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Treatment of lithium phosphinoamides, PN(Li)R [R = 'Bu, Pr], with TiCl, results in formation of
titanium phosphinoamides, (FNR)TICl, [R = 'Bu (1a), 'Pr (1b)]. Crystallographic studies show that
there are covalent bonds between the titanium and two nitrogen atoms, whereas two phosphorus atoms
are coordinated to the metal center intramolecularly. Variable-temperature NMR studies suggest reversible
dissociation of the phosphorus moieties from the titanium in solution. The dissociated phosphorus moieties
are effectively captured by Pt(ll) species; reactiongaivith either ¢*~-COD)PtC}, (y*-COD)Pt(R)(CI)
(R = Me, p-Tol), or [Me,Ptu-SMe)], afford the corresponding FiPt heterobimetallic complexes. The
molecular structures of these complexes reveal that they have a six-membered dimetallacycle, in which
a titanium and a platinum are connected by two bridging phosphinoamide ligands-thed¥tances
indicate the existence of a-PTi dative bond. The conformation of the dimetallacycle is a boat form,
with two metals at the bow and the stern in the crystal; however, dynamic conformational change involving
cleavage and re-formation of theTi dative bond is indicated from variable-temperature NMR studies.
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possible contribution of the Lewis acidic zirconium center to
the cooperative reactivity with the late transition metal center
in the activation step of CO was proposed in the rhodium-
catalyzed hydroformylation of olefins with these-ZRh het-
erobimetallic complexe®-4 However, it should be noted that
the titanocene or zirconocene unit is not a strong electron
acceptor, because the coordination of electron-donating Cp
ligands reduces the Lewis acidity of the titanium or zirconium
center. In this sense, replacement of theTC@r Cp,Zr unit

by a Ti or Zr moiety with stronger Lewis acidity is of interest.

If such metalloligands can be realized and successfully ligate
to transition metals, donefacceptor interaction between the late
transition metal center and the Ti or Zr center would be more
clearly visible. However, such complexes, e.gaT@u-PRy)2-

ML, and ChZr(u-CH,PR).ML , have not been synthesized to
our knowledge. Part of the reason is enhanced Lewis acidity of
the Ti or Zr moiety, which causes its strong intermolecular
interaction with phosphorus atoms in the metalloligand, leading
to their self-aggregation. The self-aggregation is likely to prevent
the interaction of the phosphorus compounds containing the
TiCl, or ZrCl, unit with late transition metals. In fact,
compounds containing Lewis acidieA and Lewis basic P
units in one molecule are known as “amphoteric ligarfdst.

these compounds, self-aggregations are often seen, for example,

RnCl2-,AICH,PR,, in which two strong P-Al bonds provide

a dimer with a six-membered ring structdfeAlthough an
aluminum phosphinoamide, F(Bu)NAIEt,, was reportedly

a monomer in a benzene solutigrthis was later contradicted

by Labinger's NMR study? It is interesting, however, that
PhP(BuU)NAIEt, reacted with certain metal carbonyls to give
metallacyclic products, presumably due to the mechanisms
involving its dissociation to a monomeric form.

In our continuous efforts to synthesize new heterobimetallic
complexe$,” we were interested in the potential of (BPh
NR),TiCl, (1) as a new type of bidentate phosphorus ligand
containing a Lewis acidic TiGlunit. The chemistry of phos-
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other hand, it was questionable when we started this research

whether the formed behaves as a bidentate phosphorus ligand;

coordination of the phosphorus moietiedlito a late transition
metal species should be competitive with the intramolecular
coordination of the phosphorus moieties with the titanium center.
In this paper, we wish to report thdt can actually be
synthesized and behaves as a metalloligand to Pt(Il). Thus, (Ph
PNR)TICl; (1a, R="Bu; 1b, R =Pr) were prepared according

to Scheme 1, eq 1, and were characterized by spectroscopy and

crystallography. Although the crystal structureslafand 1b
showed coordination of the two phosphorus moieties to the

phinoamides has lately received considerable attention becausgitanium center, variable-temperature NMR suggested that this

of two possible resonance structuresfRIR]” and [R.P=NR] -,
and detailed structural studies on the lithium phosphinoamides

coordination was essentially reversible in solution (Scheme 1,
eq 2). The dissociated phosphorus moieties were successfully

have been carried out since a pioneering study by Ashby andcaptured by Pt(ll) species to afford a series of eatiye
Li.8 Several reports were published on the phosphinoamide andheterobimetallic (ELHB) complexes, XM'(PhPNBU),TiCl,

related phosphinoamide complexes of the early transition retals
and lanthanide¥ In particular, successful preparation of §Ph
PNPPhR),TiCl, and Zr(PRPNPh) reported by Eisen and co-
worker$? strongly suggested thdt could be synthesized by
careful treatment of TiGlwith 2 equiv of Li[R2PNR]. On the

(5) (a) Labinger, J. A.; Bonfiglio, J. N.; Grimmett, D. L.; Masuo, S. T.;
Shearin, E.; Miller, J. SOrganometallicsl983 2, 733. (b) Karsch, H. H.;
Appelt, A.; Kohler, F. H.; Muller, G.Organometallics1985 4, 231. (c)
Beachlay Jr., O. T.; Tessier-Youngs, @rganometallics1983 2, 796. (d)
Thomas, F.; Schluz, S.; Nieger, M.; Nattinen, ®em. Eur. J2002 8,
1915. See also: (e) Thomas, S. J.; Peters, J. Bm. Chem. So@001,
123 5100. (f) Clemens, D. F.; Sisler, H. H.; Brey, W. Borg. Chem.
1966 5, 527.

(6) For reviews: (a) Stephan, D. Woord. Chem. Re 1989 95, 41.
(b) Adams, R. D.; Cotton, F. ACatalysis by Di- and polynuclear Metal
Cluster ComplexedViley-VCH: New York, 1998. (c) Braunstein, L. A.;
Oro, L. A.; Raithby P. RMetal Clusters in Chemistry Vol 2iley-VCH:
New York, 1999. (d) Wheatley, N.; Kalck, WChem. Re. 1999 99, 3379.
(e) Gade, L. HAngew. Chem., Int. E®00Q 39, 2658.

