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Reduction of Zr(O-2,6-MgCsH3)Clo[N(SiMe,CH,PPT,),] with sodium amalgam under dinitrogen yields the
dinuclear zirconium dinitrogen comple){(Pr,PCHSIMe;),N]Zr(0-2,6-MeCeH3)} 2(u-7%7%-N2). Solid state
structural analysis shows that the dinitrogen unit is bound in a side-on mode of coordination witt khiedvd
distance at 1.528(7) A; resonance Raman spectra show a band at 75focm(N—N), which is consistent with

this very long bond. In addition, the;Mgand is hinged slightly so that the Zi-7%7,2-Ny) core adopts a flattened
butterfly shape rather than a completely planar core as found in other related systems. Other Zr(IV) precurs
of the general formula ZrgX[N(SiMe,CH,PP1,),] (X = OBU, OCHPh, NPh) either decompose upon reduction
under N or produce mixtures of products.

Introduction dinitrogen by Mo(lll) to form a molybdenum nitride species
has been reported:’®8 Recently, we described the preparation
and structures of dinuclear complexes of zirconium that contain

Crookes in 1898 foreshadowed the great discovery in 1905 of d|n|trogen_ n ?'thgfzt?e side-on bridging or the end-on bridging
the Haber process} which is presently used to produce millions modze of ligation:> Thus, { [(Pr2PCHSiMe;),N]JZrCl} o(u-

of tons of ammonia from dinitrogen and dihydrogen. Neverthe- 7°7°-N2) (1) has the N unit side-on with a NN bond length
less, for the coordination chemist, the challehsgl remains of 1.548(7) A, while{[(Pr,PCH,SiMe,)2N]Zr(175-Cp)} 2(u-N>)

to activate N under conditions milder than those typically used (2) has the dinitrogen ligand end-on with a-Nl bond distance

by BASF in the HaberBosch versioh of this process. of 1.301(3) A. By changing the ancillary ligand from a
Although the coordination chemistry of the; Mholecule has tridentate amidodiphosphine to a macrocyclic system containing
flourished under this challenge and much new fundamental two amido units, we were also able to prepare the side-on
knowledge has been glean&d? no reaction comparable to the  dinitrogen compleX [(PhP(CHSiMe:NSiMe;CH,),PPh]Z# »-

“The fixation of dinitrogen is one of the great discoveries
awaiting the ingenuity of chemists.” These wordy William

Haber discovery has yet been uncovered. (u-n%n?%-Ny) (3); the N—N bond length is 1.43(4) A, and the
Recent fundamental studies on the binding oftdl metal complex displays new modes of reactivity with &hd silane4?
complexes have shown some remarkable developrritst We have also suggesfdthat the frontier orbitals of the
only do transition metals bind Nin a variety of bonding  zirconium center could be influenced by the ancillary ligands
modes’! but complexation to lithiunt? gold;"* and samari-  and matched to the* orbitals of the N fragment in either the

um'>1® has also been achieved. In addition, cleavage of sije-on or the end-on mode. Because of our continuing interest
in fundamental studies of dinitrogen coordination, we embarked

! Oregon Graduate Institute of Science and Technology. on a program to examine the effects of different ligand
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wavenumber assignments were estimated to be accurate within’2 cm

Me, '\é?z Me, Spectra for polarization studies of solution samples were collected in
. /-—-Si\,. Me, Pr, I!I/SI a 9@ scattering g_eome_try gt 278 K on a Dilor Z-24 Raman spectro-
Pr'y P N—-Si P\ / photometer. Typical slit-width settings were between 5 and 9'cm
\ / — All samples were sealed undep b 1.5-1.8 x 90 mm Kimax glass
C|.—Zr‘/P Pr ‘\PPri capillary tubes.
\\ 2 UV —vis spectra were recorded on a Perkin Elmer 5523 UV/Vis
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spectrophotometer stabilized at 2G. Mass spectral studies were
carried out on a Kratos MS 50 using an El source. IR spectra were
recorded on a Bomem MB-100 spectrometer. Solution samples were
recorded in a 0.1 mm KBr cell, and solid samples were recorded as
KBr pellets. Carbon, hydrogen, and nitrogen analyses were performed
by the microanalyst of the UBC Chemistry Department.

