time from very diluted chloroform smns. Due

Scheme 2 Synthesis of ortho P=0O/P=X (X = O, S, Se) ligan
20 and their zinc(Il) complexezl.

Compound 20c has been previously synthesized b
Williams et al?®® The ESI-HRMS spectra d0a-b show the
guasimolecular ion peaks [M + H]corresponding to the
incorporation intol9 of one atom of oxygen (m/z 502.2064)

2%0:] Srgg%hl:j; O(nm /rrz1a53158§;1)§2t8r2 I’%sggfgg?hge %%%iﬁ%t&i to the lack of information about Iong-range,l.ac correlations,
loss of one atom of chlorine [M - Cl[21a m/z 600.097821b some carbons were asagngd by their S|m|Ia.r|}y m% of
m/z 616.0741 an@lc m/z 664.0169). Oxidation of the orth021a (see experimental section). The analysis téfand C .
phosphino moiety ofl9 is readily ascertained through NMRN'VIR spectra 020 and21 revealed some trends. The principa
spectroscopy. Table 1 shows tf® NMR data of compounds'm.ere§t is on the quaterngry carbons. They alleugul a
20 and21. The corresponding NMR parameters16fand 20c shielding on complex formation. The largest decesasfd are
have been included for comparisdr#! The transformation of found for C7 (averageld:(20-21) = 3.9 ppm), C13 (average
the P(Il) group of19 into the P(V) of20 is evidenced by the 4913(20-21) = 10.2 ppm) and C19 (averagée,o(20-21) = 4.2
large®!P deshieldingAdy(19-20) = 44.31 to 61.02 ppm. ppm) (Table S1). _

Concerning®P **C coupling constants, the greatest change~
occur for C1 and C19. In both cas&k, increases in the series

Table 1 3'P data of compoundk® - 21, 5 in ppm,J in Hz. :
2la < 21b < 21c, with average valuesitJpc(20-21)) of -4.4 Hz

3 and -7.4 Hz, respectively. This fact suggests thaic
Entry 1(;0mp 2';0%6 5_|:1><0 o5 JgFl coordination to the oxygen of the phosphinic amgteup
> >0a 28I91 33 56 5'4 shortens the P-f;, distances and the effec.t beco.mes .Iar.ger the
3 20b 28I11 50'07 4'5 softer the chalcogen of the P=X linkage, i.e., e¥ag glmllar
4 20c 27.86 41'74 4;0 ggometry of.the metallacycles, the tentative initicais that
5 1a 37'47 41'27 8.2 zinc interaction with the oxygen atom o_f the N_P(@bup
6 21b 34:53 48:76 5:2 seems to strengthen when the zinc- - - X=P interaaté@akens.
7 21c  34.15 37.24 43

Solid-state characterizations

Single crystals of ligan@0b and zinc complexegla-c were
. . . obtained through diffusion with an atmosphere ofCEinto
The dpx values of20 are in a range typical of phosphingjichioromethane:acetonitrile (1:1) solutions of t@npounds.

chalcog.e.nideéa.. On the contrary, the phosphorus of th@ng crystal structure &b is shown in Fig 2, and selected data
phosphinic amide linkage undergoes a small shigldiffect ..o “summarized in  Tables 2 and S2. The

a) Jsep 722 Hz. Reportells.p718.3 HZ%?°b) 1J5.p650 Hz?*®

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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(phosphorothioyl)phosphinic amid€0b crystalizes in the P1 and P2 are in the appropriate range for®shgpridization:
triclinic space group P-1 together with a molecué 114.5(1)° — 104.8(1)° for P1 and 116.7(1)° - 1Y°for P2.
acetonitrile. The solid-state structure is similkar that of Bond distances in the P=S linkage and the N-P=Cetyare
bis(diphenylphosphine  oxide) 0-CgH,(P(O)Ph),.** The unremarkable (Table 3), with values close to therage
phosphorus atoms are almost coplanar with the orttistances reported for phosphine sulphiied.97 A) and
substituted ring (torsion angle P1-C1-C2-P2 of 9% with analoguephosphinic amides [P-N (1.662 A) and P-O (1.484
the O1 and S1 oriented to the ortho-space and aaéidcin A)].2%20:32

opposite faces out of the plane defined by theosptienyl ring The X-ray crystallographic study of complex&da-c
(torsion angles O1-P1-C1-C2 and S1-P2-C2-C1l of6{3%° revealed that they are monomers which crystallizethe
and -49.8(3)°, respectivel).The O1 atom lies in anti with monoclinic space group (F2). The molecular structures are
respect to a P2-phenyl ring (O1---P2-C7 angle 8f5(6)°) and presented in Fig 3. Selected crystal data and bemgths and
the non-covalent separation O1---P2 (3.179 A) i#110.A angles are given in Tables S2 and 3. In compo@idsc, the
shorter than the sum of van der Waals (vdW) radiithe zinc atom is bonded to the chelating liga2@sa-c through the
corresponding atoms (3.32 A). This proximity may behalcogen atom of the P=X linkage (X = O, S, Sej &me
indicative of a weak donor-acceptor intramolecutderaction oxygen atom of the phosphinic amide group. The Beve
from a lone pair on O1 into&" orbital of the P-C7 bond. This membered metallacycles thus formed adopt a twitt-bo
effect would be absent for S1---P1. The separafid693 A conformation in which the zinc atom is at the ceré a

is above the sum of S and P vdW radii (3.6 A). ldeo to gain distorted tetrahedron defined by the X,0 heteroatarh the
insight into a possible O1---P2-C7 intramoleculgrenvalent ligands and the two chlorine atoms. Bonding paransetn
interaction, DFT calculations at the MO06-2X/6-311¢(®) complexes2la-c are similar to those of structurally analogue
level of theory and their NBO analy&svere carried out. The compounds. Chelation produces a slight increasethef
results show that the;p—c* p,.c7 Orbital interaction provides a P=0/P=X bond distances (P1-O1 range 1.495(2) —7{3}R,;
stabilization of only 0.73 kcal/mol, too weak (3 to be of P2-02 1.504(3) A; P2-S1 1.9987(9) A; P2-Sel 2.1pK)
significance for conformational lock in a thermaflyctuating with respect to the free ligand (Table 3), as ob=erin related
environment at room temperatifféThe elongation of P2-C7 asphosphinic amid€?%*® and phosphoryl chalcogenide
compared with P2-C13 is explained by the differeiltehe complexes (chalcogen = ;%10115310:34 g G6:17.26,31d,324b
orbital interactions between the S lone pairs wite However, it is worth mentioning that the Zn1-S1 batistance
corresponding antibonding orbitals (stabilizatidri6.84/13.88 (2.3620(7) A) observed iflb, is significantly shorter than that
kcal/mol foro* py.c46* pa.c19.° found in [ZnX(PhP=NSiMe)(PhbP=S)CH}] (X = CI, I,
average 2.4141 AY Interestingly, P1-C1 and P1-C19 bond
distances are shorter in the complexes than ifrdeeligands,
with P1-C19 being the most affected. These featstggport
the observed increase k¢ for C1 and C19 in thé’C-NMR
spectra on complex formation.

