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The multigram syntheses of the protio ligands (2-NCsH,;)CHoN(CH,CH,NHSIMe;R), (R = Me, H,NoNN' 3; R =
Bu, HoNoNN" 4) are described via reactions of the previously reported (2-NCsH;)CH,N(CH,CHoNH,), (1). A new
synthesis of 1 is reported starting from 2-aminomethylpyridine and N-tosylaziridine, proceeding via (2-NCsH4)CH2N(CH,-
CH,NHTS), (2). Reaction of H,N,NN' or HoNoNN" with "BuLi gives good yields of the dilithiated derivatives Li;Ny-
NN’ and Li,N,NN". Reaction of H,N,NN' or H,N,NN” with [MCly(CH,SiMes),(Et,0),] gives the cis-dichloride complexes
[MCIy(L)] (L = NoNN', M = Zr 7 or Hf 8, L = NoNN, M = Zr 9). The corresponding reactions of H,N,NN' or
H,NoNN' with [Zr(NMe,)4] afford the bis(dimethylamide) derivatives [Zr(NMey)o(L)] (L = NoNN' 10 or N,NN™ 12). All
of these protonolysis reactions proceed smoothly and in good yields. Attempts to prepare the titanium complexes
[Ti(X)2(N2NN")] (X = CI or NMe,) were unsuccessful. The X-ray crystal structures of (2-NCsH4)CH,N(CH,CH,-
NHTS),*EtOH, [ZrClo(N,NN')]+0.5CsHs, [Zr(NMe,)o(NNN')], and [Zr(NMe,)o(NoNN')] are reported.

Introduction probably the best establishd@nionic ligands. They provide
. ) ) ) a rigid and relatively inflexible, square-base donor environ-
The bis(cyclopentadienyl) ligand set (e.g., see Iin Chart \ont However, there is negligible opportunity for introduc-

1) has been the leading dianionic environment for organo- g 1y or chiral substituents into thesMgand periphery
transition metal chemistry for over four decadés.addition,  14"control and tune the reactivity of the metal center. The

a number of chelating cyclopentadienyl-based ligands showntri anionic triamidoamine “tren” systems (as in VI are, on

in 11 (dianionic) and 1l (monoanionic) have found wide-  yhe other hand, very amenable to steric modification via

spread applicatior's.” Driven _by the c_ontinuing search for changing of the N-substituents. Such ligands (and thgW-O
new fundamental and catalytic chemistry, researchers in theyoor “atrane” analogues) have been extremely useful for

past 10 years have established the importance of polydentatgyeyejoping p-block, early-mid transition metal, lanthanide,
di- and trianionic N- and N,O-donor ligands; a few examples and actinide chemistr§12-14 Dianionic “N;” analogues of

of N-donor systems are shown in Chartt: the tren systems should help advance early transition metal
Among the tetradentate ‘Ndonor ligands, the porphyrins  and |anthanide chemistry and complement the extensive

(e.g., in IV) and tetraaza[l4]annulenes (e.g., in V) are studies oftridentate diamide-donor systems exemplified by

VII1.1915|ndeed, it was recently reported that addition of an
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Porphyrin (2-) Tetraaza[14]annulene (2-) Triamidoamine (3-) Diamido-donor (2-)
lead to enhanced ethylene polymerization capalflity.this used to crystallize ditosylated ethanolamine rather than.&€Cither

contribution, we report the synthesis of new diamide reagents were obtained from commercial sources and dried and/or
diamine donor protio ligands and their dilithiated derivatives, distilled before use according to standard procedures.

along with zirconium and hafnium dichloride and bis-  (2-NCsH4)CH2N(CH-CH-NHTS), (2). To a slurry of tosyl
(dimethylamide) complexes. aziridine (4315 g, 1.26 mol) in EtOH (2.5 L) was added
2-aminomethyl pyridine (52.7 g, 0.487 mol). The reaction mixture
was stirred for 24 h at 3%C after which time the volatile parts of

the resulting brown mixture were removed under reduced pressure

General Methods and Instrumentation. All manipulations were ~ Yiélding a thick brown oil. The oil was dissolved in the minimum
carried out using standard Schlenk line or drybox techniques underduantity of warm CHCI, (~250 mL) to which 4 volumetric equiv
an atmosphere of argon or of dinitrogen. Solvents were predried ©f ETOH (~1 L) was added. The clear, dark brown solution was
over activatd 4 A molecular sieves and were refluxed over Stored at 4°C overnight, whereupon (2-N€s)CHN(CH,CH,-
potassium (tetrahydrofuran, hexanes, benzene), sodium/potassiunNH TSk (2) crystallized as a light brown solid. The product was
alloy (pentane), or calcium hydride (dichloromethane) under a isolated an_d dried in vacuqleld:_166 g (68%). Colorless single
dinitrogen atmosphere and collected by distillation. Deuterated CTYStals suitable for X-ray diffraction were grown by slow evapora-

solvents were dried over potassiumgldg) or calcium hydride i

Experimental Section

tion of a concentrated solution @ in CH,Cl,—EtOH (1:4 v/v).

(CDCLy) distilled under reduced pressure and stored under dinitrogen  “H NMR data (300.1 MHz, 2398 K, CDG): 8.60 (1 H, d3J=
in Teflon valve ampules. NMR samples were prepared under 4-9 Hz, 6-GHaN), 7.65 (4 ';' d*J = 8.1 Hz,0-CeHa), 7.58 (1 H,
dinitrogen in 5 mm Wilmad 507-PP tubes fitted with J. Young M 4-GHaN), 7.20 (4 H, d,°J = 8.1 Hz,m-CeHy), 7.19 (1 H, m,
Teflon valves. 5-CsHaN), 7.07 (1 H, d,2) = 7.7 Hz, 3-GHaN), 6.87 (2 H, br t,
IH and 13C{1H} NMR spectra were recorded on a Varian g%lN ';?:’ Srr? (li; éH@’\_:“SNC;é)A zési(‘lsH,'\Ar:’la'\(l;C?:Hf\,N,\ASF){
Mercury 300 or Varian Unity Plus 500 spectrometé. and13C S1 (4 H, m, 2CHNS), 2.34 (6 H, s, Me)."C{H}
assignments were confirmed when necessary with the use of DEPT-data (75.5 MHz, 298 K, CD@J: 158.2 (2-GHaN), 149.2 (6-
135, DEPT-90, and two-dimensiongd—'H and*C—H correla- CsHuN), 142.8 (CSO 0CMe;), 137.1 (CSO 0CMes), 137.0 (4-

tion NMR experiments. All spectra were referenced internally to %léﬂ)ll\lizlsgéss(&ﬁwzﬁ)z 652 g(?\g'—?)cazlflg) (if; (“NN ():ch?|—2| 6
residual protio solventfl) or solvent {3C) resonances and are A a2 o= 21 2o 2

. . . . NS), 21.3 (Me). IR data (NaCl cell, G&l,): 3278 (m, NH), 3050
reported relative to tetramethylsilan&< 0 ppm). Chemical shifts
arg quoted i (ppm) and co?J[pIing c:c(;nstg?wts)in hertz (m), 2852 (m), 1595 (s), 1446 (M), 1400 (m), 1320 (550234
. ) (w), 1161 (s, SQ), 1093 (s), 1019 (w), 949 (m), 818 (s, SiMe
Infrared spectra were prepared as Nujol mulls between CsBr 75g (), 660 (s), 552 (s), 472 (w) cf EI mass spectrumm/z =
plates or CHCI, solutions in a NaCl cell and were recorded on a g, [Mi+ 100% m/z = 349 M — Ts]* 3%, miz = 318 [M —

Perkin-Elmer 1710 FTIR spectrometer. Infrared data are quoted in CH,NHTS]" 45%. Found (Calcd for GHaN4O:S,): C, 57.5 (57.4);
wavenumbers (crt). Mass spectra were recorded by the mass [ ¢ g (6.0); N, 11.4 (11.2)%. ’ ’

spectroscopy services of the University of Oxford’s Dyson Perrin’s (2-NCsH2)CHoN(CH5CH,NH,), (1). A slurry of (2-NGHa)-