The starting complex ZrGIN(SiMe,CH,PPt,),] was prepared ac-
cording to the published procediw#e.Mercury was purchased from
BDH and purified as follows: In a separatory funnel, mercury (500 g)
was washed wit 2 M HCI (2 x 25 mL) acid and then with distilled
water (2x 50 mL), and it was finally rinsed a few times with Ex
(25 mL) until no further gray color was present in the ether washings.
During washings, a slag was formed on the surface of the Hg which

Si
’ Me \/ 2 was separated from the shiny Hg. Pure Hg was dried under vacuum
\ S,L—N N— i for 12 h. Sodium amalgam was made under a nitrogen atmosphere
—F \// Sph and washed with toluene ( 25 mL) until the washings showed no
gray coloration.

The sodium alkoxide and aryloxide reagents, NaOCH#td NaO-
2,6-MeCsHs, were prepared by reacting a toluene solution of the
alcohol with sodium (3 h at room temperature (RT) followgdab3 h
reflux). The resulting white solid was filtered off and extracted with
THF (to remove finely dispersed sodium), and the THF was removed
under vacuum to give alcohol-free NaOR. Prior to the reaction, the

Ph

N—N 1.43(1)A

Phy \ p—PFh

P
A—-Si\ ,N"Nsléz\ A alcohol was dissolved in toluene, and the solution was stirred with Mg
Si” N\S' ’ turnings (0.1 equiv) for 12 h, and the mixture was filtered. KOBu
Meo Melg was purchased from Aldrich and was sublimed prior to use. The sodium

3 amide, NaNP}) was prepared by reacting the amine, HiR¥ith NaN-
(SiMes); in toluene. The NaNRhwas precipitated out of toluene,
collected on a frit, and washed with hexanes to obtain pure material.

Zr(O—2,6—MeZCGH3)C|2[N(SiMe2CH2PPr‘2)2], 5. To a solution of
General Procedures. All manipulations were performed under  ZrCl)[N(SiMe,CH,PP#,),], 4 (4.00 g, 5.08 mmol), in toluene (150 mL)
prepurified nitrogen in a Vacuum Atmospheres HE-553-2 work station was added solid Na(@Q,6-MeCgHs) (1.03 g, 6.35 mmol) in three
equipped with an MO-40-2H purification system or in Schlenk-type portions @ 1 h intervals at RT. The reaction mixture was stirred for
glassware. Pentane, diethyl ether, and hexanes were dried andl6 h, and then the salt (NaCl) was removed by filtering through Celite.
deoxygenated by distillation from sodiufbbenzophenone ketyl under ~ The filtrate was concentrated to 25 mL, an equal volume of hexanes

argon. Toluene was predried by refluxing over Gaidd then distilled added, and the mixture allowed to stand at room temperature for 24 h.

from sodium under argon. Tetrahydrofuran and hexanes were predriedA colorless crystalline product slowly separated from the solution (2.41

by refluxing over Cakland then distilled from sodiumbenzophenone g, 70%). *H NMR (6, 300 MHz, GDe): 0.48 (s, 12H, Si(El3),); 0.96

ketyl under argon. Deuterated benzengD§; 99.6 atom % D) and (d of d, 16H, 12H of P[CH(El3)z]. and 4H of SiG1,P, 34—y = 6.1

deuterated toluene ¢Ds, 99.6 atom % D), purchased from MSD  Hz, 3J-y = 14.0 Hz); 1.06 (d of d, 12H, P[CH(5),]2, 3J4-n = 6.1

Isotopes, were dried over activated 4-A molecular sieves, vacuum- Hz, 3Jp_y = 14.0 Hz); 2.00 (sept of t, 4H, P{CHa)3]2, 3Ju-n = 6.1

transferred, and freeze-pump-thawed three times before use. Hz,2Jp-4 = 2.0 Hz); 2.80 (s, 6H, 2, 84e;Ph); 6.82 (t, 1Hp-Ph,3Jy_n

Dinitrogen gas was purified by purging through a column containing = 7.4 Hz); 7.05 (d, 2HM-Ph, 34—y = 7.4 Hz). 3P{*H} NMR (4,
MnO and activated 4-A molecular sieves. The 95% was obtained 121.421 MHz, @De): 14.98 (s). 3C{*H} NMR (9, 50.323 MHz,
from Cambridge Isotopes Ltd. and was used as supplied. CsDs): 5.41 (s, SiCHs)2); 10.70 (s, STH,P); 19.07 (s, P[CHLH3)2]2);
TheH, 3P, and®™*C NMR spectra were recorded on a Varian XL-  19.15 (s, P[CHCHa)2],); 19.86 (s, 2,6MePh); 24.09 (t, REH(CHa)J]2,