Major differences among the structures of commEeda-c
are concerned with the geometry of the metallacyBlend
angles around Zn vary in the range 90.4(1)° - 1280 for
21a, 94.29(5)° - 115.26(5)° fd2lb and 93.83(9)° - 115.8(1)°)
for 21c, with the bite angle O1-Zn1-Xn of the liganddha (Xn
= 02, 90.4(1)°) being lower than that Rib (Xn = S1,
94.29(5)°) and21lc (Xn = Sel, 93.83(9)°). These values arc
similar to the bite angle found in the five-memlkerimg of the
complex [ZnCHPhP=Se)CH(PhP)], (Se-Zn-P2 94.78(5)%,
¢ which illustrates the level of twisting occurringn ithe
Fig 2 Molecular structure of20b (depicted with 50% metallacycle framework oRla-c. Bite angles notably larger
probability ellipsoids) including atom labels retent to the than those of2la-c are observed in the related complexes

structural discussion (see text) and solvent oftediisation. [HgX,(PhP=S)CHCH,(PhP=S)], (S-Zn-S for X = ¥?
118.85(8)° and X = &f 122.3(1)°) and formed between ZnCl
Table 2 Selected bond lengths (A) and angles (°Pfir and [ZnCl(dppfO,)], (O-Zn-O 102.07(15)%).The more flexible
P1-0O1 1.473(2) 01-P1-C1 108.2(1) ligand in the former compound and the larger riime $n the
P1-N1 1.648(3) 01-P1-C19 114.5(1) latter allows for a better adaptation of the mamjtle to the
P1-C1 1.838(3) N1-P1-C1 109.1(1) steric requirements of the molecule. Bite angleselto those
P1-C19 1.802(3) S1-P2-C2 116.7(1) of 2la-c have been found in the complex of 1,2-
pP2-S1 1.951(1) S1-P2-C7 108.9(1) phenylenebis(diphenylphosphine oxide) with LiOH,i(fi=
P2-C2 1.847(3) S1-P2-C13 115.9(1) CeH4(Ph,P=0),),]"OH", where two ligands chelate a tetrahedre,
P2-C7 1.827(3) 01-P1-C1-C2 -36.6(3) lithium cation with O-Li-O angles of 96.1(6)° and®.8(6)°%’
P2-C13 1.813(3) P1-C1-C2-P2 -5.6(4) The changes in the bite angle in the se2ies< 21b ~ 21c also
01-P1-N1 113.1(1) S1-P2-C2-C1 -49.8(3) affect other bond angles. For instance, Cl1-Znl-@i#@ CI2-
Zn1-02 are larger iRla than in21b-21c (Table S3).
The O1---P2 contact does not seem to produceiceaiole Similar to the free ligan@d0b, the phosphorus atoms 2fa-

distortion of the expected tetrahedral geometryPfand P2, C are almost coplanar with the ortho phenyl ringnga of
except for a slight increase of the phosphorusatiban bond torsion angles P1-C1-C2-P2 -5.9(5)° to -4.7(6)°)heT
length of the carbon atom anti to O1 (distance P21@27(3) Phosphinic amide fragment shows essentially theespattern
A) as compared with P2-C13 (1.813(3) A). The bondles of in the three complexes (range of torsion anglesP@1L1-C2

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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of -23.5(4)° to -21.9(4)°) with the bulky'l, substituent in a
pseudo-equatorial position and the pseudo-a&iphenyl ring
oriented almost parallel to one of the phenyl stistts of the
PhP=X moiety. This latter group is rotated countere&iwise
around the P2-C2 bond with respect to the planimefP1-O1
bond and the degree of rotation increases by isorgdhe size
of the chalcogenide. This is clearly seen in theatian of the
dihedral angle O1-P1-.--P2-Xn in the serfds (X = 02,
24.9(1)°) <21b (X = S1, 32.19(8)°) X1c (X = Sel, 33.9(1)°)
(see also 02-P2-C2-C1, Table S3). The phenyl riofgshe
PhP=X group move accordingly as shown by the incrazse
the dihedral angles C3-C2-P2-C7 (from 0.0(4)° 2ia to
11.3(2)° in21b and 11.8(4)° irklc) and C19-P1---P2-C13l@a (c)

12.1(2)°,21b 17.5(1)° and21c 18.1(2)°). This rotation of the

Ph,P=X group brings the pseudo-equatorial phenyl glager Fig 3 Crystal structures ofla (a), 21b (b) and 21c (c)
to a right angle with H3, thus supporting the viel the (depicted with 50% probability ellipsoids) includinatom
increasing shielding of H3 observed in & NMR spectra of |abels relevant to the structural discussion (emB.t

2la-c as originated by ring current effects (Table S2).

The extent of the twist in the metallacycle isedmined by
the relative position that the Zn atom adopts. Tlss
characterised by the dihedral angles C1-P1-O1-ZwullGR-P2-
02-Zn1. Both become more negative in the s&i@s< 21b <
21c (Table S3). The twist around the zinc atom caumes
almost linear arrangement of the metal with theG31bond
(bond angles P1-O1-Zn1 in the range 159.2(2)° -6(&%) and
a significant variation of the bond angle P2-Xn-Zfrbm
almost trigonal in2la (X = 02, 129.9(1)°), to approximately
tetrahedral in21b (X = S1, 104.21(3)°) an@lc (X = Sel,
99.88(4)°). For comparison, the P-O-Zn bond angiemamplex
[ZnCly(dppfO,)] containing a larger metallacycle are 158.8(2.
and 142.9(25.