Laboratory. Combustion elemental analyses were carried out byCHzN(CHZCHzNHTs)Z (2) (22.5 g, 44.9 mmol) partially dissolved
the analytical services of the University of Oxford's Inorganic in H,SO; (18 M, 250 mL) was heated under a nitrogen atmosphere
Chemistry Laboratory and Mikroanalytisches Labor Pascher, at 90°C for 48 h With constant cooling in an ice bath, the cooled
Germany. mixture was diluted with slow addition of distilled water (500 mL)
Literature Preparations. The compounds [MG(CH.SiMes),- and subsequently basified to pH 14 with a saturated NaOH solution.
(ELO)l2 (M = Zr, Hf) were prepared according to established The water was removed under reduced pressure, and the remaining
methodst’ Tosyl aziridine was prepared by a slightly modified ol extracted into CHCI, to give a yellow solution. The solution
version of the published methods in which CHEEIOH, 1:4, was  \as dried over NsSO, and filtered, and the volatiles were removed

(16) Tshuva, E. Y.; Goldberg, I.; Kol, M.; Weitman, H.; Goldschmidt, Z.  (18) Martin, A. E.; Ford, T. M.; Bulkowski, J. El. Org. Chem1982 47,
Chem. Commur00Q 379. 412. Chandrasekhar, S.; McAuley, 4. Chem. Soc., Dalton Trans.
(17) Brand, H.; Capriotti, J. A.; Arnold, OrganometallicsL994 13, 4469. 1992 2967.
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under reduced pressure to yield crude (25sN£CH,N(CH,CH,-
NH>), (1) as a brown oil. The crude sample was vacuum distilled
(5 x 1073 mbar, 180°C) yielding a spectroscopically pure sample
of 1 as a yellow oil in good yield. Yield: 7.27 g (83%). The NMR
data for 1 prepared this way are identical to those reported
previously®

H2N,NN' (3). To a solution of (2-N@H;)CH,;N(CH,CH,;NH,),
(1) (5.40 g, 27.8 mmol) and B (15.6 mL, 112.0 mmol) in THF
(200 mL) cooled to OC was added dropwise a solution of CISiMe
(7.1 mL, 56.4 mmol) in THF (40 mL) resulting in the immediate
formation of a white precipitate. The reaction mixture was allowed
to warm to room temperature and stirred for a further 2.5 h. The
yellow solution was filtered, and the volatiles were removed under
reduced pressure yielding a yellow oil. The oil was extracted into

Skinner et al.

M solution of"BuLi in hexanes (18.4 mL, 46.0 mmol). The mixture
was allowed to warm to room temperature and stirred for a further
4 h after which time the resulting red solution was filtered away
from the white solid which had formed. This was washed with
pentane (3x 20 mL) and dried in vacuo yielding EN,NN' (5) as

a white solid. Yield: 4.20 g (57%).

IH NMR data (300.1 MHz, 298 K, fg): 8.27 (1 H, br s,
6-GsH,N), 6.88 (1 H, br apparent t, 4s8,N), 6.50 (1 H, br m,
5-CsH4N), 6.47 (1 H, br s, 3-6H4N), 3.39 (2 H, br m, NCHCH-
NSi), 3.37 (2 H, br m, gH;NCH,), 3.29 (2 H, br m, NCHCH_,-
NSi), 2.75 (2 H, br m, NE,CH,NSi), 2.34 (2 H, br m,
NCH,CH,NSi), 0.32 (18 H, s, SiMg. 13C{*H} NMR data (75.5
MHz, 298 K, GDg): 160.7 (2-GH4N), 149.3 (6-GH4N), 137.1
(4-GsHyN), 122.6 (3-GH4N), 122.5 (5-GH4N), 58.7 (NCH,CH,-

pentane and filtered, and the volatiles were removed once againNSi), 58.5 (GH4NCHy), 45.0 (NCHCH,NSI), 2.9 (Si(CH)3). IR
under reduced pressure giving a spectroscopically pure sample ofdata (KBr plates, Nujol): 1600 (s), 1571 (m), 1305 (w), 1247 (m),

HoNoNN' (3) as a pale yellow oil. Attempts to distill the product

1151 (w), 1083 (m), 1007 (w), 939 (w), 832 (m), 670 (w), 583

under reduced pressure led to partial decomposition. Yield: 7.1 g (w), 461 (w) cntl. El mass spectrumm/z = 338 [M — Li —

(75%).

IH NMR data (300.1 MHz, 298 K, CD@): 8.50 (1 H, d2J =
4.8 Hz, 6-GH4N), 7.62 (1 H, dd3J = 7.8, 7.5 Hz, 4-GH4N), 7.43
(1 H, d,3)=7.8Hz, 3-GH4N), 7.13 (1 H, dd3J = 7.5, 4.8 Hz,
5-CsHuN), 3.74 (2 H, s, GHsNCHy), 2.77 (4 H, br m, NCHCH_-
NSi), 2.51 (4 H, t, NGI,CH,NSI), 0.75 (2 H, br s, NH), 0.01 (18
H, s, SiMe). 13C{*H} NMR data (75.5 MHz, 298 K, CDG): 160.5
(2-CsHuN), 148.9 (6-GH4N), 136.2 (4-GH4N), 122.9 (3-GHuN),
121.8 (5-GH4N), 61.0 (GH4NCHy), 58.5 (NCH,CH.NSI), 39.6
(NCH,CH,NSI), —0.1 (SiMe). IR data (NaCl cell, CEKCI,): 3300
(m), 2951 (s), 287 (m), 1590 (m), 1575 (w), 1429 (m), 1399 (m),
1248 (s), 1118 (s), 1040 (m), 933 (m), 836 (s), 753 (m), 682 (w),
670 (w), 655 (w) cmt. EI mass spectrumm/z = 338 [M]* 13%,

m/z = 323 [M — Me]* 16%, m/z = 192 [M — 2SiMe;]* 22%.
Found (Calcd for gH34N4Sh): C, 56.2 (56.8); H, 9.6 (10.1); N,
16.7 (16.5)%.

HoNoNN* (4). To a yellow solution of (2-N@H4)CHN(CH,-
CH,NH,); (3.40 g, 17.5 mmol) and BN (9.8 mL, 69.8 mmol) in
THF (100 mL) cooled to 0C was added dropwise a solution of
CISiMeBu (5.30 g, 35.0 mmol) in THF (30 mL). A white
precipitate formed immediately. The reaction mixture was allowed
to warm to room temperature and stirred for a further 4 h. The
resulting yellow solution was filtered away from the white solid,

Me]* 5%. Found (Calcd for GHaoLioN4Sip): C, 54.3 (54.8); H,
9.3 (9.2); N, 15.4 (16.0)%.

Li,N,NN* (6). To a pale yellow solution of BN,NN* (1.23 g,
2.91 mmol) in pentane (30 mL) cooled t678 °C was added
dropwise a 2.5 M solution ofBuLi in hexanes (2.35 mL, 5.88
mmol). The mixture was allowed to warm to room temperature
and stirred for a further 2 h. The orange solution was filtered away
from a white solid which was then washed with pentane. The solid
was dried in vacuo to give kN,NN" (6) as a pale orange solid.
Yield: 0.86 g (68%).

1H NMR data (300.1 MHz, 298 K, £D¢): 8.27 (1 H, d,3) =
4.8 Hz, 6-GH4N), 6.84 (1 H, dd2J = 7.7 Hz, 7.7 Hz, 4-GH4N),
6.50 (1 H, dd2J = 4.8 Hz, 7.3 Hz, 5-GH4N), 6.43 (1 H, d2J =
7.7 Hz, 3-GH4N), 3.38 (2 H, s, GH4NCH,), 3.23 (2 H, m,
NCH,CH,NSI), 3.10 (2 H, m, NCHCH,NSI), 2.38 (2 H, m, NEl,-
CH,NSI), 2.21 (2 H, m, NE&1,CH,NSi), 1.08 (18 H, s'Bu), 0.20
(6 H, s, SiMe), 0.02 (6 H, s, SiMg. 13C{H} NMR data (75.7
MHz, 298 K, GDg): 161.1 (2-GH4N), 149.5 (6-GH4N), 137.0
(4-GsHyN), 122.4 (3-GH4N), 122.2 (5-GHsN), 59.1 (GH4NCH,),
58.1 (NCHCH,NSI), 46.7 (NCH,CH,NSI), 28.3 (QMe3), 21.0
(CMe3), —2.8 (SiMe). IR data (KBr plates, Nujol): 1590 (m), 1259
(s), 1096 (s), 1019 (s), 827 (s), 802 (s), 659 (w), 465 (w), 450 (w)
cm~1, Found (Calcd for @Ha4lioN4Sip): C, 60.7 (60.8); H, 10.0

and the volatiles were removed under reduced pressure yielding a(10.3); N, 12.8 (12.9).