300, a Bruker AC 200, a Bruker WH-400, or a Bruker AM 500 2Jc_p = 6.2 Hz); 120.94 (sp-Ph); 128.79 (sm-Ph). Anal. Calcd for

spectrometer. Proton spectra were referenced using the partially Co6HssCILNOPRSi:Zr: C, 46.20; H, 7.90; N, 2.07. Found: C, 46.07;

deuterated solvent peak as the internal referengstCat 7.15 ppm H, 8.10; N, 2.03.

and GDsCD;H at 2.09 ppm relative to M&i. The3P{H} NMR Zr(OBUY)CIz[N(SiMe,CH,PPry),], 6. To a solution of ZrG}-

spectra were referenced to external P(O)\de} at+141.00 ppm relative [N(SiMeCH,PP1,);] (1.50 g, 2.54 mmol) in EO (60 mL) was added

to 85% HPQ,. The'®C{'H} NMR spectra were referenced to tGeDs a solution of KOBU(285 mg, 2.54 mmol) in EO (10 mL) at RT, and

signal at 128.0 ppm or to theDsCsDs signal at 20.4 ppm. Solution the mixture was stirred for 3 h. The solvent was stripped off under

BN{*H} NMR spectra were recorded on the Varian XL-300, referenced vacuum the residues were extracted with pentane (40 mL), and the

to external formamide set at 0.00 ppm. Solid-st&t NMR spectra extracts were filtered through a layer of Celite. Stripping off the solvent

were run on a Bruker MSL-400, referenced to solid/SHset at—73.39 gave a colorless oil containing80% (byH NMR spectroscopy) of
ppm with respect to neat formamide at 0.00 pptH{3*P} NMR spectra the desired product'H NMR (6, 300 MHz, GDg): 0.45 (s, 12H, Si-

were recorded on the Bruker AM 500 spectrometer. (CHa)y); 1.05 (d, 4H, Si®i,P,2Js-4 = 5.7 Hz); 1.32 and 1.35 (each d

Resonance Raman speétravere recorded on a modified Jarrell-  of d, 24H, P[CH(®3)5]2, 3p-1 = 2.9 Hz,3J4-n = 7.6 Hz); 1.50 (s,

Ash model 25-300 Raman spectrometer. Excitation radiation was 9H, OC(CHa)s); 2.04 (t of sept, 4H, P[B(CHs),]2, 2Jp-n = 1.9 Hz,

supplied by Spectra Physics Aand Kr' lasers operating at 514.5and ~ 3Jy_y = 7.6 Hz). 3'P{*H} NMR (J, 81.015 MHz, GD¢): 11.60 (s).

647.1 nm, respectively. Raman light was collected in a backscattering

geometry. Multiple scans were collected and calibrated against indene,(22) Fryzuk, M. D.; Carter, A.; Westerhaus, Aorg. Chem.1985 24,

toluene, or THF as external standards for peak positions. All 642.

Experimental Section




114 Inorganic Chemistry, Vol. 37, No. 1, 1998

Table 1. *H{3P} NMR Data for Complexe® and9a

Cohen et al.