(7) (@) Niibayashi, S.; Mitsui, K.; Motoyama, Y.; Nagashima, H.
Organomet. Chen2005 690 276. (b) Niibayashi, S.; Mitsui, K.; Matsubara,
K.; Nagashima, HOrganometallics2003 22, 4885. (c) Matsubara, K.;
Niibayashi, S.; Nagashima, KDrganometallics2003 22, 1376.

(8) (@) Ashby, M. T.; Li, Z.Inorg. Chem 1992 31, 1322. (b) Trinquier,
G.; Ashby, M. T.Inorg. Chem1994 33, 1306. (c) Poetschke, N.; Nieger,
M.; Khan, M. A.; Niecke, E.; Ashby, M. Tlnorg. Chem 1997, 36, 4087.
(d) Eichhorn, B.; Noeth, H.; Seifert, Eur. J. Inorg. Chem1999 2355.
(e) Fei, Z.; Scopelliti, R.; Dyson, P. horg. Chem.2003 42, 2125.

(2a, M' = Pt, X, X =ClI; 2b, M' = Pd, X, X = Cl; 3a, M’
Pt, X= Me, X' = CI; 3d, M' = Pt, X = p-Tol, X' = CI; 4a,

M' = Pt, X, X' = Me) (Scheme 1, eq 3). It is important that
interaction of the Lewis acidic titanium center and the Lewis
basic platinum center was proved by the existence of a dative
bond seen in their crystal structures. The results clearly
demonstrate the ability df as a unique bidentate phosphorus
ligand containing a Lewis acidic titanium, which is capable of
interacting with platinum in the resulting FPt heterobimetallic
complexes.

Results and Discussion

Preparation and Characterization of Titanium Phosphi-
noamides.Treatment of PFPNHR (R= 'Bu, 'Pr) with n-BuLi
in ether afforded the lithium phosphinoamide,PN(Li)R. The

(9) (a) Kuhl, O.; Koch, T.; Somoza, F. B., Jr.; Junk, P. C.; Hey-Hawkins,
E.; Plat, D.; Eisen, M. SJ. Organomet Chem 200Q 604, 116. (b)
Smolensky, E.; Kapon, M.; Woollins, J. D.; Eisen, M.@Grganometallics
2005 24, 3255. (c) Smolensky, E.; Kapon, M.; Eisen, MCBganometallics
2005 24, 5495. (d) Qi, C.; Zhang, S.; Sun, J.Organomet. Chen2005
690, 2941. (e) Kul, O.; Blaurock, S.; Sieler, J.; Hey-Hawkins, E.
Polyhedron2001 20, 111.

(10) (a) Roesky, P. WHeteroat. Chem2002 13, 514. (b) Gamer, M.
T.; Roesky, P. Winorg. Chem 2004 43, 4903.



Dynamic Titanium Phosphinoamides

Figure 1. ORTEP drawings ofla (left) and 1b (right).
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Figure 2. Possible isomers of titanium phosphinoamides.

Table 1. Representative Bond Lengths and Angles for 1a

and 1b
la 1b
Bond Lengths (A)
Ti—Cl(1) 2.3247(9) 2.3044(16)
Ti—CI(2) 2.3183(8) 2.3145(17)
Ti—P(1) 2.4223(9) 2.4754(14)
Ti—P(2) 2.4609(8) 2.4762(17)
Ti—N(1) 1.980(2) 1.939(3)
Ti—N(2) 1.970(2) 1.952(4)
P(1)-N(1) 1.643(2) 1.642(4)
P(2-N(2) 1.641(2) 1.640(4)
Bond Angles (deg)

Cl(1)-Ti—CI(2) 94.07(3) 95.90(6)
N(1)-Ti—N(2) 110.05(10) 112.78(18)
P)-Ti—P(2) 89.79(2) 95.57(5)
N(1)-Ti—P(1) 42.34(7) 41.49(11)
N(1)-Ti—P(2) 99.21(7) 108.58(14)
N(2)-Ti—P(1) 126.09(7) 127.30(13)
N(2)-Ti—P(2) 41.67(7) 41.40(12)
CI(1)-Ti—P(1) 95.03(3) 93.34(5)
CI1)-Ti—P(2) 100.93(3) 94.88(5)
CI(2)-Ti—P(1) 124.79(3) 125.41(5)
CI(2)-Ti—P(2) 140.93(3) 136.69(5)
N(1)—Ti—CI(1) 132.32(8) 129.21(13)
N(1)-Ti—CI(2) 96.71(7) 96.35(13)
N(2)—Ti—CI(1) 112.74(8) 114.42(11)
N(2)-Ti—Cl(2) 99.27(7) 96.58(13)

resulting solution was subjected to the reaction with Tif@l

half equivalent to P#PN(Li)R] to give the titanium phosphi-
noamidesla (R = 'Bu) and1b (R = 'Pr) in 84 to 81% vyield.
X-ray structure determination ola and 1b provided the

Organometallics, Vol. 25, No. 8, 20089

Scheme 2
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which the N-P bond distance may suggest the double-bond
nature of the N-P linkage® The N—P distances ofa and1b

are 1.640 to 1.643 A, similar to the-\P distances of a series
of lithium phosphinoamides, which are between typicaiNP
bonds and the sum of van der Waals radii of N and P. These
suggest some contribution of JRI=NR'], similar to the lithium
salts. The nitrogen atoms are?dpybridized; this suggests that

a lone pair electron of the nitrogen atom is delocalized by the
P=N and N—Ti interaction.