yellow oil. The oil was extracted into pentane and filtered, and the
volatiles were removed under reduced pressure yieldiipNN"
(4) as a pale yellow oil. Yield: 6.90 g (93%).
H NMR data (300.1 MHz, 298 K, CDG): 8.41 (1 H, d3 =
5.5 Hz, 6-GH4N), 7.42 (1 H, dd3J = 7.8, 7.5 Hz, 4-GH,N), 7.37
(1 H, d,3J = 7.3 Hz, 3-GH4N), 7.04 (1 H, dd3J = 7.5, 4.8 Hz,
5-CsHuN), 3.63 (2 H, s, GHsNCHy), 2.71 (4 H, m, NCHCH,-
NSi), 2.40 (4 H, m, N&1,CH,NSi), 0.72 (18 H, s!Bu), 0.63 (2 H,
brs, NH),—0.17 (12 H, s, SiMg. 13C{'H} NMR data (75.5 MHz,
298 K, CDC}): 160.6 (2-GHsN), 148.9 (6-GH4N), 136.2 (4-
CsHaN), 122.9 (3-GH4N), 121.8 (5-GH4N), 61.1 (GH4NCHy), 58.7
(NCH,CH,NSI), 40.3 (NCHCHNSI), 26.5 (QVie;), 18.3 CMey),
—5.0 (SiMe). IR data (KBr plates, Nujol): 3382 (m), 3068 (w),
3010 (w), 2927 (s), 2883 (s), 1590 (m), 1571 (w), 1434 (m), 1402
(m), 1253 (s), 1116 (s), 1048 (m), 938 (m), 829 (s), 809 (s), 770
(s), 679 (w), 659 (m), 614 (w), 572 (w) crh Found (Calcd for
CoHaeN4Sip): C, 62.5 (62.2); H, 10.6 (11.0); N, 13.3 (13.3)%.
LioNoNN' (5). To a solution of HN,NN' (3) (7.09 g, 20.9 mmol)
in pentane (160 mL), cooled t678 °C, was added dropwise a 2.5

(19) Adams, H.; Bailey, N. A.; Carlisle, W. D.; Fenton, D. E.; RossiJG.
Chem. Soc., Dalton Tran499Q 1271.
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[ZrCl o(NoNN"] (7). To a yellow solution of [ZrCl(CH,SiMe;),-
(Et,0);] (2.60 g, 5.36 mmol) in benzene (30 mL) was added
dropwise a solution of BEN,NN' (3) (1.81 g, 5.36 mmol) in benzene
(25 mL). The mixture was stirred for 16 h at room temperature
giving an opaque yellow mixture. This was filtered and the
remaining yellow residue washed with benzenex(20 mL). The
volatiles were removed under reduced pressure yielding {ax&!
NN"] (7) as a yellow solid. Yield: 2.49 g (93%). Colorless single
crystals of 7 were grown from a saturated benzene solution left
standing at room temperature in a vibration-free environment for
72 h.

1H NMR data (500.0 MHz, 298 K, §D¢): 9.00 (1 H, d3] =
5.5 Hz, 6-GH4N), 6.94 (1 H, dd3J = 7.5, 7.5 Hz, 4-GH4N), 6.59
(1 H, d,3=7.5Hz, 3-GH4N), 6.45 (1 H, dd2) = 5.5, 7.5 Hz,
5-GsHuN), 3.72 (2 H, s, GH4NCHy), 3.43 (2 H, m, NCHCH,-
NSi), 2.99 (2 H, m, NCHCH:NSI), 2.80 (2 H, m, NE&,CH;NSi),
2.54 (2 H, m, NG&1,CH,NSi), 0.42 (18 H, s, SiMg. 13C{1H} NMR
data (125.7 MHz, 298 K, £D¢): 157.2 (2-GHuN), 148.6 (6-
CsHuN), 138.1 (4-GH4N), 122.5 (5-GH4N), 121.1 (3-GH4N), 62.2
(NCH,CH.NSI), 61.5 (GH4NCH,), 49.5 (NCHCH.NSI), 0.5
(SiMe3). IR data (CsBr plates, Nujol): 1608 (m), 1572 (w), 1307
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(w), 1246 (s), 1158 (w), 1074 (m), 1018 (m), 937 (m), 907 (s),
839 (s), 784 (m), 750 (m), 727 (m), 682 (m), 647 (w), 581 (w)
cm~1. Found (Calcd for @H3,CloN,Si;Zr): C, 38.7 (38.5); H, 6.8
(6.5); N, 11.2 (11.2)%.

[HfCI 2(N2NN)] (8). To a colorless solution of [HfG(CH,-
SiMe;)(Et,O),] (2.46 g, 4.29 mmol) in benzene (25 mL) was added
a solution of HN,NN' (3) (1.45 g, 4.29 mmol) in benzene (25
mL). The solution was stirred for 16 h producing an opaque white

3-CsHsN), 3.50 (2 H, m, NCHCH,NSI), 3.48 (6 H, s, NMg), 3.26

(2 H, s, GH4sNCH,), 3.22 (6 H, s, NMg), 3.05 (2 H, m, NCG-
CH,NSI), 2.91 (2 H, m, NCHCH,NSi), 2.14 (2 H, m, N&,CH,-
NSi), 0.19 (18 H, s, SiMg. 13C{H} NMR data (125.7 MHz, 298
K, CgDg): 158.1 (2-GH4N), 150.4 (6-GH4N), 137.2 (4-GH4N),
122.4 (5-GH4N), 122.2 (3-GH4N), 59.0 (NCH,CH,NSI), 58.7
(CsH4NCHy), 49.2 (NMe), 47.0 (NCHCH,NSI), 46.1 (NMe), 1.5
(SiMes). IR data (CsBr plates, Nujol): 2760 (s), 2750 (s), 1606

mixture which, when the volatiles were removed under reduced (m), 1573 (w), 1349 (w), 1334 (w), 1307 (w), 1253 (s), 1240 (s),

pressure, yielded a very thick sticky oil. The product was triturated
with Et,O giving a white solid which when dried in vacuo yielded
[HfCIA(N2NN)] (8). Yield: 2.35 g (91%).

H NMR data (500.0 MHz, 298 K, £D¢): 8.80 (1 H, d,2J =
5.0 Hz, 6-GH4N), 6.84 (1 H, dd3J = 7.5, 8.0 Hz, 4-@H.N), 6.43
(1 H, d,3J = 8.0 Hz, 3-GH4N), 6.38 (1 H, dd3J = 8.0, 5.0 Hz,
5-CGsHuN), 3.71 (2 H, s, GH4NCHy), 3.47 (2 H, m, NCHCH,-
NSi), 2.96 (2 H, m, NCHCH,NSI), 2.60 (2 H, m, N&1,CH,NSi),
2.53 (2 H, m, NG1,CH,NSi), 0.39 (18 H, s, SiMg. 13C{'H} NMR
data (125.7 MHz, 298 K, £D¢): 158.3 (2-GH:N), 148.5 (6-
CsH4N), 138.9 (4-GH4N), 123.8 (5-GH4N), 122.0 (3-GH4N), 64.8
(NCH.CH.NSI), 64.4 (GH4NCH), 49.0 (NCHCH.NSI), 1.7
(SiMe3). IR data (CsBr plates, Nujol): 1727 (w), 1610 (w), 1294
(w), 1243 (m), 1073 (m), 1016 (m), 929 (s), 859 (s), 788 (w), 748
(w), 648 (w) cnt. El mass spectrumm/z= 551 [M — CI]* 20%,
m/z= 513 [M — SiMe;]" 54%. Found (Calcd for gHz,Cl,HfN 4-
Sip): C, 32.5 (32.8); H, 5.3 (5.5); N, 9.0 (9.6)%.

[ZrCl 2(N2NN™)] (9). To a yellow solution of [ZrGl(CH;SiMe;),-
(Et,0),] (1.88 g, 3.87 mmol) in benzene (20 mL) was added
dropwise a solution of BN,NN" (1.63 g, 3.86 mmol) also in
benzene (20 mL). The mixture was stirred for 16 h at room

1155 (w), 1144 (w), 1130 (m), 1083 (m), 1067 (m), 1054 (m), 1041
(m), 1012 (w), 997 (w), 963 (m), 946 (m), 916 (m), 905, (m), 833
(m), 801 (m), 776 (w), 758 (w), 745 (w), 732 (w), 678 (w), 666
(w), 630 (w), 584 (w), 559 (w), 535 (w), 490 (w) cth El mass
spectrum:m/z= 514 [M]* 42%,m/z= 470 [M — NMe,]* 100%,
m/'z= 426 [M — 2 NMe,]™ 67%. Found (Calcd for £&H44NgSiz-
Zr): C, 46.2 (46.6); H, 8.4 (8.6); N, 15.6 (16.3)%.