groups major isomeiry) minor isomer §)
Si(CH3)2 0.37 (s, 12H) 0.29 (s, 6H), 0.32 (s. 6H)
0.41 (s, 12H) 0.32 (s, 6H), 0.35 (s, 6H)
SiCH,P 1.30 (d, 4HZJy—1 = 1.6 H2) obscured
1.32 (d, 4H32Jy—1 = 1.6 H2)
P[CH(CH3)2]2 1.04 (d, 12H2J4—n = 6.7 Hz) 1.13 (d, 6H), 1.26 (d, 6H)
1.05 (d, 12H3Jy—4 = 6.7 HZz) 1.34 (d, 6H), 1.44 (d, 6H)
1.17 (d, 12H3Jy-n = 7.3 HZ) rest of the resonances were obscured
1.23 (d, 12H33y- = 7.3 Hz)
P[CH(CHa)J]2 2.03 (sept, 4H3Jy—n = 7.3 Hz) 2.04 (sept, 2HJ)y-n = 7.4 Hz)
2.39 (sept, 4H3J,- = 6.7 Hz) 2.20 (sept, 2HJy—n = 7.4 Hz)
2.48 (sept, 2H3Jy- = 7.4 Hz)
2.53 (sept, 2H3Jy— = 7.4 Hz)
2,6-MePh 2.34 (s, 12H) only assignable resonance was a broad peak at 2.32
p-Ph 6.66 (t, 2H3Jy—n = 7.1 Hz) 6.62 (t, 2H3J4_y = 6.9 Hz)
m-Ph 7.00 (t, 4H3Jy—y = 7.1 Hz) 6.98 (t, 4H3J4_y = 6.9 Hz)

Zr(OCHPh )CI[N(SiMe,CH,PPr';),], 7. The complex was pre-
pared by a procedure similar to the one described abové, fasing
ZrCI3[N(SiMe,CH,PPt,);] (1.25 ¢, 2.12 mmol) and BEBHONaTHF
(589 mg, 2.12 mmol). The product was crystallized from a solvent
mixture containing BED and pentane (1.23 g, 78%fH NMR (0,
200.132 MHz, @Dg): 0.50 (s, 12H, Si(€l3),); 0.94 (m, 28H, SiEl,P
and P[CH(G'|3)2]2); 1.73 (sept, 4H, P[E(CH3)2]2, 3\]H7H = 6.8 HZ);
6.82 (s, 1H, €iPh); 7.00 (2H, tp-Ph,3Jy_y = 7.6 Hz); 7.16 (4H, t,
Mm-Ph,33y_y = 7.6 Hz); 7.71 (4H, dp-Ph,3J_y = 7.6 Hz). 31P{*H}
NMR (6, 81.015 MHz, GDg): 13.53 (s). Anal. Calcd for GHss
CI,ONP:SiZr: C, 50.45; H, 7.51; N, 1.90. Found: C, 51.25; H, 7.67;
N, 1.76.

Zr(NPh)CIz[N(SiMe,CH,PPr;),], 8. To a solution of ZrC)-
[N(SiMe,CH,PP1,),] (1.25 ¢, 2.12 mmol) in THF (60 mL) was added
a solution of NaNPh(199 mg, 2.12 mmol) in THF (20 mL) at RT,
and the mixture was stirred for 2 h. The solvent was stripped off under

and increased in intensity with decreasing temperature (dowrd®
°C). Anal. Calcd for a sample containing only the major isomer,
Cu6eHssONP.SibZr: C, 50.44; H, 8.63; N, 4.53. Found: C, 50.70; H,
8.87; N, 4.33. Anal. Calcd for a sample containing a mixture of major
isomer and minor isomer (major:miner 2:1), GeHssONP.SixZr: C,
50.44; H, 8.63; N, 4.53. Found: C, 50.24; H, 8.71; N, 4.29. Resonance
Raman (cm?), solid (“N,): 258m, 314vs, 350w, 595m, 732s, 751s,
989w, 1046m. MS (El)m/z 1236, 1193, 1107, 1063, 1007, 975, 695,
350, 262.

{[(PTizPCstiMez)zN]zr(o-z,G-Me2C6H3} 2([1-1]2:1]2-15N2), 9-15N2.
The nitrogen-15 analogue was prepared by a procedure similar to that
for 9, but by introducing®N, gas into the flask containing the degassed
reaction mixture. Workup was carried out under unlabeled N-
{1H} NMR (0, 30.406 MHz, GDg): minor isomer9a, 342.91 (s); major
isomer,9, 339.06 (s). Resonance Raman (émsolid (°N,): 277m,
309s, 350w, 576m, 596w, 725s, 750w, 1006vw, 1031w. MS (EI),

vacuum, the residues were extracted with toluene (20 mL), and the m/z 1238, 1195, 1111, 977, 696, 350, 262.