(b)
Table 3 Selected bond lengths (A) and angles (°) for cexgsi21a-c
2la 21b 21c
P1-01 1.496(3) P1-0O1 1.495(2) P1-0O1 1.497(3)
P1-N1 1.647(3) P1-N1 1.641(2) P1-N1 1.647(4)
P1-C1 1.831(4) P1-C1 1.833(2) P1-C1 1.833(4)
P1-C19 1.792(4) P1-C19 1.796(2) P1-C19 1.798(5)
P2-02 1.504(3) P2-s1 1.9987(9) P2-Sel 2.158(1)
P2-C2 1.832(4) P2-C2 1.828(2) pP2-C2 1.833(4)
P2-C7 1.801(3) P2-C7 1.821(3) pP2-C7 1.831(5)
P2-C13 1.794(4) P2-C13 1.799(2) P2-C13 1.793(5)
Znl-01 1.972(3) Znl1l-01 1.967(2) Znl1l-01 1.975(3)
Zn1-02 1.977(2) Znl-S1 2.3620(7) Znl-Sel 2.4638(9)
Znl-Cl1 2.215(1) Znl-Cl1 2.2188(7) Znl-Cl1 2.224(1)
Znl-ClI2 2.202(1) Znl-Cl2 2.2220(8) Znl-ClI2 2.230(2)
Znl1l-01-P1 159.1(2) Znl1l-01-P1 166.4(1) Znl1l-01-P1 6@
Zn1l-02-P2 129.9(1) Znl-S1-P2 104.21(3) Znl-Sel-P2 9.8814)
02-Zn1-01 90.4(1) S1-Zn1-01 94.29(5) 01-Znl-Sel 83®)

This journal is © The Royal Society of Chemistry 2012
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- . differences between the two oxygen atoms, showedb#st
Et,Zn catalyzed addition studies performance. It is worth noting that in the reacti@ith 20c an
Having ascertained the feasibility of phosphinic iden €duimolecular mixture 0£9:20a was formed. This means that,
phosphoryl chalcogenide® to act as mixed bidentate ligand$ven under the mild reaction conditions used, l&@c
towards zinc dichloride, we undertook a study ofith undergoes complete deselenation leading to ihe
behaviour as catalysts in a reaction in which Ohélation of (Phosphanyl)phosphinic amidE that is partially oxidized to
zinc may promote a rate acceleration. It has bemently 20a during the workup of the reaction. This side-reacttimay
shown that the use 0b6-CgH4(P(O)Ph), in the catalytic be favored by the large excess ofZft used (30 equiv) with
asymmetric addition of allyl cyanide to ketoffemnd the respect to the catalytic amount of ligand employdthe
Mukaiyama aldol reaction with ketorféproduces a significant comparison of entries 2 and 5 in Table 4 indicatieat
acceleration of the reaction rate. Both transfoiomst take deselenatior2Oc is not immediate. The yield of 59% obtaineo
place in the presence of alkaline metal phenolafflse for 22a can be explained by considering that liga2@t is
activation induced by the bis(phosphine) oxide ridjawas acting as a catalyst during a given period of tibeselenation
assigned to enhanced Lewis basicity of the phemolat ©Of 20c leads to the formation dfo, the least efficient catalyst,
formation of chelates with alkaline cations based NiMR®® so the rate of the reaction decreases notably.

and X-ray diffraction studie¥.Other P-based compounds such

as 3,3 "-diphosphoryl-BINOLs and bifunctional chirall @ble 4 Ethylation of benzaldehyde with #Zn catalyzed by
phosphinic amides are very efficient ligands in thighly ligands19 and20a-c.

enantioselective addition of organozinc reagentslttehydes

and ketone&? o) 1) 3 equiv Et,Zn OH
The phosphinic amide-phosphoryl chalcogenig@s-c are 10 mel 1o 19 0r 20a-¢

hemilabile ligands structurally similar to the H

bis(diphenylphosphine oxide)CgH4(P(O)Ph), and the chiral 2) NH,Cl 228

phosphinic amides mentioned above. They provide the - - -

opportunity of checking the effect of the mixed domites in Entry hlgand '1I'|me (h) ;'ilg (*8)

catalysis. Moreover, they aRestereogenic compounds that can 5 190ne 1 28( )

be synthesized in enantiomerically pure form via

desymmetrization of BR moieties’??" As a proof of concept, 3 20a 1 86

we have investigated the addition of diethylzinc to g ggg 1 g;

benzaldehyde in the presence of substoichiometniguats of 6 None 15 4 (14)

ligands 20a-c to give 22a (Table 4). For the sake of 7 20a 1'5 99

completeness, the catalytic activity of ligadi® was also )

evaluated. A procedure analogue to that reportettiparaet 8 - 20b - 15 73. -

a) Numbers in parenthesis indicate the yield ofzgkn alcohol

al. has been appliei® Yields of alcohol22a were determined
through quantitative NMR techniques using 1,5-cgctadiene
(COD) as internal standard (see Figs. S30 - $3Zomplex
formation was achieved by treating 3 equiv ofZgt (1.0 M
solution in hexanes) with 10 mol% of compouridsand20a-c
at -78 °C for 30 min. Then benzaldehyde was addetthe
reaction was allowed to reach room temperaturelfbr After
aqueous workup, 1l-phenylpropan-12fla was obtained in a
yield of 86% for20a, 57% for20b and 59% for20c (Table 4,
entries 3-5). In the absence of ligand only 3%loblaol 22a is
formed, together with 10% of benzylic alcohol argifrom the
reduction of benzaldehyde (entry*t}f?Interestingly, ligandL9
with a phosphine substituent at the ortho positanthe
phosphinic amide proved to be notably less efficigield of
28%, entry 2) than the chalcogenophosphoryl deviga0a-c.
After some experimentation we found that optimadcteon
conditions were achieved when the time of contasivben
aldehyde and EZn was increased to 90 min. In this wa
alcohol 22a was obtained quantitatively in the presencQ@z
(entry 7), whereas the yield decreased to 73% wtien
phosphinothioic amide-phosphine oxid2®b was used as
catalyst (entry 8, see Figs. S30-32).