As described above, two phosphorus atom$amandl1b are
coordinated to the titanium center in the crystal structure. A
single 31P resonance al —15.8 (La) and —19.2 (Lb), which
shows a 38.4 or 53.7 ppm higher field shift compared with that
of PhPNHBU (0 22.6) or PBPNHPr (0 34.5), respectively,
indicates the coordination of the P atom. In contrélst,and
13C NMR spectra ofla and1b did not provide clear evidence
for the coordination at room temperature. Although the coor-
dination makes two phenyl groups on the P atom inequivalent,
only the signals due to the magnetically equivalent phenyl
groups were seen in thBH and 13C NMR spectra at room
temperature. For example, thé NMR spectrum oflain CD,-

Cl, showed a sharp singlet atl.36 and three signals at7.29,
7.41, and 7.53 in an integral ratio of 9:2:1:2, which are
assignable to methyl dBu, ortho-phenyl, para-phenyl, and
metaphenyl protons, respectively. Similar#C NMR spectra
showed only six peaks due to tfBu and the magnetically
equivalent two phenyl groups. The crystal structure 1bf
indicates an additional problem that two methyl groups due to
the isopropyl moiety should be diastereotopic; however, only
magnetically equivalerdtH and*3C resonances due to the methyl
as well as the phenyl groups are visible at room temperature.

A clue to the understanding of the NMR spectra was obtained
from thelH NMR spectra at low temperature. THé resonances
due to the phenyl groups iba are significantly broadened at
—105°C; this may result from the reversible coordination shown
in Scheme 2 (upper scheme). Th¢ signal due to the methyl
groups of the isopropyl moiety iib provides more clear

molecular structures shown in Figure 1, and representative bondevidence of the equilibrium shown in the lower scheme in
distances and angles are summarized in Table 1. Two chlorine,Scheme 2; the methyl resonance is a sharp doublet at room
two nitrogen, and two phosphorus atoms make a distorted temperature, starts to broaden-&80 °C, and turns to a broad

octahedral arrangement, and the chlorine atoms and centers o§inglet at—90 °C. At

—105°C, broadening of the signal results

the N=P bonds are arranged tetrahedrally. Although there should in significant decrease of the peak intensity. Similar broadening

be two isomeric structure§ssymmetricA and C,-symmetric
B, shown in Figure 2, only structurA was detected in the

of the13C and3!P resonances is visible in variable-temperature
NMR measurements dfaandlb. The actual charts are shown

crystal. Two possible tautomeric structures of lithium phosphi- in the Supporting Information. Although a technical problem

noamides, [RPN"R'|Li * and [RP=NR']Li ¥, were discussed

prevents the experiment, two doublets due to the diastereotopic

in the literature from crystal structures and MO calculations, in methyl groups would appear at a temperature betdd5 °C.
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Table 2. Representative Bond Lengths and Angles for the
Heterobimetallic Complexes

2a 3a 4a 3a
Bond Lengths (A)
Pt-Ti 2.8358(8)  2.7547(10) 2.6860(11) 2.7234(4)
Pt—CI(3) 2.3458(16) 2.347(1) 2.3476(7)
Pt—ClI(4) 2.3489(16)
Pt—C(1) 2.154(13)  2.135(8) 2.058(2)
Pt—C(2) 2.116(11)
Pt—P(1) 2.2772(15) 2.3507(18) 2.325(2) 2.4087(6)
Pt—P(2) 2.2868(16) 2.2632(17) 2.317(2) 2.2435(5)
Ti—CI(1) 2.2749(17) 2.288(2) 2.322(2) 2.3075(8)
Ti—CI(2) 2.2353(15) 2.2408(18) 2.283(2) 2.2722(9)
Ti—P(1) 2.7947(16) 2.728(2) 2.6846(19) 2.6555(8)
Ti—P(2) 2.7823(17) 2.7795(19) 2.700(3) 2.7849(7)
Ti—N(1) 1.950(4) 1.940(6) 1.926(8) 1.910(2)
Ti—N(2) 1.929(5) 1.965(6) 1.957(8) 1.998(2)
P(1)-N(1) 1.664(4) 1.665(5) 1.659(5) 1.683(2)
P(2-N(2) 1.665(4) 1.663(5) 1.665(6) 1.657(2)
Bond Angles (deg)
P(1-Pt-P(2)  102.48(5) 103.39(6) 103.39(7)  105.64(2)
CI(3)-Pt-Cl(4) 83.36(5)
P(1-Pt-CI(3)  86.45(5) 85.90(7) 85.94(2)
P(2-Pt-CI(4)  86.00(5)
_ ) C(1)-Pt-CI(3) 82.7(3) 81.34(7)

Figure 3. ORTEP view of3d. C(1)-Pt=P(1) 168.6(3) 87.4(3) 167.28(7)
C(1)-Pt—P(2) 87.7(3) 165.2(3) 86.44(7)

Eisen and co-workers observed the dynamic behavior of Zr- C(2)-Pt-P(2) 88.0(2)

(PhPNPh) and proposed similar reversible dissociation of some C(1L~-Pt-C(2) 79.7(3)

of the phosphorus moieties in solutiéh. o
Titanium Phosphinoamides as a Metalloligand: Reactions ~ &re bonded to the titanium atom, whereas two phosphorus atoms

with Organoplatinum Complexes. As described above, tita- ~ aré coordinated to the platinum center. The conformation of
nium phosph|noam|des were Successfu"y prepared and Char_the SlX'membered I’Ing ISa boat fOI‘m, W|th the two metal atoms
acterized, and the reversible dissociation of the phosphorusat the bow and the stern. TheRt distances indicate that there
moieties in solution was indicated from the variable-temperature iS & possibility of a Pt-Ti dative bond, as discussed later in
1H NMR. There should be a possib|e Capture of the dissociated detail. PreSUmably due to this dative bond, two chlorine and
phosphorus moieties in the titanium phosphinoamides by two nitrogen atoms coordinated to the titanium atom are
appropriate transition metal species, leading to preparation ofdistorted significantly from tetrahedral to pseudo-trigonal bi-

new heterobimetallic complexes. In fact, treatment.afwith pyramidal, in which one chlorine atom and the platinum moiety