extracts were filtered through a layer of Celite. The product was

{[(Pri;PCH,SiMe;):N1Zr(OBu Y} 2(u-p%n*N,), 10. A solution of

crystallized from a solvent mixture containing toluene and hexanes (1.15 crude Zr(OBYCI[N(SiMe,CH,PPf,);] (approximately 1.05 g, 1.48

g, 75%). *H NMR (9, 400 MHz, GDg): 0.47 (s, 12H, Si(€l3),); 1.16
and 1.10 (m, 28H, SiB,P and P[CH(E3);]2); 2.12 (sept, 4H,
P[CH(CHa)2l2, 3J4-n = 4.0 Hz); 6.96 (2H, tp-Ph,3J4_y = 8.0 Hz);
7.23 (4H, t,m-Ph,334_4 = 8.0 Hz); 7.30 (4H, dp-Ph,3J4_y = 8.0
Hz). 3P{1H} NMR (9, 81.015 MHz, GDg): 15.58 (s). **P{*H} NMR
in a solvent mixture containing THF and@s (0): 2.70 (br); —1.20
(br). 13C{1H} NMR (9, 50.323 MHz, GDg): 5.04 (s, SCMe;,); 9.69
(s,CH_Si); 18.85 and 19.59 (s, CBHs),); 24.28 (t,CH(CHs)2, 1Jp-c
= 5.6 Hz); 123.41 (s, Ph); 126.98 (s, Ph); 128.26 (s, Ph). Anal. Calcd
for CsoHs4ClLN2P,SibZr: C, 49.83; H, 7.53; N, 3.88. Found: C, 50.09;
H, 7.56; N, 4.00.
{[(PrigPCHgSiMeg)zN]Zr(O-Z,G-M82C5H3)}2([4-1]2:1]2-N2), 9. A
solution of Zr(G2,6-Me-CeH3)Cl[N(SiMeCH,PP1,);] (1.05 g, 1.48
mmol) in toluene (100 mL) was transferred into a thick-walled reaction
flask (300 mL) containing Na/Hg (80 g of 0.17% amalgam, 5.74 mmol
of Na). The flask was then cooled to196 °C, filled with 1 atm of
N, sealed, and allowed to warm slowly to RT with stirring. The
colorless solution slowly took on the deep blue color of the product.

mmol) was dissolved in toluene (100 mL), and the solution was
transferred into a thick-walled reaction flask (300 mL) containing Na/
Hg (80 g of 0.30% amalgam, 10.4 mmol of Na). The flask was then
cooled to—196 °C, filled with 1 atm of N, sealed, and allowed to
warm slowly to RT with stirring. The colorless solution slowly took
on the deep purple color of the product. The reaction mixture was
stirred for 5 d, and the solution was decanted and filtered through a
layer of Celite. Stripping off the solvent from the filtrate gave a dark
purple oil. Attempts to crystallize the product were not succes3ful.
NMR (6, 300 MHz, GDg): 0.46 and 0.42 (s, 12H, Sit&),); 1.24 (br
m, 28H, SiGH,P and P[CH(El3),]2); 1.42 (s, 9H, OC(Els)s); 1.97 (br
sept, 2H, P[EGI(CHs)j]2, 3Ju—n = 7.2 Hz); 2.25 (br sept, 2H,
P[CH(CH3)2l2, %Ju-n = 6.6 Hz). 3P{*H} NMR (o, 81.015 MHz,
CsDg): 8.16 (S). ™N{*H} NMR (6, 30.406 MHz, GDg): 346.41 (s);
334.35 (s); 319.64 (s); 254.87 (s); 248.86 (s).

X-ray Crystallographic Analyses of Zr(O-2,6-Me;CgH3)Cl,-
[N(SiMe2CH2PPr‘2)2], 5, and {[(PrizPCHzSiMez)gN]Zr(O-2,6-Mez-
CeH3)}2(#-n%n%Ny), 9. Crystallographic data appear in Table 2. The

The reaction mixture was stirred for 5 d; the solution was then decanted final unit-cell parameters were obtained by least-squares calculations

from the amalgam and filtered through a layer of Celite. The amalgam-

containing residue was extracted with several 50 mL portions (ap-
proximately 400 mL) of toluene, until the extracts showed no blue color.

on the setting angles for 25 reflections with 2 29.6-36.1° for 5
and 46.4-72.7 for 9. The intensities of three standard reflections,
measured every 200 reflections throughout the data collections, decayec

The filtrate and the extracts were combined, and stripping off the solvent linearly for both5 (1.3%) and9 (2.0%). The data were proces3gd

gave a deep blue solid, which was washed with hexanesZ3 mL).