These results indicate that ligan@9a-c accelerate the
addition of diethylzinc to benzaldeyde by a factdrl8 — 25
and virtually suppresses the carbonyl reductiore sihction.
Importantly, the hybrid phosphine oxide-phosphiramide
ligand 20a, i.e., an O,O-chelating ligand featuring subtle

formed.

The only solvent used in the synthesi2@4 is the hexane
of the E$Zn solution. Even under vigorous stirring, the
reactions in the presence of ligarlsare heterogeneous due to
the poor solubility of the phosphinic amide-phospho
chalcogenides in this non-polar solvent. THeNMR spectrum
of a saturated solution ¢f0a in hexanes using a capillary o
CDCI; for lock purposes, showed the signals of the ligafter
vertically scaling the full spectrum by a factor b924 (Fig.
S33)* The solubility of 20a in hexane increases in the
presence of BEEZn due to complexation. The region of aromatic
protons of theH-NMR spectrum of a saturated sample26a
in a 1.0 M solution of EEn in hexanes revealed the existence
of a single species (vertical scaling factor of 256. S33).
Accordingly, the*’P{*H}-NMR spectrum consisted of only two
signals, a doublet a 35.01 ppm {Jpp = 7.3 Hz) and a very
Ybroad signal ad® 34.15 ppm assigned to the PO and NP(O)
groups, respectively (Fig. S34). The deshieldindargone by
both *'P signals and the increase®d§r as compared witB0a
are analogue to the changes in tH® NMR parameters
observed upon formation dfla. These features indicate that
20a acts as a mixe@®,0O-chelate ligand towards £Zn leading
to a complex BZn-20a similar to21a.

With this information in hand, we extended theiadd of
Et,Zn catalyzed by0a to other aldehydes. The results obtained
are given in Table 5. For aromatic aldehydes bgagiectron-

This journal is © The Royal Society of Chemistry 2013 Dalton Trans., 2013, 00, 1-3 | 6
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attracting groups (2,4-dichlorobenzaldehyde ardgdiphatic aldehydes, ethylalcohols are formed 41 58% yield
furfuraldehyde) and ao,B-unsaturated aldehydes EJ¢ together with small amounts of the alcohol arisifigm the
cinnamaldehyde), the catalyzed ethylation proceeshedothly reduction of the starting aldehyde. Further studie¢he applications
to give the corresponding alcoh@2b-d in high yields in 60 — of the new ligands in coordination chemistry ane thinc salt
90 min (entries 2, 3 and 4, Figs. S36, S38 and S40mplexes in catalysisre in progress. They include the extension
respectively). Electron-donating groups in aromatidehydes to other transition metals and the uséeftereogenic mixed ligands
such as in 4-(dimethylamino)benzaldehyde slowdowme tin asymmetric catalysis. Bidentate ligar@® extend the family of
progress of the reaction. Almost gquantitative fatiota of mixed phosphinic amide-phosphine oxide ligaridis (Scheme 1)
alcohol22e is achieved by increasing the reaction time tch20The potential applications of this type of liganight be expanded
(entry 5, Fig. S42). The ethylation of aliphatidelhydes takes by tuning the donor properties of the phosphinicidemoxygen
place less efficiently. Hydrocinnamaldehyde antthrough stereoelectronic effects produced by thestituents linked
cyclohexanecarbaldehyde underwent addition of thieyle to the nitrogen atom.
group to the carbonyl group in the presencQa leading to
the respective alcohol2f (41%) and22g (58%) in moderate Experimental
yields even after relatively large reaction timds5(- 24 h,
entries 6-7, Figs. S44-S46). In these reactiongllsamounts
(12% -13%) of the reduction products of the C=(xdige were
also observed. The performance of these reactirmjgh All reactions and manipulations were carried outimry N
modest, is clearly superior to the uncatalyzedsfiemmations. gas atmosphere using standard Schlenk procedukHs.wias
Particularly in the case of cyclohexanecarbaldehydwere a distilled from sodium/benzophenone immediately ptm use.
large amount (34%) of the product of hydride trandfom Commercial reagents were distilled prior to theseuexcept
Et,Zn was formed. alkyllithiums. TLC was performed on Merck plates thwi
aluminum backing and silica gel 60,k For column
Table5 Ethylation of aldehydes with &n catalyzed byOa. chromatography silica gel 60 (40-¢8n) from Scharlau was
used. Phosphinamidel8 was prepared as describea

Materials and methods

1) 3 equiv Et,Zn previously?2°
j;’sngg't‘zor@a OH NMR spectra were measured in a Bruker Avance 380 (

300.13 MHz;*3C, 75.47 MHz;*'P, 121.49 MHz) and a Bruker

1 1
R : 2) NH,CI R Avance 500 spectrometer equipped with a third fagliuency
22 channel {H, 500.13 MHz;**C, 125.76 MHz and'P, 202.45
Entry R 22 Time Yield Blank MHz) using a 5 mm QNPH/**C/*°F/*'P probe and a direct 5
(h) (%P (%) mm TBO 'H/*'P/BB triple probe, respectively. The spectral
1 CHs a 15 99 4(14) references used were internal tetramethylsilanétioand *C
2 2,4-ChCeH3 b 1 100 9(23) and external 85% PO, for 'P. Infrared spectra were recorded
3 2-Furyl c 1 85 20 in a Bruker Alpha FTIR spectrophotometer. High tetson
4 (E)-CHsCH=CH d 1.5 97 28(37) mass spectra were recorded on Agilent Technoldg®&#MSD
5 4-MeNCgH,4 e 20 99 8 TOF and HP 1100 MSD instrument using electrospray
6 CeHsCH,CH, f 4.5 41(12) 6(10) ionization. Melting points were recorded on a Bu&ib40
7 CsH1p g 24 58(13) 38(34) capillary melting point apparatus and are not aiae.
a) Numbers in parenthesis indicate the yield ofuc&dn by-product
formed. X-ray crystallography
The crystallographic data for ligargDb were collected on an
Conclusions Enraf Nonius Bruker KAPPA CCD diffractometer, using