[Zr(NMe 5)2(N2NN")] (11). To a solution of [Zr(NMe)4] (0.309
g, 1.16 mmol) in benzene (20 mL) was added dropwisNN"
(0.496 g, 1.17 mmol) in benzene (10 mL). After stirring at room
temperature for 16 h, the volatiles were removed under reduced
pressure to give an orange-red solid. This was extracted into
pentane, filtered, concentrated to 5 mL, and cooled-&0 °C
yielding [Zr(NMe&,)>(N2NN)] (11) as an orange solid. Yield: 0.449
g (65%). Diffraction-quality, pale orange crystals of [Zr(NgEN -
NN")] were grown from a saturated hexane solution at room
temperature.

1H NMR data (300.1 MHz, 298 K, £D¢): 8.75 (1 H, d,3) =
5.5 Hz, 6-GH4N), 6.81 (1 H, dd3J = 7.7 Hz, 7.7 Hz, 4-GH4N),
6.49 (1 H, dd3J = 6.2 Hz, 6.6 Hz, 5-¢HJN), 6.29 (1 H, d3J =
8.0 Hz, 3-GH4N), 3.54 (2 H, m, NCHCH:NSI), 3.45 (6 H, s,

temperature to give an opaque dark yellow suspension. This wasNMey), 3.41 (2 H, s, GH4NCH>), 3.24 (2 H, s, NMg), 3.22 (2 H,

filtered, and the remaining yellow residues were washed with
benzene (2« 20 mL). The volatile components of the combined
filtrates were removed under reduced pressure to give paxNG
NN")] (9) as a yellow solid. Yield: 2.08 g (92%).

H NMR data (300.1 MHz, 298 K, §D¢): 9.02 (1 H, d,3) =
5.5 Hz, 6-GH4N), 6.72 (1 H, dd3J = 7.7 Hz, 7.7 Hz, 4-gH4N),
6.33 (1 H, dd?J = 6.3 Hz, 5.5 Hz, 5-6H4N), 6.26 (1 H, d2) =
8.0 Hz, 3-GH4N), 3.48 (2 H, s, GH4NCHy), 3.55 (2 H, m, NCG1,-
CH,NSI), 3.07 (2 H, m, NEI,CH;NSI), 2.65 (2 H, m, NCHCH,-
NSi), 2.42 (2 H, m, NCHCH,NSi), 1.06 (18 H, s'Bu), 0.61 (6 H,
s, SiMe), 0.41 (6 H, s, SiMg. 13C{'H} NMR data (75.5 MHz,
298 K, GDg): 158.0 (2-GH4N), 150.0 (6-GH4N), 138.7 (4-
CsHaN), 123.4 (5-GH4N), 121.5 (3-GH4N), 63.4 (GH4NCHy), 63.3
(NCH,CH:NSI), 51.1 (NCHCH:NSI), 28.2 ((Me3), 21.5 CMe3),
—2.1 (SiMe). IR data (KBr plates, Nujol): 1637 (w), 1510 (m),
1420 (s), 1396 (s), 1223 (s), 1199 (w), 1121 (s), 1081 (m), 1047
(s), 998 (m), 869 (m), 826 (w), 880 (M), 766 (s), 722 (m), 711 (s),
656 (m), 615 (m) cm®. El mass spectrumm/z = 525 [M — -
Bu]* 100%,m/z = 467 [M — SiMe, — 'Bu]* 5%. Found (Calcd
for Co,Ha4CloN4SizZr): C, 44.9 (45.3); H, 7.6 (7.6); N, 8.9 (9.6)%.

[Zr(NMe ,)2(N2NN")] (10). To a colorless solution of [Zr(NMg]
(174 mg, 0.65 mmol) in benzene (20 mL) was addeiIN’' (3)
(220 mg, 0.65 mmol) in benzene (10 mL). The mixture was stirred
at room temperature for 16 h after which time the volatiles were
removed under reduced pressure to give crude [Zr(HNN:NN")]

m, NCH,CH,NSI), 2.98 (2 H, m, NE&I,CHNSI), 2.29 (2 H, m,
NCH,CH,NSi), 0.93 (18 H, s!Bu), 0.29 (6 H, s, SiMg, 0.12 (6
H, s, SiMe). 3C{H} NMR data (75 MHz, 298 K, ¢D¢): 158.7
(2-CsHuN), 150.0 (6-GH4N), 137.4 (4-GH4N), 122.3 (5-GH4N),
121.7 (3-GH4N), 60.3 (NCHCH,NSI), 59.7 (GH4NCH,), 49.0
(NMey), 48.6 (NCH,CH,NSI), 45.9 (NMe), 28.5 ((Mey), 21.4
(CMe3), —2.7 (SiMe), —3.6 (SiMe). IR data (KBr plates, Nujol):
2725 (w), 1671 (w), 1591 (w), 1399 (m), 1357 (m), 1343 (w), 1315
(w), 1227 (w), 1147 (w), 1123 (w), 1111 (w), 1063 (w), 864 (w),
667 (w), 521 (w), 434 (w), 404 (w) cmt. EI mass spectrumm/z

= 598 [M]" 2%, m/z = 554 [M — NMe;]* 100%,n/z = 510 [M

— 2NMey] ™ 13%. Found (Calcd for £§gHsgNgSixZr): C, 51.8 (52.0);
H, 9.8 (9.4); N, 13.7 (14.0).

Crystal Structure Determinations of (2-NCsH4)CH2N-
(CH2CH,NHTS),*EtOH (2-EtOH), [ZrCl 2(NoNN')]-0.5CsH¢ (7¢
0.5GHe), [Zr(NMe 2)2(N2NN")] (10), and [Zr(NMe2)2(NoNN)]
(11). Crystal data collection and processing parameters are given
in Table 1. Crystals were immersed in a film of perfluoropolyether
oil on a glass fiber and transferred to an Enraf-Nonius DIP2000
image plate or (foll1) a Kappa-CCD diffractometer equipped with
an Oxford Cryosystems low temperature deviteData were
collected at low temperature using MooKradiation; equivalent
reflections were merged, and the images were processed with the
DENZO and SCALEPACK prograntd.Corrections for Lorentz
polarization effects and absorption were performed, and the

(10) as an orange solid. This was extracted into pentane (30 mL) Structures were solved by direct methods using SiR&2ibsequent

and the resulting orange solution filtered, concentrated to 5 mL,
and cooled t6-30 °C yielding 10 as single orange crystals suitable
for X-ray diffraction. Yield: 0.185 g (55%).

IH NMR data (500.0 MHz, 298 K, §Dg): 8.67 (1 H, d,2J =
4.5 Hz, 6-GH4N), 6.80 (1 H, dd3J = 7.0, 8.0 Hz, 4-GH4N), 6.47
(1 H, dd,3) =45, 8.0 Hz, 5-GH;N), 6.29 (1 H, d.3J = 7.0 Hz,

difference Fourier syntheses revealed the positions of all other non-
hydrogen atoms, and hydrogen atoms were placed geometrically

(20) Cosier, J.; Glazer, A. Ml. Appl. Crystallogr.1986 19, 105.

(21) Otwinowski, Z.; Minor, W.Methods Enzymol. 27607.