(COD)PtC}, (COD)PtMeCl, and (COD)PtTol)Cl actually are at the apical position, whereas the other chlorine atom and
gave the corresponding FPt bimetallic complexega, 3a, and the two nitrogen ligands are at the basal position. The ligand
34, in 80, 84, and 65% yield, respectively. Although (COD)- arrangement around the platinum atom is square planar;
PtMe, did not react withla, treatment of [MePt(u-SMe)]. however, the platinum center is somewhat out of plane due to

with 1a afforded4ain 81% yield. The molecular structures of the PtTi interaction. The phosphinoamide ligands bridge over
all four of these complexes were determined by crystallography. the Pt=Ti dative bond. The N-P distances around 1.66 A are
Two of them,3a and 4a, contain crystallographic problems, approximately 0.1 A shorter than the sum of the van der Waals
which are caused by disorder of the methyl and the chloro groupradii of N and P; a contribution of [f~=NR'] may exist

in 3a, and disorder of the solvates §B) in 4a. However, careful ~ similar to those seen in titanium phosphinoamidasand 1b.
examinations of the crystallography 8 and4a suggest that ~ The nitrogen atoms are $pybridized; this suggests that a lone
there should be no problem in discussing the six-memberedpair electron of the nitrogen atom is delocalized by te\P
dimetallacyclic structures. The ORTEP drawing 8& is and N—Ti interaction. The complexes bearing a bridging
depicted in Figure 3 as representative of the whole structure, phosphinoamide ligand, GBrCIN(SiMes)P(H)(Bu)Fe(CO)*a

and the simplified molecular structures illustrating the six- and CpZrN(‘Bu)PRiIr(H)Cp*,1twere synthesized by Majoral
membered dimetallacycles 2§, 3a, and4aare shown in Figure  and Bergman, respectively. Although the former was character-
4. The representative bond distances and angles are summarizeided by spectroscopic methods in the solution state, the latter
in Table 2. All of these four complexes have a similar prepared from [CgZr(u-N'‘Bu)IrCp*] with HPRR (R =R’ =
dimetallacyclohexane framework, in which two nitrogen atoms Et or R = cyclohexyl, R = H) was investigated in detail by

CI(1) CI(1) CI(1)

Figure 4. Simplified molecular structures of the heterobimetallic comple2@geft), 3a (center), andia (right).
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cl L Pt-Ti bond length(A)
/ [ 2a: PtCl, 2.8358(8)
cI—Ti Pt 3a: PtMeCl  2.7547(10)
\\N_P// 3a": Pt(p-Tol)Cl 2.7234(4)
N p 4a: PtMe,  2.6860(11)
Figure 5.

crystallography [ZIr distance: 2.642(1) A]. The nitrogen atom
is sp-hybridized (the sum of the three angles at N is 3%9.5
with the N—P bond length of 1.666(3) A. These structural
features are similar to those seen in the-FPt complexes
described above. (The-\P bond distance= 1.657-1.683 A,
and the sum of the three angles at N is 357399.3.)

Comparisons in the six-membered dimetallacyclic skeleton
among the four complexes are summarized in Figure 5. Of
particular interest is the FPt distance, which is decreased in
the order2a [2.8358(8) A]> 3a[2.7547(10) A],3a [2.7234-
(4) A] > 4a[2.6860(11) A]. Differences in electron negativity
between the chlorine and methyl or tolyl ligands suggest that
electron density of the platinum atom should be increased in
the order PtGl < PtMeCl, Ptp-Tol)Cl < PtMe,. The order of
the electron density of the platinum moiety is indeed suggested
from the 19Pt—31P coupling constant2a (PtCh, 2769 Hz)<
3a (PtMeCl, average= 2384 Hz),3d [Pt(p-Tol)Cl, average=
2486 Hz]< 4a(PtMe, 1569 Hz)!21%aThe above order of T
Pt distance can be explained by the fact that there is-arPt
dative bond, and the electron-rich platinum center makes a
stronger Pt-Ti interaction and shorter P{Ti distance. As other
examples of the complexes that would have-aHtbond, [Cp-
TICH,PtX(Me)L] (X = CI, Me, L = PMe;, PMePh, PMePh)
were reported by Grubbs, Lalinde, and Welter, in which the
Pt—=Ti bond distances are similar to those 2d—4a (2.71—
2.96 A)14

Two instances of support for the existence of the-Pitdative
bond were obtained from the NMR studies of-Rt heterobi-
metallic complexes. First, variable-temperature NMR studies
of 4a showed the following fluxional process. Although the
molecular structure ofarevealed that the phenyl groups bound
to the phosphorus atom are structurally not identical, these could
be independently observed in tHé NMR. Only one set ofH
resonances due to the phenyl groups was seen above roo
temperature, but two sets were observed bete20 °C, and

broadening of the signals (coalescence) was visible between

these temperatures. Similar fluxional processes were seen i
variable-temperaturtd NMR of 2aand3a, and it is noteworthy
that the coalescence temperature2s < 3a < 4a One
explanation for this fluxional process is a conformational change
from a boat form to another boat form via the chair form

transition state, as shown in Scheme 3, which takes place by

way of breaking and re-forming of the dative bond. The order
of the coalescence temperature may reflect the order of the

n
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Scheme 3
o ) Ph Ph
R I
\ N—-P—pp ——~ N-|—p—Ph . N=RlqP—Ph
Nemmpd \ TP NP, ’/ \\
/\ Ph / Tie---- Pt
o Ph Ph Pt

to the Pt-P group of4aappears ab 15.0 ppm with the satellite
signal of Jpr—p = 1569 Hz. Thelpip values were significantly
smaller than those of MBt(dppe) Jrrp = 1783 Hz), MePt-
(dppp) Opp = 1767 Hz)}® and MePt(dppf) Opr-p = 1905
Hz). The data clearly demonstrate the PtMpecies irda is
poorer in electron density than the others, and a plausible
explanation is the movement of electrons from the Pt species
to the Lewis acidic titanium species through the dative bond.

Concluding Remarks

As described above, we were successful in synthesizing the
titanium phosphinoamidé& and its use as a bidentate metallo-
ligand for several organoplatinum(ll) species. As often seen in
the chemistry of amphoteric ligands, the Lewis basic phosphorus
atoms of1 interact with the Lewis acidic titanium center to
result in P=Ti coordination; however, the coordination is in
an intramolecular fashion and reversible. Therefore, the dis-
sociated phosphorus atoms irhave the ability to react with
the Pt(ll) species to afford the corresponding-Pit heterobi-
metallic complexes. A striking feature df as a bidentate
phosphorus ligand is its boat conformation bearing & Ht
dative bond. Due to this special conformation, the bite angle
(P—Pt=P) is in the range 102106, which is larger than the
reported data of dppp giving a six-membered chelate and rather
similar to that of EtXantphos (9,9-dimethyl-4,5-bis(diethylphos-
phino)xanthenéy2 and o-CgH4{ CHoP(CgH14)} 2% complexes.