graphite monochromatic MaKradiation & = 0.71073 A) at
We have developed a straightforward synthesis ofwa type of room temperature. Final unit cell parameters weset on the
mixed bidentate ligand€0a-c containing phosphinic amide andfitting of all reflections positions using DIRAX. Collected
chalcogenophosphoryl (chalcogen = oxygen, sulplsalenium) reflections were integrated using the EVALCCD peaogf®
donor sites via directed ortho lithiation methodsd aof their Empirical multiscan absorption corrections usinguieglent
complexes with zinc dichlorid€la-c. The new compounds werereflections were performed with the SADABS progrénata
characterised by nuclear magnetic resonance speopg in collection of crystals of complex&da and21b was performed
solution. The molecular structure 28b and all zinc(ll) complexes on an Agilent Gemini Ultra difractometer, using pfnie
21a-c was established by X-ray diffraction analysis. Bheicture of monochromatic Mol radiation at 150 K. Data processing
20b revealed a P=0---P=S contact. However, NBO analgsimed (including integration, scaling and absorption ection) was
a negligible stabilisation energy of 0.73 kcal/rfai the ny; — o*p.  performed using CrysAlisPro softwateThe crystal data of
c7 orbital interaction, insignificant for conformatial control in complex2lc were measured at 100 K on a Bruker Smart 100y
solution at room temperature. CCD diffractometer with Mol& radiation. The cell refinement
Ligands 20a-c give rise to seven-membered chelate complexasd data reduction were performed using Ssuftware and
2la-c upon reaction with ZnGl Metal coordination takes placeempirical multiscan absorption corrections werelized with
between the oxygen of the phosphinic amide andckizécogen of the SADABS program. The structures were solved gusn
the ortho PEP=X (X = O, S, Se) substituent. The formation ofharge Flipping implemented in SuperffibThe least-squares
complexes indicates that compoun@8a-c having mixed-donor refinements were performed with the SHELXL-20G13All
groups have potential significance as hemilabilgarids in atoms except hydrogen were refined anisotropicéllydrogen
coordination chemistry. Applications in catalysisipport the atoms were treated by a constrained refinement.
feasibility of this hypothesis. Compound®a-c act as potent Crystallographic data (excluding structure factor$pr
promoters of the addition of diethylzinc to benzdigde. The mixed compounds 20b and 2la-c have been deposited in the
phosphine oxide-phosphinic amide liga2@h proved to be the most Cambridge Crystallographic Data Centre no. CCDC9198
efficient activator of the three ligands. The esien of the catalysis (20b), 989180 21a), 989181 21b), and 989182271c). These
to other aldehydes showed that high yields of etied products are data can be obtained free of charge from the CCOeC v
obtained for aromatic, heteroaromatic anfl-unsaturated aldehydeshttp://www.ccdc.cam.ac.uk/products/csd/request/
at room temperature in the presence of 10 mol%2@H For

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7
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Computational M ethods Hz, C14), 132.29 (fJpc 9.7 Hz, C20), 132.42 (dJpc 9.8 Hz,
Geometry optimization of0b was performed with the meta-C8), 132.86 (dlJpc 123.4 Hz, C19), 134.07 (dJpc 111,4 Hz,
hybrid density functional M06-2% and a 6-311+G(d,p) basisC7), 134.22 (t2Jpc = 3Jpc 9.3 Hz, C6), 134.34 (dJpc 111.7
set. Solvation by chloroform (CHg}lwas taken into account byHz, C13), 136.11 (dd,Jpc 96.4,2Jpc 12.0 Hz, C2), 137.23 (dd,
the SMD solvent modéf which was applied to both2Jpc 9.1,3Jpc 10.9 Hz, C3), 138.0 (ddJpc 127.6,%Jpc 9.2 Hz,
optimization as well as frequency calculation. Thiationary C1) ppm.*'P NMR (CDC}, 121.49 MHz)$ 28.91 (d,*Jpp 5.4
point was characterized as minimum and confirmed by, NP=0),33.36 (d, 3Jpp 5.4 Hz, P=0) ppm. IR (KBry 1157
vibrational analysis. Orbital interactions were lggad by (P=0, s), 1215 (NP=0O, s) ¢ HRMS (ESI) calcd. for
using the natural bond orbital (NB@)method at the M06- C;0H3,NO,P,: 502.2065 (MH), found: 502.2066.
2X/6-311+G(d,p) level using the NBO program (vens&1)? ) _ .

implemented in Gaussian 09. The calculations weréopmed Compound 20b. Yield 85%. White solid. Mp: 177-178 oCH-

3
with Gaussian 08 The 3D structure of molecules wadVMR (CDCl, 500.13 MHZz)§ 1.05 (d, 6H,°Juy 6.8 Hz,

3
generated using CYLVievwh{tp://www.cylview.org. 526/27)’31-13 (d, 6H;Jyy 6.8 Hz, H27/H26), 3.42 (dh, 2H,
Jun 6.8, 3Jpy 14.9 Hz, H25), 7.13 (m, 2H, H15), 7.2 (m, 2H,

Synthesis of phosphinic amide (19). The synthesis 0f9 has been ?%é)(;zfl—smHig) g1368)'(3ﬁ2€;|5|m'|-|22|35 |_|79%'77(.r3n4 (ll'HH;ﬂ;’) H72?8
described previousi’?! A slightly modified procedure has been’ i ol il L ’ o

used. To a solution of phosphinic amitk(0.7 g, 2.31 mmol) in 20 (1mH 2HH3 H;‘;)é 7;}: (rlnH l||:||6 H5)’nz3'(7:1’\f,\n;h2|_é[)%8gl?é%)?é
mL of toluene and TMEDA (0.49 mL, 2.54 mmol) a g@uo of n- ; ). 8. (m, J ) ppm. ( ’ )

3
BuLi (1.6 mL of a 1.6 M solution in hexane, 2.54 mjneas added MH2) & 22.96 (d,"Jpc 2.8 Hz, C27/C26), 23.47 (Wpc 2.6 Hz,
o =" C26/C27), 47.65 (FJpc 4.0 Hz, C25), 127,44 (dJpc 12.7 Hz,
at -78 ©°C (acetone/GD After one hour of metallation,
. ) C15 and C21), 127.56 (&llpc 13.0 Hz, C9), 129.97 (dJpc 3.1
chlorodiphenylphosphine (0.46 g, 2.54 mmol) was ealddThe
. : Hz, C16), 130.15 (d*Jpc 3.1 Hz, C10), 130.22 (ddJpc 11.1,
reaction was stirred at room temperature for 2 fiamd then was 4
A o Jpc 2.9 Hz, C5), 130.7 (d'Jpc 2.7 Hz, C22), 130.78 (ddJpc
poured out into ice-water, extracted with dichlosthane (3x15 12.5,430c 2.5 Hz, C4), 131.48 (o 10.5 Hz, C14), 131.85
mL), washed with sodium thiosulphate (2x15 mL),edriover 5 vPe & ’ ’ : pC : : :