(22) Altomare, A.; Cascarano, G.; Giacovazzo, G.; Guagliardi, A.; Burla,
M. C.; Polidori, G.; Camalli, MJ. Appl. Crystallogr.1994 27, 435.
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Table 1. X-ray Data Collection and Processing Parameters for (ZHNXCHN(CH2CHaNHTS)EtOH (2-EtOH), [ZrCl(N2NN")]-0.5CGHe (7-0.5GsHs),
[Zr(NMe2)2(N2NN')] (10), and [Zr(NMe)2(N2NN")] (11)

2-EtOH 7 10 11
empirical formula G4H30N4S04:CoHgO 016H3zc|2N4Sizzr'0.5(QHe) C20H44N68i22r 026H55N65i22r
fw 548.72 537.81 516.01 600.17
temp/K 175 150 175 150
wavelength/A 0.71069 0.71069 0.71069 0.71069
space group P2,/c P2i/n P1 P2:/c
A 16.9180(5) 8.4280(1) 9.6100(5) 19.2974(5)
biA 13.6490(5) 14.3380(4) 11.8690(4) 10.7630(2)
c/A 25.9760(6) 21.5020(6) 12.5800(7) 17.4036(3)
o/deg 90 90 80.982(3) 90
Bldeg 105.271(2) 93.295(2) 76.264(3) 113.1174(9)
yldeg 90 90 8.220(3) 90
VIA3 5786.0 2594.0 1376.6 3324.4
4 8 4 2 4
d(calcd)/Mgm—3 1.26 1.38 1.24 1.20
abs coeff/mm? 0.21 0.73 0.49 0.42
RindicesRy, Ry2[1 > 3o(l)] 0.0386, 0.0469 0.0278, 0.0269 0.0327, 0.0356 0.0829, 0.0930

8 Ry = ¥||Fol = Fell/TIFol; Rw = V{IW(IFo| — [Fe)ZZ(WIFol?)}.

unless stated otherwise. Extinction corrections were applied asCloke's readily preparéé bis(trimethylsilyl)diethylene-

required?® Crystallographic calculations were performed using triamine derivative HN(CHCH,NHSIiMes), and 2-chloro-

SIR9Z? and CRYSTALS:* methylpyridine with the aim of directly accessing the protio
For 2-EtOH, there are two molecules of (2-M&;)CHN(CHy- ligand (2-NGH4)CHoN(CH,CH.NHSiMes), (3, hereafter

CHZN'_:TS)Z(;EtOH intt_he ﬁsym(;netfric zn.it' Cgépon-bo;nld |:' Ztoms H.NNN"). However, despite exploring numerous combina-
were placed geometrically and refined In a raing modet. yarogen ¢ ot solyent and base in this reaction, we met with little

atoms bound to N and O were located from Fourier maps and d tually t d to th h >ed
positionally refined with isotropic displacement parameters.1epr success and eventually turned to the approach summarize

examination of normalized structure factors and subsequent structurd” €4 1
solution, full-matrix refinement, and refined Flack paran@ter Ts
suggested that the space groupPis with Z = 2. There is no N
apparent relationship between the two independent molecules in N /\
the unit cell; no unusual correlations were found between the @WZ -
parameters refined for the two independent molecules. Loose -

similarity and (in the case of the pyridyl moieties) planarity

. : . h N(H)Ts NH, (1)
restraints were applied to the distances, angles, and displacement . H,S0, /__/
parameters of the pyridyl and SiMmoieties of the MNN' ligands N ™y - . NN
and to two of the NMggroups [those containing N(5) and N(105)]. q | / \_\

For 11, one of the SiMgBu groups is disordered. A satisfactory NH)Ts NH,
anisotropic model could not be developed, and so, this group was 2 1

refined in the isotropic approximation subject to similarity restraints

applied to the StMe and CG-C distances. The vyield-optimized, multigram synthesis of the M-

A full listing of atomic coordinates, bond lengths and angles, tosylated amine (2-N§,)CHN(CH,CHNHTS), (2, Ts=
and displacement parameters ®BEtOH, 7:0.5GHs, 10, and11 0SO-4-CsH4CFs) is conveniently achieved by reaction of
have been deposited at the Cambridge Crystallographic Data Cemercommerically available 2-aminomethylpyridine with 2 equiv
of N-tosylaziridiné® as a slurry in EtOH at 3%C over 48 h.
Careful control of the temperature is needed to avoid the

Synthesis of the New Protio Ligands and Their Lithi- ring-opening polymerization of the aziridine, but otherwise,
ated Derivatives. Fenton and co-workers were the first subsequent recrystallization and drying routinely affa2ds
to describe the synthesis of the parent tetra-amine (2-in 60%—70% yield in quantities typically in excess of 150
NCsH4)CHN(CH.CH;NH,). (1).!° They report that reaction  g. Full characterizing data f@are listed in the Experimental
of the phthalimide-protected diethylenetriamine HN(EH  Section and support the structure illustrated in eq 1. Dif-
CH:N{1,2-GsH4(CO)}). and 2-chloromethylpyridine affords  fraction-quality crystals of (2-NgH)CHaN(CH,CHNHTS),:
(2-NCsH4)CHN(CHCHoN{ 1,2-GH4(CO)}). which was  EtOH (2-EtOH) were grown by slow evaporation of a
then deprotected to give Unfortunately, we could not find  saturated EtOHCH,Cl, (4:1 v/v) solution. The crystals
conditions suitable for the reproducible multigram synthesis contain two crystallographically indepedent molecules of (2-
of 1 and therefore sought an alternative synthesis. Initial NCsH,)CH,N(CH,CH,NHTSs)-EtOH in the asymmetric unit,
efforts attempted to emulate Fenton’s route but started from and a view of one of them is given in Figure 1. Hydrogen

atoms attached to nitrogen and oxygen were located from

) W e s S e o k. Betteridge, P, w, Fourier maps and positionally refined. Selected bond lengths

CRYSTALS Issue 1Ghemical Crystallography Laboratory, University
of Oxford: Oxford, U.K., 1996. (26) Cloke, F. G. N.; Hitchcock, P. B.; Love, J. B. Chem. Soc., Dalton
(25) Flack, H.Acta Crystallogr., Sect. A983 39, 876. Trans.1995 25.

Results and Discussion
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gaon o tetrahedral as would be expected on the basis of the use of
& sp® hybrid orbitals. There is no interaction between the
tertiary nitrogen N(2) and the EtOH, but in most other
respects, the “coordination mode” dfto EtOH anticipates
that between the bisktrialkylsilyl) homologues NNN' and
o2l N2NN" ligands and metal centers as described later.
Deprotection of the tosylated tetra-amine is most easily
achieved using relatively harsh conditions wherébys
‘ . heated at 90C in 18 M H,SQ, for 48 h followed by cautious
A “ce basification and extraction into dichloromethane. The com-
pound (2-NGH4)CH,N(CH,CH:NH), (1) is obtained as a
yellow oil that is>95% pure by*H NMR spectroscopy. The
oil can be distilled carefully at Schlenk line vacuum using a
Kugelrohr apparatus at 18 to give purel in very good
yield (83%) in 5-10 g quantities. The spectroscopic proper-
ties of 1 prepared via this route are identical to those
described previously by Fentéh.
Equation 2 summarizes the synthesis of protio ligands (2-

cug

Figure 1. One of the crystallographically independent molecules of (2-
NCsH4)CHN(CH2CH;NHTSs)-EtOH (2-EtOH). Hydrogen atoms bound to
carbon are omitted for clarity. Displacement ellipsoids are drawn at the
25% probability level.

Table 2. Selected Bond Lengths (A) and Angles (deg) for One of the
Crystallographically Independent Molecules of
(2-NCsH4)CHoN(CHCH2NHTS)-EtOH (2-EtOH); Corresponding
Values for the Other Molecule Are Given in Brackets