The intramolecular donor (Ptacceptor (Ti) interaction through
the Pt=Ti dative bond results in substantial decrease in electron
density of the platinum species; this means thista relatively

less electron-donating bidentate phosphorus ligand. The boat
conformation, existence of the dative bond, and the fewer

r'électron-donating properties showed this titanium phosphino-

amidel to be a more unique bidentate phosphorus ligand than
others extensively studied in organometallic chemistry. Of
interest is how versatile the use of this ligand is for transition
metals. Preliminary results showed thatbehaves as a ligand
for Pd(ll) and Rh(l) species similar to Pt(ll) as described
above: for example, treatment of (COD)Pd@hd [(COD)-
RhCI, resulted in formation of insoluble organometallic
products in quantitative releasing of the COD to the solution.
The Ti—Pd product is a microcrystal, of which crystallography

dative bond strength described above. The second confirmationd2ve @ molecular structure closely similar 2, though the

by NMR spectroscopy ofla is the coupling constant of the
195pt satellites observed fétP NMR. The3!P resonance due

(11) (a) Dufour, N.; Majoral, J.-P.; Caminade, A.-M.; Choukroun R.;
Dromzde, Y.Organometallics1991, 10, 45. (b) Baranger, A. M.; Hollander,
F. J.; Bergman, R. GI. Am. Chem. S0d 993 115, 7890.

(12) Appleton, T. G.; Bennett, M. Anorg. Chem.1978 17, 738.

(13) (a) Hietkamp, S.; Stufkens, D. J.; Vrieze, K.Organomet. Chem.
1979 169 107. (b) Haar, C. M.; Nolan, S. P.; Marshall, W. J.; Moloy, K.
G.; Prock, A.; Giering, W. POrganometallics1999 18, 474.

(14) (a) Ozawa, F.; Park, J. W.; Mackenzie, P. B.; Schaefer, W. P.;
Henling, L. M.; Grubbs, R. HJ. Am. Chem. Sod 989 111, 1319. (b)
Braunstein, P.; Morise, X.; Bard, M.; Rohmer, M.-M.; Welter, RChem.
Commun 2003 610. (c) Berenguer, J. R.; Falvello, L. R.; Fomi€l.;
Lalinde, E.; Toma, M. Organometallics1993 12, 6.

quality of the crystal is inadequate to complete the structure
determination R = 18%). On the other hand, the reaction of
lawith [(COD)RNCI} afforded a product, of which elemental
analysis was consistent with “CIRh(ffiNBu),TiCl,"; however,
further attempts to carry out characterization of this-Rh
compound were unsuccessful due to its poor solubility. In
contrast, attempted reactionsia with Pdy(dbay-CHCI; or Pt-
(dba) resulted in complete recovery of the starting materials.
This is interesting in comparison with a metalloligand, CITi-

(15) (a) Miedaner, A.; Raebiger, J. W.; Curtis, C. J.; Miller, S. S.; DuBuis,
D. L. Organometallics2004 23, 2670. (b) Eberhard, M. R.; Heslop, K.
M.; Orpen, A. G.; Pringle, P. GOrganometallic2005 24, 335.
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[N(SiMes3)(CsH4)PPh]3, reported by Lové® which has no T+P
intramolecular interaction and is capable of reacting with Pt(0)

Nagashima et al.

Table 3. Crystallographic Data for Titanium

Phosphinoamides

precursors. This implicates that the intramolecular coordination la 1b
of phosphorus Ilgan(_:ls to the titanium center sometimes pre-" g yirical formula GoHaaCloNoP,Ti CaHaiCLNLP, T
dominates over the ligation to late transition metal species. At fw 631.42 603.37
present, we consider that the ligationlab the transition metal ::ryst syst monoclinic triclinic
species is competitive with dissociation bfrom the hetero- attice type primitive primitive
bimetallic product, and the regenerationlof more favorable space group P2ijc (#14) P1(#2)
. . e ) _ a, 10.617(2) 14.498(5)
than the heterobimetallic formation in the reactions with Pd(0) p, A 16.443(4) 20.028(6)
and Pt(0) precursors. In other words, a clue for the application c, A 36.429(8) 22.641(6)
of 1 as the bidentate phosphorus ligand would be effective @ deg 90 68.639(7)
control of the equilibrium constant, e.g., destabilizatiorl bfy ﬁ ggg 33'995(2) 54?'11228?8)
the substituent effect and the stabilization of the heterobimetallic volume, A 6336(2) 6090(3)
product by appropriate choice of the structure, valency, and zvalue 8 8
element of the metal species. Dcaio g/ci? 1.324 1.316
F(000) 2640.00 2512.00
u(Mo Ka), cmi? 5.638 5.832

Experimental Section

General ProceduresManipulation of air- and moisture-sensitive

cryst color, habit

cryst dimens, mm

no. observations

yellow, platelet
0.1& 0.08 x 0.07
14 501

yellow, platelet
0.23x 0.21x 0.16
27 659

organometallic compounds was carried out under a dry argon  (allrefins)

atmosphere using standard Schlenk tube techniques associated With?eof'lr://ag?grlﬁ?’atio 12963 12653
a high-vacuum line. All solvents were distilled over appropriate R(alleeﬂns) 0.089 0137
drying reagents prior to use (toluene, hexane, pentan®, Btp- Ri(1 > 2.00x(1)) @ 0.050 0.061
COI/Na, CHCIy; CaH,, acetone; MS 4A)IH,13C, and3P NMR WR; (all refins)® 0.129 0.123
spectra were recorded on a JEOL Lambda 600 or a Lambda 400 GOF o 0.996 1.005
spectrometer at ambient temperature unless otherwise ridted. max. Slh'ft/e”Of infinal  0.000 0.000
13C, and3P NMR chemical shiftsq values) were given in ppm cyce

relative to the solvent signalH, 13C) or standard resonancédy; manﬁ'a%eaek/ g;fmal diff 085 1.08
external 85% HPQOy). Melting points were measured on a Yanaco  mijn. pe’ak in final diff —0.72 —1.27