2
anhydrous sodium sulphate and evaporated to drymetes vacuum §d' Joc 10.6 Hz, C8), 132.65 (dJpc 9.6 st, C20), 133.02 (d,
g . ; o Jpc 122.4 Hz, C19), 134.87 (ddJpc 8.9, 3Jpc 9.4 Hz, CB6),
to give a white solid. Purification through colurmhromatography 1
) . : : ' 135.07 (d,"Jpc 90.3 Hz, C7), 135.7 (d'Jpc 89.9 Hz, C13),
(AcOEt:hexanes 1:3) afforde® in a yield of 85%. NMR data are in 2 1
. . . 21 o 136.97 (dd2Jpc 11.1, 3¢ 79.3 Hz, C2), 137.22 (ddJpc 13.4,
agreement with those reported in the literafdfe.Similar results 33pe 11.4 Hz, C3), 137.51 (ddJrc 9.1, LJpc 127.5 Hz, C1)
were obtained when thartho-lithiation was performed witi-BuLi Pr?n 31|'3 NMI’? (cbcg 2'02 45 MPl—? )é 2’8 1”; d Sj 45’ H
(1.5 mL of a 1.7 M solution in hexane, 2.54 mmal) THF as ppm. 3 ’ ' z ' » Jpp 4.9 HZ,
solvent at -78 °C during 2 h. P=0), 50.07 (d;Jpp 4.5 Hz, P=S) ppm. IR (KBry 605 (P=S,
s), 1215 (NP=O, s) cth HR-MS (ESI) calcd. for
General procedure  for the synthesis of 0- C3H.NOP,S: 518.1836 (MH), found: 518.1838.

chalcogenophosphoryl-phosphinic  amide mixed - ligands General procedure for the synthesis of complexes (21). To a

20). Method A (stepwise)o a solution ofl9 (0.5 g, 1 mmol : o . -
i(n tz)luene (15 m(L) f;)t -10 Z’rC: was added 1.1 Enmm?\efoxidanz _s,olut|on containing 0.10 mmol of the appropriagafid 20a-c

5 mL of a mixture dichloromethane:acetonitrile1) were
(0.12 mL of HO, 30% for20a, 35 mg of g for 20b, 87 mg of In o
Se powder for20c). The reaction was allowed to warm up té‘_dded 0.10 mmol of an:l(_O.l mL Of a 1.0 M solution in
ambient and stirred during 30 min at room tempeeator 20a, diethyl ether) and the reaction was stirred at raemperature

12 h for20b and 12 h under reflux fa20c. The solvent was overnight. Then, the solvent was evaporated undduced
evaporated (in the case @0c the slight excess of unreacted'€SSuré affording pale yellow powders. THe-NMR spectra

selenium was filtered off) and the product extrdctith of the solids. optained showed.that complex’ﬁa—c. were
rmed quantitatively. Crystals suitable for X-ragalysis were

dichl th followi tandard kg™ uitab ) :
ienioromethane - folowing  stancar aqueous Wor cﬁntalned through slow vapour diffusion of diethyher into a

procedures. The crude reaction mixtures consisteaviite . e S L
solids, which®P-NMR spectra showed that compour2@ia-c solution containing the complex in dichloromethacetonitrile

were formed quantitatively. The products were frfdte and 1:1).
washed with BEO providing 20a-c as a white solid that wasComplex 21a. Yield after recrystallization 61% (39 mg). White
used further in complexation reactions. solid. Mp: 285 - 286 °C*H NMR & (CDCl;, 500.13 MHz)s
Method B (one-pot)To the solution ofl9 in toluene (or THF) 1.02 (d, 6H,%3,4 6.8 Hz, H26/27), 1.25 (d, 6HJ,y 6.8 Hz,
at -10 °C generated as indicated above (assumddn2n@ol) H27/26), 3.56 (dh, 2HJ,y 6.8, 3Jpy 17.3 Hz, H25), 6.99 (m,
was added in situ the oxidant (0.28 mL of04 30% for20a, 2H, H21), 7.04 (m, 2H, H15), 7.18 (m, 2H, H14),5 (@, 1H,
81 mg of g for 20b, 0.2 g of Se powder fd0c). From here, H22), 7.28 (m, 2H, H20), 7.29 (m, 1H, H16), 7.33 @h, H3),
the same procedure as described in method A wabedpp 7.39 (m, 2H, H9), 7.53 (m, 1H, H10), 7,57 (m, 2H3)H7.64
Products20a-c were purified through column chromatographym, 1H, H4), 7.91 (m, 1H, H5), 8.37 (m, 1H, H6) ppiC
(ethyl acetatethexanes 4:1). See Table 2 for thebeuing NMR (CDCl,, 125.76 MHz)s 22.98 (d,%Jsc 1.5 Hz, C26/27),
scheme used. 23.30 (d,3inC 2.7 Hz, C27/26), 48.10 (dJpc 4.4 Hz, C25),
Compound 2|Oa. Yield 79%. White so|idd Mp: 195-196 °C- 122-‘2‘3 ES'BjEE igBlegz’c%f)i 2573-28( éﬁgclégﬁ ':é gig
NMR (CDCl;, 500.13 MHz 1.05 6H,°J 6.8 Hz ) ' : ’ ! ) : ’ !
H26,27() 115 (d, 613 6_8),32 H26,(27') 3_;‘4*& oHy,,, 128.65 (d,3Jpc 12.9 Hz, C9), 129.87 (dJpc 115.3 Hz, C7),
6.8, 3o 15.1Hz, H25) " o1 (M. 2H, H15). 7.10 (m, 2H ”;,j21 31.11 (d,2Jpc 10.6 Hz, C14), 132.02 (ddJpc 12.7,%Ipc 2.7
218 (’;;' 1H, H16), 7.22 (m. 2H. H20), 7.28 (m, H82), 7.36 1z, C4), 132.15 (Bpc 11.0 Hz, C20), 132.26 (Jpc 2.9 Hz,
(m, 2H 'chi) 737 (m oH. Hg’) 7 45 (m, 1H ’le’S (m, C22),132.4 (dd®Jpc 11.4,%3pc 2.7 Hz, C5), 132.58 (dJpc 3.1
iH H4') 774 '(m 1H Hs) 7 80 (‘m oH Hé) 818 (b HS)‘ Hz, C16), 132.66 (FJpc 10.5 Hz, C8), 132.8 (dJpc 2.8 Hz,
y : N3~ o o PR vy ' C10), 133.73 (ddiJpc 13.3,%35c 97.9 Hz, C2), 135.89 (dUJpc
8.58 (m, 1H, H3}3C NMR (CDCE, 125.76 MHz)s 23.10 (d, 1275 20 0.5 Hy C1). 13602 (B = *J 0.7 Hz, C&)
Joc 2.6 Hz, C27/26), 23.42 (dJpc 2.9 Hz, C26/27), 47.66 (d, </ -2 Jpc I &L : ~pc = Jpc 9.1 M2, :
2Jpe 4.1 Hz, C25), 127.26 (d%Jpe 12.9 Hz, C15), 127.47 (d, 13771 (dd,"Jec 11.8, "Jpc 14.7 Hz, C3) ppm.“P NMR
e 12.4 Hz, C21), 127.50 (dee 12.7 Hz, C9). 130.38 (d,gCch, 121.49 i/le)és 37.47 (d2Jpp8.2 Hz, NP:O), 41.27 (d,
“Joc 2.8 Hz, C22), 130.65 (dJpc 2.8 Hz, C16), 130.69 (dd, Jer 8-2 szmﬁ’—o) ppm. IR (KBry 1118 (P=0O, s), 1175
3‘]PC 110, 4‘]PC 26 HZ, C5), 130.83 (d‘}‘]PC 2.8 HZ, ClO), (NP—O, S) cnt. HRMS (ES') calcd. for §H33C|N02P22n.
131.03 (ddJpc 11.0, “Jpc 2.5 Hz, C4), 131.61 (dJpc 10.2 ©600.0967 (M- CI), found: 600.0978.

8| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Complex 21b. Yield after recrystallization 51% (34 mg). Whiteeagents as compared with laboratory scale reactiomer
solid. Mp: 273-275 °C*H-NMR (CDCl;, 500.13 MHz)5 1.09 otherwise the same conditions. Saturated solut@ng0a in
(d, 6H, 334y 6.8 Hz, H26/27), 1.28 (d, 6HJy,; 6.8 Hz, hexanes were obtained by adding 0.75 mL of hexaoea
H27/H26), 3.61 (dh, 2HJ,, 6.8,%Jp 16.1 Hz, H25), 6.98 (m, Schlenk charged with 12.5 mg o20a. In both cases
2H, H15), 7.21 (m, 2H, H21), 7.27 (m, 1H, H16),0 @, 1H, heterogeneous solutions were obtained. After vigerstirring
H3), 7.36 (m, 2H, H20), 7.42 (m, 4H, H8 and H14%37(m, for 10 min, 0.5 mL of the supernatant solution welaced into
1H, H22), 7.45 (m, 2H, H9), 7.55 (m, 1H, H10), 78, 1H, a5 mm NMR tube containing a homemade capillar€bCl;
H4), 7.86 (m, 1H, H5), 8.43 (m, 1H, H6) ppMC NMR (outer diameter of ca. 1.5 mm) for lock purposes, *H{3'P}-
(CDCl, 125.76 MHz) 23.12 (d3Jpc 2.2 Hz, C26/27), 24.1 (d, and*'P-NMR spectra were acquired at room temperatura on
3Jpc 2.8 Hz, C27/26), 48.7 (dJpc 3.6 Hz, C25), 124.6 (dJsc Bruker Avance 500 spectrometer (Fig. S33 and SBdA® 'H
86.0 Hz, C13), 128.16 (dJpc 13.6 Hz, C15), 128.49 (dJr.c NMR spectrum of the complef0a-EtZn revealed that the
13.4 Hz, C21), 128.96 (dJpc 130.9 Hz, C19), 129.02 (dJoc amount of ligand present in solution was 5 mghis tase, the
12.7 Hz, C9), 130.93 (dJpc 90.8 Hz, C7), 131.64 (ddJsc integral of the methylene protons obEn were used as internal
11.3,%pc 2.9 Hz, C5), 132.3 (ddJpc 12.7,%Jpc 3.5 Hz, C4), standard.

132.39 (d,*Jpc 3.1 Hz, C10), 132.41 (d'Jpc 2.9 Hz, C22),

132.54 (d, 2Jpc 11.3 Hz, C8), 132.72 (d2Jpc 10.7 Hz, Acknowledgements

C14/C20), 132.75 (&JPC 9.8 Hz, C20/C14), 132.95 (éupc 3.3 We thank the MICINN, MEC, FEDER program and CAPES
Hz, C16), 135.24 (ddJpc 133.4, 2Jpc 9.7 Hz, C1), 135.65 (dd, for their financial support (projects: CTQ2011-2370
1Jpc 80.7,20pc 12.7 Hz, C2), 137.11 (fJpc = 3Jpc 9.7 Hz, CB6), PHB2011-0158 and CAPES/DGU 268/12). The authorsladvou
138.04 (t,%Jpc = 3Jpc 11.8 Hz, C3) ppm3P NMR (CDCE, like to thank thank LabCri (UFMG) for measuring tiXeray
202.45 MHz)$ 34.53 (d,2Jpp5.2 Hz, P=0), 48.76 (dJpp5.2 diffraction data of complexegla and21b and the Centro de
Hz, P=S). IRv 533 (P=S, s), 1125 (NP=0, s) ¢émHRMS Supercomputacion of the University of Granada (UG

(ESI) calcd. for GH3:CINOP,SZn: 616.0738 (M- Cl), found: Spain) for allocating computational time. MAAS aMi€ thank
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Complex _210. Yield after recrystallization 70% (43 mg). Palé\gtes and r efer ences
brown solid. Mp: 273-275 °GH NMR (CDCl, 500.13 MHz)$
1.09 (d, 6H,%3, 6.8 Hz, H26/27), 1.31 (d, 6HJ,y 6.8 Hz, ° _
H27/H26), 3.60 (dh, 2HJ,y 6.8,3Jp 15.6 Hz, H25), 6.99 (m, Sacramento s/n, 04120 Almeria, Spain.