and corrected for Lorentz and polarization effects, decay, and absorption

Pure product was obtained by slow evaporation of a toluene solution (empirical; based on azimuthal scans).

of the crude product at RT (0.36 g, 40%H{3P} NMR (6, 500 MHz,
C;Dg): see Table 1.3%P{*H} NMR (6, 121.421 MHz, GDg), at 20

°C: major isomer 8.69 (s); minor isomer 8.85 (s) and 11.26 (s).
NOEDIFF experiments), 400 MHz, GDg): irradiating the resonances

The structures were solved by the Patterson method. The dinuclear
molecule9 lies on a center of symmetry in the unit cell. The non-
hydrogen atoms were refined with anisotropic thermal parameters.
Hydrogen atoms were fixed in calculated positions withHC= 0.98

at 7.00 or 6.98 ppm showed enhancements at 2.34 and 2.32 ppmA and By = 1.2Byonged aom S€CONdary extinction corrections were

Variable-temperaturé’P{*H} NMR (0, 121.42 MHz, GDg): upon

cooling of a sample of pure major isomer, the resonance at 8.69 ppm

broadened and below40 °C began to show shoulders at 7.60 and
9.10 ppm. Below-78°C, a broad peak began to appear at 4.00 ppm

applied (Zachariasen type 1 isotropic), the final values of the extinction

(23) Crystal Structure Analysis Packagdéersion 1.7; Molecular Structure
Corp.: The Woodlands, TX, 1995.
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Table 2. Crystallographic Data

5 9
formula CzeHsgClzNOPzSizZl’ C52H105N402P4Si42r2
fw 675.96 1238.11
crystal system monoclinic orthorhombic
space group P2;/c (No. 14) Pbcn(No. 60)
a, 13.442(2) 14.3839(14)
b, A 16.777(2) 17.7539(14)
c, A 16.456(2) 25.9967(10)
B, deg 108.564(9) 90
V, A3 3518.1(7) 6638.8(7)

z 4 4

Ocalca glcn® 1.276 1.239
T,°C 21 21
radiation Mo Cu

ALA 0.710 69 154178
u, et 0.64 4.55

R2 0.035 0.037
Ry° 0.031 0.034

AR = JIIFol = IFll/ZIFol. ® Ry = [ZW(IFol — |Fel) X wWIFoF"2.

Table 3. Selected Bond Lengths (A) and Angles (deg) for
ZI'(O-Z,6-MQC@H3)C|2[N(SiM92CH2PPf’2)2], 5

Zr(1)—Cl(1)
zr(1)—P(1)
zr(1)-0(1)
P)-C(1)
P(1)-C(8)
P(2)-C(13)
Si(1)-N(1)
Si(1-C(3)
Si(2)-N(1)
Si(2)-C(5)
O(1)-C(19)

Cl(1)-2r(1)—CI(2)
Cl(1)-zr(1)—P(2)
CI(1)-2Zr(1)-N(1)
Cl(2)-zr(1)—P(2)
CI(2)-zr(1)-N(1)
P(1)-2Zr(1)—O(1)
P(2)-Zr(1)—0(1)
O(1)-Zr(1)-N(1)
Zr(1)—-P(1)-C(7)
C(1)-PA)y-C(7)
C(7)-P(1)-C(8)
Zr(1)-P(2-C(13)
C(2)-P(2)-C(13)
C(13)-P(2)-C(14)
N(1)—Si(1)-C(3)
C(1)-Si(1)-C(3)
C(3)-Si(1)-C(4)
N(1)-Si(2)-C(5)
C(2)-Si(2)-C(5)
C(5)-Si(2)-C(6)
Zr(1)—-N(1)-Si(1)
Si(1)-N(1)-Si(2)

2.4732(9)
2.790(1)
1.969(2)
1.819(4)
1.848(3)
1.842(3)
1.733(3)
1.880(4)
1.736(3)
1.879(4)
1.362(4)

177.14(3)
79.16(3)
92.03(7)
98.91(3)
89.75(7)
98.77(6)

103.60(6)

174.92(9)

125.0(1)

107.4(2)

108.1(2)

115.1(1)

104.1(2)

107.3(2)

113.8(2)

106.6(2)

106.7(2)