SMP3 micro melting point apparatus. Elemental analyses were
performed by the Elemental Analysis Center, Faculty of Science,
Kyushu University. Starting materials, phosphinoantitlgzOD)-
PtRR (R, R = Me, CI, p-Tol), [Me,Ptu-SMe))],, and [(COD)-

map, e/A3

3Ry = Y |Fol — IFel/ZIFol. ®"WRe = [Y(W(Fo? — FA?)/T(W(F?)A)]V2
H, 6.11; N, 4.291b: mp 140-141°C (dec).’H NMR (CD,Cl,):

RhCIL!8 were synthesized by the method reported in the literature. ¢ 1.27 (d, 12H,J4-y = 6.6 Hz, ((Hs3),CH), 4.22 (m, 2H,

Preparation of Titanium Phosphinoamides (PBPNR),TiCl,
[R =Bu (1a),Pr (1b)]. In a 100 mL Schlenk tube, PRANHBuU
(350 mg, 1.36 mmol) was dissolved in,Et (30 mL). A hexane
solution of"BulLi (0.74 mL, 1.59 M, 1.36 mmol) was added to the
solution at—78 °C, and the solution was slowly warmed to room

(CH3),CH), 7.27 (m, 8HmetaPh), 7.36-7.46 (m, 12Horthoand
para-Ph).13C NMR (CD,Cl,): 6 25.8 ((CH3),CH), 58.5 ((CH).CH),
128.8 (m,metaPh), 130.8 fpara-Ph), 132.6 (m,psc-Ph), 133.4
(m, ortho-Ph).31P{1H} NMR (CD.Cl,): ¢ -19.2 (s). Anal. Calcd
for CgoH34NP,Cl,Ti: C, 59.72; H, 5.68; N, 4.64. Found: C, 60.03;

temperature. After the mixture was stirred at room temperature for H, 6.01; N, 4.21.

3 h, it was cooled to-78 °C, and TiC}, (0.075 mL, 0.68 mmol)

Preparation of the Ti—Pt Heterobimetallic Complex Cl,Pt-

was added dropwise. The slightly yellow solution turned to dark (Ph,PN'Bu),TiCl, (2a).In a 20 mL Schlenk tube were placéd

red, and an orange solid precipitated. After 12 h, all of the volatiles (34 mg, 0.054 mmol) and (COD)PtJ20 mg, 0.054 mmol), and
were removed in a vacuum, and the formed crude product was the atmosphere was replaced by argon. The mixture was dissolved
dissolved in toluene (40 mL). The insoluble materials were filtered in CH,Cl, (2 mL), and the tube was sealed by a stopcock and heated
off through a G3 filter, and the resulting dark red filtrate was in an oil bath, of which the temperature was controlled af60
concentrated until the volume reached 5 mL. Hexane (20 mL) was for 5 h. The color of the solution changed from orange to red, from
added to this supersaturated toluene solution. The desired producihich red precipitates were formed. After removal of the solvent
was obtained as yellow microcrystals in 84% vyield (360 mg, 0.57 in vacuo, the solid was washed with hexane (2 r1B). The crude

mmol). In a similar fashionlb was obtained in 81% yieldla
mp 136-137 °C (dec).'H NMR (CD.Cl,): 6 1.36 (s, 18H/Bu),
7.29 (m, 8H,ortho-Ph), 7.41 (m, 4Hpara-Ph), 7.53 (m, 8Hmeta
Ph).13C NMR (CD,Cly): 6 33.1 ((Me3), 64.6 (m,CMe;3), 128.6
(m, metaPh), 130.7 para-Ph), 132.6 ipso-Ph), 133.9 (mportho-
Ph). 3P {1H} NMR (CD.Cl,): 6 —15.8 (s). Anal. Calcd for
CsH3gNP.Cl,Ti: C, 60.87; H, 6.07; N, 4.44. Found: C, 60.47;

(16) (a) Mokuolu, Q. F.;Avent, A. G.; Hitchcock, P. B.; Love, J. B.
Chem. Soc., Dalton Tran2001, 2551. (b) Mokuolu, Q. F.; Duckmanton,
P. A.; Hitchcock, P. B.; Wilson, C.; Blake, A. J.; Shukla, L.; Love, JJB.
Chem. Soc., Dalton Tran2004 1960. (c) Mokuolu, Q. F.; Duckmanton,
P. A,; Blake, A. J.; Willson, C.; Love, J. BOrganometallics2003 22,
4387.

(17) Sisler, H. H.; Smith, N. LJ. Org. Chem1961, 26, 611.

(18) (a) Clark, H. C.; Manzer, L. EJ. Organomet. Cheml973 59,
411. (b) Peters, T. B.; Zheng, Q.; Stahl, J.; Bohling, J. C.; Arif, A. M.;
Hampel, F.; Gladysz, J. Al. Organomet. Chen2002 641, 53. (c) Scott,
J. D.; Puddephatt, R. Organometallics1983 2, 1643. (c) Giordano, G.;
Crabtree, R. HInorg. Synth.199Q 28, 88.

product was dissolved in warm GEll,, and the insoluble materials
were filtered off. The filtrate was cooled at30 °C to form dark
red microcrystals oRa in 80% vyield (39 mg, 0.043 mmol). The
Pd homologu&b was synthesized (87%) froda (30 mg, 0.042
mmol) and (COD)PdGI(13 mg, 0.048 mmol) in CkCl, as dark
red insoluble microcrystals (34 mg, 0.042 mmdx mp 131
133°C (dec).'H NMR (CD.Cly): ¢ 1.43 (s, 18H!Bu), 7.13-7.18
(m, 4H, Ph), 7.327.53 (m, 14H, Ph), 7.6%7.72 (m, 2H, Ph)13C
NMR (CD,Cl,): 6 34.2 ((Mes3), 71.5 (m,CMe3), 128.0, 128.7,
128.8, 131.6, 131.7, 132.4 (PRJP{H} NMR (CD.Cl,): 6 6.75
(s with a satellite signal due to the coupling withPt, Jpp =
2769 Hz). Anal. Calcd for ¢H3gN.P,Cl,TiPt: C, 42.83; H, 4.27,
N, 3.12. Found: C, 42.81; H, 4.30; N, 3.08.