2H, H15), 7.23 (m, 5H, H3, H10 and H21), 7.28 (H, H16), ® Departamento de Quimica Organica, Universidadefakdluminense,
7.40 (m, 2H, H14), 7.42 (m, 2H, H20), 7.44 (m, 248), 7.45 Instituto de Quimica, Rio de Janeiro, Brazil.

(m, 1H, H22), 7.53 (m, 2H, H8), 37-58 (m, 1H, H4)8& (M, ° pepartamento de Quimica Inorganica, UniversidadedeFal
1H, H5), 8.44 (m, 1H, H6) ppnt®C NMR (CDCk, 125.76 Fluminense, Instituto de Quimica, Rio de Janeirazi

MHz) & 23.18 (d,%Jpc 2.7 Hz, C26/27), 24.02 (dJpc 3.1 Hz, o
C27/26), 48.85 (d?‘]PC 3.4 Hz, C25), 123.23 (dJPc 79.1 Hz, T Footnotes should appear here. These might incloimments

C13), 128.35 (dySJPC 13.6 Hz, C15), 128.57 (aJPC 13.6 Hz, relevant to but not central to the matter undercudision, limited

C21), 129.06 (d§JPC 12.3 Hz, C9), 129.22 (d»]Pc 132.9 Hz, experimental and spectral data, and crystallogcagéita.

C19), 130.71 (d,lJPc 80.7 Hz, C7), 131.13 (d?,]PC 11.6 Hz, Electronic Supplementary Information (ESI) avaiabNMR spectra of
C14/20), 131.62 (dd®Jpc 12.1,%Jpc 3.6 Hz, C5), 132.33 (dd, the reported compounds, ORTEP diagrams26b and 2la-c, are

*Jpc 12.2,%Jpc 3.0 Hz, C4), 132.34 (d\Jpc 2.8 Hz, C22), available in the ESI. CCDC 989179-989182. For ESid a

4
132.44 (d"l‘]PC 3.0 Hz, C10), 132.88 (dz’]PC 10.8 Hz, C8), crystallographic data in CIF or other electronic rnfat see
132.97 (d,*Jpc 3.4 Hz, C16), 133.17 (dJpc 9.7 Hz, C20/14), DOI: 10.1039/b000000K/

134.55 (dd2Jpc 10.9,%pc 71.1 Hz, C2), 135.38 (ddJpc 9.3,
1Jpc 135.1 Hz, C1) 137.08 #Jpc = 3Jpc 9.7 Hz, C6), 137.55 (t,
2Jpc = 3Jpc 12.0 Hz, C3), ppnTP NMR (CDCL, 121.49 MHz)
8 34.15 (d2Jppd.4 Hz, P=0), 37.24 (dJpp4.4 Hz, P=Se) ppm;
1J5ep650 Hz. IRv 536 (P=Se, s), 1118 (NP=0, s) tnHRMS
(ESI) calcd. for GoH3:CINOP,SezZn: 664.0178 (M- CI),
found: 664.0169.

® Area de Quimica Organica, Universidad de AlmefGasretera de

General procedure for the addition of Et,Zn to aldehydes

catalyzed by ligands 19 and 20a-c. A procedure similar to that

reported by Ishihara and co-workers was USBd well-dried

Schlenk tube was charged with the ligatfl or 20a-c (0.05

mmol) under nitrogen atmosphere and cooled to &Z8EbZn

(1.5 mL of 1.0 M solution in hexanes, 1.5 mmol) waded

and the suspension was stirred at -78 °C for 30. Mnthis ;¢\ Mszes, M. Erdélyi and K. BalogEur. Chem. Bull 20121, 410-

suspension, the aldehyde (0.5 mmol) was added &ed t ;i3 ) V. Nishal, A. Kumar, P. S. Kadyan, D. Singh, Rivastava, I.

reaction mixture was stirred at -78 °C for 10 médfter this Singh and M. N. Kamalasanah, Electron. Mater.2013,42, 973-978;
time, the reaction was allowed to gradually reacions (©) D. V. Aleksanyan, V. A. Kozlov, B. I. Petrov, V. Balashova, A. P.
temperature and stirred for 1 — 24 h (see TabléAB)en the Pushkarev, A. O. Dmitrienko, G. K. Fukin, A. V. Gkasov, M. N.
reaction was finished (see Table 5), it was quedichith 10 Bochkarev, N. M. Lazarev, Y. A. Bessonova and GABakumov,RSC

mL of sat. NHCI aqueous solution and extracted with AdV.,20133,24484-24491,d) B. Gao, R. Duan, X. Pang, X. Li, Z. Qu,
dichloromethane (10 mL x 3). The combined organitagts H. Shao, X. Wang and X. Chebalton Trans, 2013,42, 16334-16342;
were dried over N&0O, and concentrated in the rotavapor. The (¢) R. Petrus and P. Sobozalton Trans. 201342, 13838-13844;f) C.

. . . Nie, Q. Zhang, H. Ding, B. Huang, X. Wang, X. Zh&a, Li, H. Zhou, J.
reaction yield was determined throuyi-NMR spectroscopy WU ;ﬁd Y. Tignpanongwans 203443 5999608. 80

by integration of the signals of the final produatsl the signal 2  Reviews: § C. A. Wheaton, P. G. Hayes and B. J. Irelabd]ton
at 8 5.57 corresponding to four olefinic protons of CQID06 Trans., 2009, 4832-4846b) S. S. Das, Zhou, D. Addis, S. Enthaler, K.
mL, 0.5 mmol)*° Junge and M. BellerTop. Catal.,2010, 53, 979-984; ¢) X.-F. Wu
Chem. Asian J.2012,7, 2502-2509; ) X.-F. Wu and H. Neumann,
The NMR sample for determining the coordination of Adv. Synth. Catgl 2012,354, 3141-3160; ) S. EnthalerACS Catal.,
ligand 20a to EtZn was prepared using half amounts of 2013,3, 150-158.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 9
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Graphical Content Entry
The synthesis and structural characterisation oiilagile chalcogenophosphoryl/phosphinic amide bidte
ligands, their ZnGlcomplexes and their catalytic activity in the dégitipn of aldehydes with EZn are reported.
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