113.3(1)

107.6(2)

107.1(2)

120.9(1)

117.9(1)

Zr(1¥CI2)
Zr(1YP(2)
Zr(1¥N(1)
P(H}C(7)
P(2yC(2)
P(2}C(14)
Si(1}C(1)
Si(1}C(4)
Si(2}-C(2)
Si(2)C(6)

CI(1¥Zr(1)—P(1)
CI(1y Zr(1)-0(1)
Cl(2)-zr(1)—P(1)
CI(2) zr(1)-0(1)
Py Zr(1)-P(2)
P(1}Zr(1)-N(1)
P(2yZr(1)—N(1)
Zr(1y-P(1)-C(1)
Zr(1}-P(1)-C(8)
C(1¥P(1)-C(8)
Zr(1¥-P(2)-C(2)
Zr(1yP(2)-C(14)
C(2}P(2)-C(14)
N(1)Si(1)-C(1)
N(L¥-Si(1)-C(4)
C(1¥Si(1)-C(4)
N(L)Si(2)-C(2)
N(L)Si(2)-C(6)
C(2)Si(2)-C(6)
Zr(1¥-0(1)-C(19)
Zr(1¥N(1)-Si(2)

2.4450(9)
2.769(1)
2.166(2)
1.844(3)
1.821(3)
1.846(3)
1.892(4)
1.863(4)
1.894(3)
1.862(4)

91.25(3)
90.07(7)
91.34(3)
88.34(7)
155.58(3)
76.57(7)
81.34(7)
97.5(1)
110.2(1)
107.0(2)
99.5(1)
122.9(1)
105.4(2)
107.8(1)
114.2(1)
107.2(2)
109.4(1)
112.6(1)
106.5(2)
170.5(2)
121.2(1)

coefficients being 2.05(5)x 1077 for 5 and 9.2(5)x 1078 for 9.

Neutral-atom scattering factors and anomalous dispersion correctionSpotassiumert-butoxide to4 resulted in the conversion to the
were taken from ref 24.

Selected bond lengths and bond angles forrend 9 appear in
Tables 3 and 4, respectively. Tables of final atomic coordinates and
equivalent isotropic thermal parameters, anisotropic thermal parameter

least-squares planes are included as Supporting Information.

Results and Discussion

Synthesis and Structure of Zr(IV) Precursors. Each end

of the side-on dinitrogen compleixcontains a ZrCI[N(SiMg-

(24) (a) International Tables for X-Ray Crystallographi{ynoch Press:
Birmingham, U.K., 1974; Vol. IV, pp 99102. (b)International Tables
for Crystallography Kluwer Academic Publishers: Boston, MA, 1992;

Vol. C, pp 200-206.
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Table 4. Selected Bond Lengths (A) and Angles (deg) for
{[(PFPCHSIMe,):N]Zr(O-2,6-MeCeHa)} 2(u-1%n>Ny), R

Zr(1)-P(1) 2.818(1) Zr(1yP(2) 2.846(1)
Zr(1)-0(1) 2.020(3) Zr(1¥N(1) 2.211(3)
Zr(1)-N(2) 2.034(4) Zr(1-N(2Y 2.082(4)
P(1)-C(1) 1.824(5) P(LYC(7) 1.848(6)
P(1)-C(8) 1.851(6) P(2)C(2) 1.813(5)
P(2)-C(13) 1.844(5) P(2)yC(14) 1.852(6)
Si(1)-N(1) 1.718(4) Si(1y-C(1) 1.890(5)
Si(1)-C(3) 1.878(6) Si(1)C(4) 1.870(6)
Si(2)-N(1) 1.720(4) Si(2)-C(2) 1.887(5)
Si(2)-C(5) 1.861(6) Si(2)-c(6) 1.881(5)
O(1)-C(19) 1.331(6) N2} N(2y 1.528(7)

P()-Zr(1)-P(2)  14554(4) P(BZr(1)-0(1)  87.6(1)

P(1-Zr(1)-N(@1)  79.4(1)  P(yZr(1)-N(2) 128.10(10)

P(1-Zr(1)-N(2y  85.10(10) P(2}Zr(1)-O(1)  88.1(1)

P)zr(1)-N(1)  745(1) P2 zr(1)-N(2)  82.89(10)