Preparation of Ti—Pt Heterobimetallic Complexes RCIPt-
(Ph,PN'Bu),TiCl; [R = Me (3a); R = p-Tol (3@)]. In a 20 mL
Schlenk tube were placeth (370 mg, 0.586 mmol) and (COD)-

PtMeCl (208 mg, 0.589 mmol), and the atmosphere was replaced

by argon. The mixture was dissolved in @k, (8 mL), and the
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Table 4. Crystallographic Data for the Heterobimetallic Complexes
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2a 3a 3a 4a

empirical formula GoH3gCI4NLPoPLTi C33H41CI3NLPPLTi CzgH45CI3NLPoPtTi-CH,Cl, Ca4H44CIoNoPoPLTI
fw 897.42 877.00 1038.03 856.58
cryst syst monoclinic monoclinic monoclinic monoclinic
lattice type primitive primitive primitive C-centered
space group P2,/c (#14) P2i/c (#14) P2i/n (#14) C2/c (#15)
a, 18.131(3) 18.153(3) 17.861(2) 28.131(5)
b, A 9.1326(14) 9.2052(13) 10.7169(11) 16.217(2)
c, A 20.976(4) 20.901(3) 22.273(3) 22.080(4)
B, deg 105.446(3) 105.6693(5) 96.2475(15) 126.2680(5)
volume, & 3347.9(10) 3362.7(9) 4238.1(8) 8122(2)
Zvalue 4 4 4 8
Dcalc,g/cn? 1.780 1.732 1.627 1.401
F(000) 1768.00 1736.00 2064.00 3408.00
u(Mo Ka), cmt 48.365 47.362 38.936 38.567
cryst color, habit red, platelet red, platelet red, chip red, platelet
cryst dimens, mm 0.0% 0.05x 0.04 0.17x 0.16x 0.13 0.23x 0.15x 0.08 0.13x 0.09x 0.07
no. observations (all reflns) 7662 7643 9673 9061
no. variables 417 411 507 423
refln/param ratio 18.37 18.60 19.08 21.42
R (all reflnsp 0.061 0.034 0.028 0.065
Ry (1 > 2.0Q(1))P 0.037 0.031 0.025 0.049
WR, (all refins) 0.088 0.089 0.071 0.168
GOF 0.868 1.011 1.006 1.005
max. shift/error in final cycle 0.000 0.000 0.000 0.000
max. peak in final diff 2.33 3.56 1.70 4.72

map, e/A3
min. peak in final diff —-1.37 —-1.13 —-1.16 —1.00

map, /A3

ARy = 3 |Fol = IFcl/ZIFol. PWRe = [Z(W(Fo? — F?)?)/3 (W(Fo?)?)]M2

solution was stirred at room temperature for 3 h. The color of the
reaction mixture changed from orange to deep red, from which red
precipitates were formed. After removal of the solvent in vacuo,

(50 mg, 0.079 mmol) and [Mftu-SMe&)], (23 mg, 0.04 mmol),
and the atmosphere was replaced by argon. The mixture was
dissolved in CHCI, (15 mL), and the solution was stirred at room

the solid was washed with pentane (5 mL). The crude product was temperature for 1 h. The color of the reaction mixture changed

dissolved in a 1:1 solution of pentane andCH, and the insoluble
materials were filtered off. The filtrate was cooled-a80 °C to
form dark red microcrystals o3a in 84% vyield (431 mg, 0.494
mmol). By a similar procedure, thp-tolyl homologue3a was
synthesized (65%)3a mp 137138 °C (dec).’H NMR (CD,-
Clp): 6 1.19 (dd with a satellite signal due to the coupling with
19pt, 3H, Pt-MeJp—y = 5.4, 5.6 Hz Jp-ny = 54 Hz), 1.32 (s, 9H,
'Bu), 1.47 (s, 9HBU), 6.96-7.05 (m, 2H, Ph), 7.167.82 (m, 18H,
Ph).13C NMR (CD,Cly): ¢ 31.6 (Pt-Me), 33.7 (Me3), 33.8 ((Mey),
68.6 (d,chp =9.2 HZ,CMEs) 70.8 (d,chp =104 HZ,CM63),
127.8, 128.3, and 128.TnetaPh), 130.3, 131.0, 131.4, and 131.6
(para-Ph), 131.1, 132.4, 133.7, and 134@tho-Ph). Fewipso
carbon resonances were assigned due to the poor solubilgg of
to CD,Cl,. 31P{*H} NMR (CD,Cly): ¢ 1.56 (s with a satellite signal
due to the coupling with%Pt, Joi_p = 3368 Hz, P trans to Cl),
14.7 (s with a satellite signal due to the coupling WitPt, Jp—p
= 1400 Hz, P trans to Me). Anal. Calcd fors$E4;N,P,CI3TiPt:
C, 45.20; H, 4.71; N, 3.19. Found: C, 45.02; H, 4.68; N, 3.13.
3a: mp 181-182 °C (dec).'H NMR (CD,Cly): 6 1.22 (s, 9H,
‘Bu), 1.50 (s, 9H!Bu), 2.06 (s, 3HCHs-Tol), 6.20-6.29 (m, 1H,
Ph), 6.39-6.46 (m, 2H, Ph), 6.887.26 (m, 8H, Ph), 7.317.67
(m, 10H, Ph), 7.958.05 (m, 3H, Ph)}3C NMR (CD.Cl,): 6 20.6
(CH3-Tol), 33.7 (d,Jc—p = 4.6 Hz, QMe3), 34.0 (d,Jc—p = 4.6 Hz,
CMe;), 68.4 (d,CMes, Jc—p = 9.2 Hz), 70.9 (d,CMe3, Jc—p =
10.4 Hz), 127.3,127.9, 128.0, 128.4, 12%fefaAr), 130.3, 130.3,
131.5, 131.7, 131.9p@ara-Ar), 132.8, 132.9, 133.5, 135.2, 135.3
(ortho-Ar). Few ipso-carbon resonances were assigned due to the
poor solubility of3a to CD,Cl,. 3'1P{1H} NMR (CD.Cl,): 6 —2.5
(s with a satellite signal due to the coupling withPt, Jprp =
3584 Hz, P trans to ClI), 16.7 (s with a satellite signal due to the
coupling with19Pt, Jp._p = 1388 Hz, P trans to Tol). Anal. Calcd
for CgoHasNoP,CIsTiPt:CH,Cl,: C, 46.29; H, 4.56; N, 2.70.
Found: C, 46.33; H, 4.56; N, 2.69.