Distances .
N()-H(1) 1.96(3) [1.92(3)] C(20BC(202) 1.402(4) [1.412(3)]  NCsHz)CHN(CH,CHNHSiMe;R); [R = Me 3 (H2N2NN')
NN OB O%RS) Gsuri oma foeyy)  or Bud (NN and thei ihted dervaives W
N(3)-S(1) 1.605(2) [1.608(2)] O(20BH(2) 2.19(3) [1.98(4)] NN (5) and_leNle\tI (6). Thus, reaction ofl with
N(4)—-S(2) 1.599(2) [1.608(2)] O(20DH(3) 2.00(3) [2.32(3)] CISiMe;R (R = Me or'Bu) in the presence of an excess of
S(1)-0(1) 1.431(2) [1.427(2)] S(2)O(3) 1.438(2) [1.431(2)] Et;N at 0°C in THF gave3 (75%) or4 (93%) in good yields
S(-0(2) 1.425(2) [1.432(2)] S(ZO0(4) 1.423(2) [1.427(2)] after separation from the triethylammonium chloride side
Angles products. Attempts to distill either compound at high vacuum
ggg:mgg:ﬁgg ﬁi'g((i))) {ﬁ?ig)f)] lead to partial decomposition. However, the products ob-
C(5)-N(1)—H(1) 124:1(10) [126:0(11)] ta_ined after |n|t|al extra_u_:tior_l are Suf'ﬁciently C|e_a_n to be used
C(6)-N(2)—C(7) 112.0(2) [110.1(2)] without additional purification. The characterizing data for
ggggzmg;:ggg; ﬂég% {ﬂgig;} both protio ligands are entirely consistent with the proposed
C(8)-N(3)-S(1) 119.9(2) [121.4(2)] structures_. As sh_own Iatgr, th_e protio !igands themselves can
C(8)-N(3)~H(2) 119(3) [116(3)] be used directly in reaction with transition metal complexes,
g&gﬂgﬁ’)ﬂg&) 1123(2)(2) [[1111%(?(]2)] but it is clearly advantageous (in principle) to have in hand
C(10)-N(4)—H(3) 116(2) [115(3)] lithiated derivatives, too, for use via salt elimination reactions.
S(2-N(4)—H(3) 108(2) [111(3)]
N(1)—H(1)—0(201) 171(3) [166(3)] NH,
N(3)—H(2)—0(201) 179(3) [179(4)] N /—/ CISiMe,R
N(4)—H(3)—0(201) 173(3) [174(4)] SN - -
H(1)—0(201)-C(202) 114(3) [107(3)] L)/\ \_\ ELN
H(2)—0(201)-C(202) 116.1(10) [131.3(12)] NH ’
H(3)—0(201)-C(202) 126.9(9) [117.1(9)] ?
H(2)—0(201)-H(3) 88.7(13) 186(2) ] 1
H(2)—0(201)-H(1) 84(2) [84.9(14)] N(H)SiMe,R
H(3)—0(201)-H(1) 114(3) [119(3)] N "BuLi
Y N —
and angles for both molecules are listed in Table 2 and are | -
not substantially dissimilar; discussion will concentrate on N(H)SiMe,R
those for the molecule illustrated. R = Me (3) or ‘Bu (4)
Figure 1 confirms the connectivity fd& illustrated in eq NSiMe,R
1. The bond lengths and angles within the (2sNgCH,N-
(CH,CH,NHTs), molecule itself are unexceptional with Li, | NNON (2
regard to typical rang€’.0f interest is the incorporation of A
an EtOH molecule of crystallization held in place through NSiMe;R

three near-linear hydrogen bonds. Two are donated by the
amino nitrogens N(3) and N(4), and the other is from the
hydroxy! group of EtOH and accepted by the pyridyl nitrogen ~ Compounds3 and4 were readily lithiated by the dropwise
N(1). The angles subtended at O(201) span the range 84-addition of"BuLi in hexanes to a cold=78 °C) pentane

(2)°—126.9(9Y, but clearly, the geometry is approximately ~solution of the protio ligands followed by stirring at room
temperature for 24 h. Separation of the red or orange

supernatant from the white solids so-formed gawutENN'
(5) or Lio;N,NN™ (6) in ~60%—70% vyield. Stirring the
lithiated ligands in the reaction mixture for significantly

R =Me (5) or 'Bu (6)

(27) Fletcher, D. A.; McMeeking, R. F.; Parkin, D. The United Kingdom
Chemical Database Service.Chem. Inf. Comput. Sdi996 36, 746.
Allen, F. H.; Kennard, OChemical Design Automation New&893
8, 1 and 31.
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Table 3. Selected Bond Lengths (A) and Angles (deg) for
[ZrCI>(N2NNY)] (7)

Distances
Zr(1)—CI(1) 2.4760(4) Zr(1XN(2) 2.085(2)
Zr(1)—CI(2) 2.5077(5) Zr(1XN(3) 2.446(1)
Zr(1)—N(2) 2.070(2) Zr(1yN(4) 2.414(1)
Angles

Cl(1)-zr(1)-Cl(2)  87.31(2)  CI2yZr(1)-N(4)  131.09(4)
Cl(1)-Zr(1)-N(1)  120.17(4)  N(LFZr(1)-N(4) 72.93(6)
Cl(2)~2Zr(1)-N(1) 89.25(4)  N(2)-Zr(1)-N(4) 71.74(5)
Cl(1)-Zr(1)-N(2)  107.40(4)  N(3¥Zr(1)-N(4) 66.74(5)
Cl(2)-Zr(1)-N(2) 90.58(4)  Zr(1yN(1)-C(1)  119.8(1)

N(1)-2Zr(1)-N(@2)  132.35(6)  zZr(1¥N(1)-Si(1)  126.93(8)

Figure 2. Molecular structure of [ZrG(NoNN')] (7). Hydrogen atoms CI(1)~2Zr(1)~N(3) 77.19(3)  C(1FN(1)-Si(1) 113.2(1)
and benzene molecule of crystallization omitted for clarity. Displacement  cj(2)—zr(1)~N(3) 159.21(3)  Zr(1}N(2)-C(3) 122.8(1)
ellipsoids are drawn at the 20% probability level. N(1)—Zr(1)-N(3) 86.73(5)  Zr(1)}N(2)-Si(2) 126.69(8)

N(2)—Zr(1)—N(3) 107.13(5)  C(3yN(2)—Si(2) 109.2(1)
longer periods than-24 h, or adding théBuLi at temper- Cl(1)-Zr(1)-N(4)  141.14(4)

atures higher than-78 °C, leads to reduced yields. The
lithiated specie$ and6 are air- and moisture-sensitive white
powders that dissolve easily in nonchlorinated aromatic
solvents or ethers. While the structures shown in eq Bfor

complexes has been reported previously, the use of these
complexes with protio ligands to form the corresponding
dichloride derivatives apparently has not.

and 6 are indicative of the general stoichiometry of these N(H)SiMe,R ,
complexes, itis possible that in the solid state these lithiated (MCL(CHSiMe;)a(E0))
amides exist as bi- or polynuclear aggregéte¥.However, Y N

we have not yet been able to obtain diffraction-quality ~* \_\ CeHe

. Cperes N(H)SiMe,R
crystals in order to explore these possibilities. (FDSiMez

Synthesis of the Zirconium and Hafnium Dichloride S
and Bis(dimethylamide) Derivatives. We first attempted RMe; ‘\N cl

R =Me (3) or ‘Bu (4)

to prepare group 4 dichloride complexes of the diamide /N ™

diamine ligands from the lithiated derivativesNpNN' (5) N—M A &)
or Li,N2NN" (6) and the corresponding Mgbr MCly(THF), = LN N-SiMeR

(M = Ti or Zr) under a variety of conditions with varying

temperature, solvents, and rates and methods of addition. In M=7Zr, R = Me (7)

all of these cases, we obtained ill-defined mixtures in which M =HFf, R =Me (8)

there was some evidence of CISiMeeing produced, arising M=ZrR =Bu (9)

presumably from degradation of the silylamine functionalities
of the ligands themselves. Therefore, the remainder of this
contribution focuses on the synthesis of zirconium and
hafnium dichloride and bis(dimethylamide) complexes gf N
NN' and NNNN", but starting instead from the protio ligands
H.NoNN' (3) and HN,NN® (4). However, the lithiated
analoguesb and 6 are nevertheless useful precursors to
monochloride complexes of Sc and™and imido complexes

of titanium and the heavier group 5 elemetfits.

The syntheses of the zirconium and hafnicisadichloride
complexes [MG(N2NN")] (M = Zr 7 or Hf 8) and [ZrCL(N,-
NN] (9) are summarized in eq 3. Thus, reaction of the
protio ligand HN>NN' with [MCI;(CH,SiMes),(Et,0),] (M
= Zr or Hf)in benzene afforded [MG@N,NN")] as yellow

or pale white solids in isolated yields of greater than 90%. g6 4| within typical ranges for zirconidffwith the pyridy!

A similar reaction gave [ZrG(N.NN')] (9), again in greater  piyoqen being quite firmly bound despite the CKZr—
than 90%. y'eld: Wh”.e the reaction O.f [MQECHZ_S'M%)T N(3) angle of 77.19(3) A. The 2rCl distances of 2.4760-
(Et:O)] with lithiated ligands to form dialky¥ or dibenzy¥ 5y 304 2 5077(5) A differ only slightly, the latter being for
the chloride trans to pyridyl. The molecules have ap-

The three new compounds-9 are soluble in aromatic
or halogenated solvents, and also in THF, but insoluble in
pentane or hexanes. Diffraction-quality crystals of [4(IS}-
NN')]-0.5(GHe) (7:0.5GH¢) were grown from a saturated
benzene solution, and the molecular structure of the zirco-
nium complex is shown in Figure 2; selected bond lengths
and angles are listed in Table 3.

Molecules of7 possess six-coordinate metal centers bound
to both the amide [N(1) and N(2)] and amine N(4) and
pyridyl N(3) donors of NNN'. The remaining coordination
sites are occupied by mutually cis chloride ligands. Although
six-coordinate, the geometry is significantly far from octa-
hedral, presumably because of the constraining nature of the
NoNN' ligand itself. Nevertheless, the metdigand distances

(28) Gardiner, M. G.; Raston, C. Ilnorg. Chem.1995 34, 4206.

(29) Brauer, D. J.; Burger, H.; Liewald, G. B. Organomet. Cheni986 proximately Cs symmetry with the molecular mirror plane
308 119.

(30) Gade, L. H.; Mahr, NJ. Chem. Soc., Dalton Tran%993 489. (33) Warren, T. H.; Schrock, R. R.; Davis, W. l@rganometallicsL998

(31) Skinner, M. E. G.; Tyrrell, B. R.; Ward, B. D.; Mountford, B. 17, 308. Schrock, R. R.; Liang, L.-C.; Baumann, R.; Davis, W.JM.
Organomet. Chemin press. Organomet. Cheml999 591, 163.

(32) Skinner, M. E. G.; Cowhig, D. A.; Mountford, Ehem. Commun (34) Bouwkamp, M.; van Leusen, D.; Meetsma, A.; HessenQRjano-
2000 1167. metallics1998§ 17, 3645.
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passing through the atoms Zr(1), CI(1), CI(2), N(3), and N(4). ooy S
The pyridyl ring atoms’ plane is displaced slightly (by°37 =
to one side of the molecular mirror plane probably because o (B
of ligand geometric constraints, but possibly also to minimize
nonbonded interactions between Cl(1) anddhio hydro-

gen of the pyridyl ring [i.e., the H bonded to C(10)].

The sums of the angles subtended at the amide nitrogens
N(1) and N(2) are 359%%and 358.7, respectively, indicating
that they are sphybridized and, in principle, capable of
m-donating to the metal center which thus has a maximum
possible valence electron count of 16. However, as in other
examples of transition metal complexes with strandonor o
Iigands§5 the actual extent ofr-donation from the ligand Figure 3. On(’e of the crystallographically independent molecules of [Zr-
lone pairs can be less than that formally permitted by (NMe2)2(NoNN")] (10). Hydrogen atozns are omitted for clarity. Displace-

ment ellipsoids are drawn at the 25% probability level.
apparent hybridization alone. In the case of the complexes
[MCI5(N2NN')] and [ZrCL(NoNN")], it is likely that the actual
electron count at the metal is, in fact, best considered as 14
rather than 16. This is because the structuré sifiows that
the amide nitrogen 2p orbitals accommodating the lone pairs
[assumed to be orthogonal to the trigonal planes formed by
atoms N(1), Si(1), C(1), Zr(1) and N(2), Si(2), C(3), Zr(1)]
are coplanar and approximately trans to each other. In this
case, the two filled 2pf) donor orbitals must compete for
one zirconium 4dg¢) acceptor orbital, and the result of this
three-orbital four-electron interaction would be the formation
of three metatnitrogen z-orbitals of the types bonding
(holding 2 electrons), nonbonding (nitrogen-based holding
2 electrons, not donated therefore to Zr), and antibonding
(unoccupied). )

The 'H and C NMR spectra of [MCKNaNN] (7, 8) 2000 . e et alipsoic are érawn at he 25%
and [ZrCh(NNN")] (9) are consistent with the solid-state propanility level.
structure of7. The two CHCH,SiMe;R “arms” of the ligands
are equivalent, consistent witB; symmetry on the NMR
time scale. The ortho hydrogens of the pyridyl groups appear
in the range~9.0—8.8 ppm in benzends, significantly
downfield from the corresponding positions for the protio

cn3 cun
N\

cusy

65% vyields as air- and moisture-sensitive orange crystalline
solids. The bis(dimethylamide) complexes have considerably
better solubility in alkane solvents than the corresponding
dichlorides as would be expected.

ligands HN,NN' and HN.NN" (~8.5 ppm) in the same N(H)SiMe,R

solvent, and therefore indicate that the pyridyl moieties are Zr(NMey),

coordinated in solution. The four diastereotopic methylene | Y N

hydrogens of the CKCH,NSiMe;R “arms” give rise to four e \_\ A Cety

mutually coupled multiplets; the Sigroup hydrogens in N(DSiMeR

[MCI,(NoNN")] appear as a singlet, whereas the SiHe R =Me (3) or Bu (4)

group in [MChL(N,NN")] gives rise to two singlets for the RMeSiy  NMe,

inequivalent methyl groups each of relative intensity 6 H \ 1‘{ |

(with respect to the pyridybrtho hydrogen) and a further / N———’Zr\ NMe;, C))

singlet of intensity 18 H for théBu groups. = rL N—SiMe;R
Transamination reactions of [Zr(NMg] to form zirco- \)

nium bis(dimethylamide) complexes of diamide ligands are R = Me (10) or 'Bu (1)

well established® The analogous reactions obNL,NN' or

HoNoNN* with [Zr(NMey),] proceed smoothly with elimina- Diffraction-quality crystals of botii0and11were grown

tion of HNMe, (observed by NMR) to form the complexes from alkane solutions, and the molecular structures are shown
[Zr(NMe3)2(NoNN")] (10) and [Zr(NMe)2(No-NN")] (11) as in Figures 3 and 4; selected bond lengths and angles are given

[Zr(NMe3)2(N-NN")] molecules in the asymmetric unit. There

(35) See the following and references therein: Pugh, S. M.; Blake, A. J.: @ré no significant differences between them, and discussion

@) %ade, L. Ha Mgun,tfoullm Fh}nosrghChiméZ%;JlA40,C3r?92- 00997 refers to the molecule illustrated in Figure 3.
aumann, R.; Davis, . IVl.; SCNrock, K. .AM. em. S0 f H i
119 3830. Daniele, S.; Hitchcock, P. B.; Lappert, M. Ehem. The overall *geometrles of [Zr(NM(N-NN")] a”F’ [Zr'.
Commun1999 1909. (NMey)2(N2NN")] are analogous to that of the dichloride
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Table 4. Selected Bond Lengths (A) and Angles (deg) for One of the
Crystallographically Independent Molecules of [Zr(NAN2NN')]