Preparation of the Ti—Pt Heterobimetallic Complex Me,Pt-
(PhPN'BU),TiCl, (4a).In a 50 mL Schlenk tube were placéd

from orange to deep red. After removal of the solvent in vacuo,
the solid was washed with £ (7 mL). The crude product was
dissolved in a 1:1 solution of ED and CHCI,, and the insoluble
materials were filtered off. The filtrate was cooled-a80 °C to
form dark red microcrystals ofa in 81% yield (55 mg, 0.064
mmol). 4ac mp 142-143°C (dec).'H NMR (CD.Cl, rt): 6 0.78
(dd with a satellite signal due to the coupling wifiPt, 6H,Jp_4

= 4.9, 8.2 Hz,Jpr-y = 66 Hz, Pt-Me), 1.39 (s, 18HBu), 7.03-
7.17 (m, 4H, Ph), 7.207.33 (m, 6H, Ph), 7.377.49 (m, 6H, Ph),
7.65-7.82 (m, 4H, Ph)H NMR (CD,Cl,, —90°C): ¢ 1.39 (br s,
18H, ‘Bu), 7.07 (m, 2H,metaPh), 7.17 (m, 2Hprtho-Ph), 7.24
(m, 1H, para-Ph), 7.27 (m, 1HmetaPh), 7.32 (m, 1Hortho-Ph),
7.41 (m, 1Hpara-Ph), 7.53 (m, 1HmetaPh), 8.02 (m, 1Hortho-
Ph).13C NMR (CD.Cl,, rt): ¢ 16.3 (dd with a satellite signal due
to the coupling with'®*Pt, Jp_c = 5.8, 65.0 Hz,Jpi—c = 598 Hz,
Pt-Me), 33.6 (®/e3), 68.7 (d,Jp—c = 11.6 Hz,CMe3), 128.2, 128.3
(metaPh), 130.0, 130.9p@ra-Ph), 131.0, 133.7igso-Ph), 131.4,
134.0 prtho-Ph). 31P{*H} NMR (CD.Cly, rt): 6 15.0 (s with a
satellite signal due to the coupling withPt, Jp_p = 1569 Hz).
Anal. Calcd for G4H44N-P.CLL,TiPt: C, 47.68; H, 5.18; N, 3.27.
Found: C, 47.71; H, 5.21; N, 3.24.

Reaction of (PhPN!Bu),TiCl, (1a) with [[COD)RhCI],. In a
20 mL Schlenk tube were placeh (20 mg, 0.032 mmol) and
[(COD)RNCIL (8 mg, 0.016 mmol), and the atmosphere was
replaced by argon. The mixture was dissolved in,CH (5 mL),
and the solution was stirred at 8Q for 5 h. After filtration of the
resulting solution, the solvent was removed in vacuo, from which
a dark green powder was obtained (30 mg), mp-1#£23°C (dec).
Anal. Calcd for GoH3gNoP,CIsTiRh: C, 49.93; H, 4.98; N, 3.64.
Found: C, 50.21; H, 4.68; N, 3.54.

X-ray Data Collection and Reduction. Single crystals of all
complexes were grown from GBl,/pentane. X-ray crystallography
was performed on a Rigaku Saturn CCD area detector with graphite-
monochromated Mo K radiation ¢ = 0.71070 A). The data were
collected at 123(2) K using scans in théd range of 3.1 < 6 <
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27.5 (1a), 3.0 < 0 < 27.5 (1b), 3.00 < 0 < 27.5 (2a), 1.2 <
0 < 31.0 (3a), 3.° < 0 < 27.5 (3d), and 3.2 < 0 < 27.5

Nagashima et al.

taken from Cromer and Wabé&t All calculations were performed
using the CrystalStructu#e?“ crystallographic software package.

(4a). Data were collected and processed using Crystal-Clear Details of final refinement are summarized in Tables 3 and 4, and
(Rigaku) on a Pentium computer. The data were corrected for the numbering scheme employed is shown in Figures 1, 3, and 4,
Lorentz and polarization effects. The structure was solved by heavy-which were drawn with ORTEP with 50% probability ellipsoids.

atom Patterson methddgfor 4a and by direct methodsfor 1a,

1b, 2a, 33, and3a, and expanded using Fourier techniqéeshe
non-hydrogen atoms were refined anisotropically except for the Cl
and C atoms on the platinum atom 3a Hydrogen atoms were
refined using the riding model. The final cycle of full-matrix least-
squares refinement d&f was based on 14 501 observed reflections
and 779 variable parameters fba, 27 659 observed reflections
and 1469 variable parameters fbb, 7662 observed reflections
and 417 variable parameters & 7643 observed reflections and
411 variable parameters f8g, 9673 observed reflections and 507
variable parameters f@&a, and 9061 observed reflections and 423
variable parameters fota. Neutral atom scattering factors were

(19) PATTY: Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman,
W. P.; Garcia-Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla[t@
DIRDIF program systemiTechnical Report of the Crystallography Labora-
tory; University of Nijmegen: Nijmegen, The Netherlands, 1992.

(20) Burla, M. C.; Camalli, M.; Carrozzini, B.; Cascarano, G. L;
Giacovazzo, C.; Polidori, G.; Spagna, R2002 2003.
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systemTechnical Report of the Crystallography Laboratory; University of
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Detailed data as well as the bond distances and angles are shown
in the Supporting Information.
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