(10); Corresponding Values for the Other Molecule Are Given in
Brackets

Distances
Zr(1)-N(1) 2.15(5) [2.18(5)] Zr(1yN(6) 2.12(4) [2.04(5)]
Zr(1)-N(2) 2.16(4) [2.13(5)] N(1yC(1) 1.50(7) [1.44(8)]
Zr(1)-N(3) 2.51(4) [2.58(4)] N(1ySi(1) 1.73(5) [1.68(6)]
Zr(1)-N(4) 2.42(6) [2.46(5)] N(2yC(3) 1.47(7) [1.45(8)]
Zr(1)-N(5) 2.03(6) [2.14(5)] N(2ySi(2) 1.71(5) [1.76(5)]
Angles
N(1)—Zr(1)—N(2) 142(2) [142(2)]
N(1)—Zr(1)—N(3) 80(2) [81(2)]
N(2)—Zr(1)—N(3) 97(2) [95(2)]
N(1)—Zr(1)—N(4) 74(2) [74(2)]
N(2)—Zr(1)—N(4) 71(2) [712)]
N(3)—Zr(1)—N(4) 67.5(14) [65.9(13)]
N(1)—Zr(1)—N(5) 87(2) [90(2)]
N(2)—Zr(1)—N(5) 91(2) [90(2)]
N(3)—Zr(1)—N(5) 167(2) [170.6(13)]
N(4)—Zr(1)—N(5) 105(2) [109(2)]
N(1)—Zr(1)—N(6) 112(2) [1122)]
N(2)—Zr(1)—N(6) 106(2) [105(2)]
N(3)—Zr(1)—N(6) 86(2) [84(2)]
N(4)—Zr(1)—N(6) 152(2) [149(2)]
N(5)—Zr(1)—N(6) 103(2) [102(2)]
Zr(1)—N(1)—C(1) 109(3) [110(4)]
Zr(1)—N(1)—Si(1) 136(3) [137(3)]
C(1)-N(1)-Si(1) 115(4) [113(4)]
Zr(1)—N(2)—C(3) 117(4) [121(4)]
Zr(1)-N(2)-Si(2) 128(3) [129(3)]
C(3)-N(2)-Si(2) 116(4) [110(4)]
Table 5. Selected Bond Lengths (A) and Angles (deg) for
[Zr(NMe2)2(N2NN)] (12)
Distances
Zr(1)—N(1) 2.17(1) Zr(1¥N(6) 2.09(1)
Zr(1)—N(2) 2.14(1) N(1)-Si(1) 1.72(1)
Zr(1)—N(3) 2.52(1) N(1}-C(1) 1.47(2)
Zr(1)—N(4) 2.45(1) N(2)-Si(2) 1.69(1)
Zr(1)—N(5) 2.11(1) N(2)-C(3) 1.52(2)
Angles
N(1)—Zr(1)—N(2) 144.2(4) N(2)-Zr(1)—N(6) 108.6(5)
N(1)—Zr(1)—N(3) 93.4(4) N(3)-Zr(1)—N(6) 86.7(4)
N(2)—Zr(1)—N(3) 82.5(4) N(4y-Zr(1)—N(6) 154.0(4)
N(1)—Zr(1)—N(4) 71.2(4) N(5)-Zr(1)—N(6) 102.6(5)
N(2)—Zr(1)—N(4) 74.3(4) Zr(1)}N(1)—Si(1) 131.7(6)
N(3)—Zr(1)—N(4) 67.8(4) Zr(1yN(1)—C(1) 117.1(8)
N(1)—Zr(1)—N(5) 89.4(5) Si(1yN(1)—C(1) 110.8(9)
N(2)—Zr(1)—N(5) 89.1(6) Zr(1XN(2)—Si(2) 135.7(7)
N(3)—Zr(1)—N(5) 169.1(4) Zr(1}N(2)—C(3) 109.0(9)
N(4)—Zr(1)—N(5) 103.3(5) Si(2yN(2)—C(3) 114.0(9)
N(1)—Zr(1)—N(6) 106.6(5)

[ZrCI5(N2NN")] (10) and feature“-bound diamide-diamine
ligands and mutuallycis-coordinated NMg ligands. The
zirconium—nitrogen bond lengths associated with the Zr-
(N2NN') and Zr(NNNN") moieties are experimentally identical

Skinner et al.

similar reasons to those proposed 7oiThe methyl groups

of the NMe ligand containing N(6) are also slightly twisted
out of the approximate mirror plane (so as to move C(19)
and C(25) away from the pyridyl group). This is reflected
in the values of the dihedral angles: N{&r(1)—N(6)—
C(20)=19.2 for 10and N(5)-Zr(1)—N(6)—C(26)= 20.¢’

for 11 (if the NMe, carbons were in the mirror plane, these
angles would be 9. The bulky'Bu groups of the BNN"
ligand in 11 are oriented away from the NMe@roups and
“back” toward the most open part of the ligand periphery.
There is no apparent effect of these bulky groups on the
molecular structure.

All of the amide nitrogens in both complexes have sums
of angles subtended at nitrogen that suggeshgpridization
for these atoms. Notwithstanding the obvious deviations from
octahedral geometry at zirconium, and the small twisting out
of the mirror plane of the NMgegroup cis to pyridyl, the
lone pairs of the NMgligands appear to be approximately
orthogonal to each other so as to minimize mutual competi-
tion for the available 4df) acceptor orbitals at zirconium.
The lone pairs of the 2NN’ and NNNN" amide nitrogens
are again effectively coplanar and mutually trans and,
therefore, in competition with each other for a singles8d(
metal acceptor orbital. The orientation of the NMigand
lone pairs appears to minimize competition with theNN'
and NNN" amide nitrogen lone pairs. Therefore, we propose
that [Zr(NMey)>(NoNN")] formally possesses an 18 valence
electron count, with both of the NMdigands donating in
full their nitrogenz-lone pairs, while the BNN' and N-
NN* amide nitrogens can only donate one lone pair between
them, the other residing in a ligand-based orbital as in the
dichloride [ZrCL(N2NN")] (7). However, despite these ap-
parent differences in zirconiurmitrogen bonding, the Zr
Namide distances in the two bis(dimethylamide) complexes
10 and 11 are not (with experimental error) significantly
different, although there is an apparent tendency for the Zr
NMe; distances to be slightly shorter. Of course, this could
also (or alternatively) reflect any diamigleliamine ligand
geometric constraints, the different substituents at nitrogen,
and/or the fact that the NMdigands are trans only to amine
donors whereas the,NN' and NNNN" amide nitrogens are
approximately trans to each other (i.e., to bettedonors
than neutral amine-type donors).

The!H and'3C NMR spectra of [Zr(NMg(N.NN')] (10)

for the two structures. In both compounds, all of these bond and [Zr(NMe)>(N-NN")] (11) are similar to those of corre-

lengths are longer that the corresponding ones in [ZiGt
NN")], reflecting the more crowded nature of the bis-

sponding dichlorides and are consistent with molec@ar
symmetry on the NMR time scale. The pyridyl group ortho

(dimethylamide) homologues and the better electron-donatinghydrogen resonances appear~a&.7 ppm, which is again

ability of NMe, in comparison to that of chloride. As fat
the zirconium-ligand distances irl0 and 11 are within
acceptable ranges.

downfield of the positions for the protio ligands in benzene-
ds, and indicate that this group is coordinated in solution.
The NMe groups appear as two singlets (relative intensity

Both of the bis(dimethylamide) compounds possess ap-6 H each). This is not expected from the X-ray structures in

proximately Cs symmetry with the mirror plane passing
through atoms Zr(1), N(3), N(4), N(5), and N(6). AsTh
the pyridyl rings are bent slightly out of the approximate
mirror plane and away from the closest NMweethyl group
(that with C(19) in10 and C(25) in11), presumably for

1118 Inorganic Chemistry, Vol. 41, No. 5, 2002

which the methyls of the NMgeligands cis to the pyridyl

groups are in chemically different environments, and so, in
principle, one would expect the see three NM&gnals in

the ratio 3 H/3 H/6 H. Cooling a sample 00 in tolueneds
to —90 °C gave no change in the appearance ofthdMR
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spectrum, and so, we conclude that rotation about the Zr
NMe, bonds is fast on the NMR time scale in these
complexes (as is usually the case with NMigands).

We have attempted to prepare the titanium complexes
[TiCIz(N2NN"] and [Ti(NMez)2(NoNN)] via similar routes
to those used for the zirconium congenéend10. However,
reaction of HN,NN' with [TiCl(NMey),] gave intractable
products rather than the desired [TiM.NN")] (although
the expected side product NHM&as observed in an NMR
tube scale experiment). Prolonged heating gfifNN’ with
[Ti(NMey)4] in benzene failed to produce any new products
at all. We believe that the coordination pocket of th#\N'
ligand might be too crowded to accommodate six-coordinate
first row metal complexes. We have been able to prepare in
other studies several five-coordinate complexes of the type
[M(X)(N2NN")] (M = Sc, X= Cl or CH,SiMez;3t M = Ti,
X = N'Bu or NAr®). Furthermore, using the less sterically
demanding bis(alkoxide)diamine analogue of NIN’, namely
(2-NGCsH4)CHN{ CH,C(Me),0} » (abbreviated as DIN'), we
have been able to make the six-coordinate dichloride and
bis(dimethylamide) complexes [THO.NN")] (X = Cl or

NMe,) shown3’
OH X
oG Gl
X =Cl or NMe,

H,0,NN'

Conclusions

We have reported the multigram scale syntheses of the
protio ligands HN,NN' and HN,NN", along with the
dilithiated homologues kN,NN' and LpN,NN*. Zirconium
and hafnium dichloride derivatives of the type [MX)] (M
= Zr or Hf; X = Cl or NMez; L = NoNN' or NoNNY) have
been prepared and all show that theNN' and NNN"
ligands provide a well-defined coordination environment for
these larger metals. Attempted synthesis of titanium dichlo-
ride or bis(dimethylamide) complexes of ,NN' were
unsuccessful. Studies of the organometallic and reaction
chemistry of early transition metal complexes of thg\N'
and NNN" ligand systems, theiN-aryl substituted homo-
logues, as well as their applications in lanthanide and actinide
chemistry, are underway and will be reported in due course.
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