P2)-Zr(1)-N(2)  126.19(10) O(L}Zr(1)-N(1) 123.0(1)

O(1)-Zr(1)-N(2) 119.8(1) = O(1)}zr(1)-N(2y 119.1(1)

N(L)-Zr(1)-N(2) 111.4(1)  N(Lzr(1)-N(@2)y 114.7(1)

N(@2)-zr(1)-N(2)  43.6(2) zr(1»P(1)-C(1) 101.3(2)

Zr(L)-P(1)-C(7) 115.1(2)  zZr(1yP(1)-C(8)  120.1(2)

Cl)-P()-C(7)  106.3(3) C(I}P(1)-C(8)  104.9(3)

C(7)-P(1-C(8) 107.6(3) Zr(1}¥P2-C(2)  93.3(2)

Zr(1)-P(2-C(13) 115.8(2)  zZr(1}P(2-C(14) 124.4(2)

C2-P(2-C(13) 102.3(2) C(JP(2)-C(14) 106.5(3)

C(13)-P(2-C(14) 109.9(3)  N(1}Si(1)-C(1) 110.3(2)

N(1)-Si(1)-C(3) = 115.4(2)  N(1¥Si(1)-C(4) 112.3(2)

C(1)-Si(1)-C(3) 107.7(3)  C(1¥Si(1)-C(4)  105.4(2)

C(3)-Si(1)-C(4) 105.1(3)  N(1}Si(2-C(2) 108.2(2)

N(1)-Si(2-C(5) 112.4(2)  N(1}Si(2)-C(6) 115.4(2)

C(2)-Si(2-C(5) 107.7(2)  C(2}Si(2-C(6) 106.3(2)

C(5)-Si(2)-C(6) 106.4(3)  Zr(1}O(1)-C(19) 161.5(4)

ZrD)-ND)-Si(1) 123.9(2)  zr(1¥N(1)-Si2) 116.4(2)

Si(1)-N(1)-Si(2) 119.7(2)  zZr(1yN@2)-zr(ly 130.7(2)

Zr)-N@2)-N@2)  69.9(2)  Zr(1)-N(2)-N(2)  66.5(2)

aPrimes refer to the symmetry operatior:x, y, ¥, — z

CH,PPI),] fragment. We reasoned that replacement of the
chloride by another hard, anionic ligand, such as an alkoxide
(OR) or an amide (NR, should not drastically affect the frontier
orbitals of the fragment, and thus, a dinitrogen complex with
the N, side-on bound should result. This premise was based
on semiempirical calculations on the fragmemass-Zr(NH2)X-
(PHg)2, which show that, for X= halide, OH, or NH, the two
metal-based orbitals that are available to overlap withsthe
orbitals on the N fragment are those that prefer the side-on
mode?® Our initial attempts to utilize the dinitrogen complex
1 as the starting material by direct substitution of the ClI ligand
failed since addition of a variety of alkoxide or aryloxide
reagents tdl resulted in either decomposition or no reaction.
However, as the starting material for bdtland?2 is the Zr(1V)
complex ZrCHN(SiMe,CH,PPt,),] (4), we examined func-
tionalization of this complex.

Addition of 1 equiv of sodium 2,6-dimethylphenolate or

derivatives Zr(OR)GIN(SiMe,CH,PPH),] (5, R = 2,6-
Me,CsHg3; 6, R = Bu); sodium diphenylmethoxide, NaOCHRh
also produced the monoalkoxo compléx In the case of the

Gtert-butoxide complex6, we were unable to purify it from a

number of side products, and this complicated reduction under
N,. However, we were able to prepare both the aryloxide
derivative5 and the substituted alkoxidéin high purity. In
addition, the diphenylamido complex Zr(NP8I,[N(SiMe,CH,-
PPf,),] (8) was synthesized by a similar metathesis process
using sodium diphenylamide.

The stereochemistry of these monosubstituted complexes is
assumed to be distorted octahedral with the alkoxide, aryloxide,
or amide trans to the amide of the ancillary tridentate ligand.
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All of the complexes5—8 show very similar NMR spectral
characteristics consistent wit@,, molecular symmetry; in
particular, the silylmethyl protons (SiMeappear as a singlet
in the IH NMR spectrum and the methylene protons of the
backbone (PCLESi) give rise to a simple doublet due to coupling

to phosphorus-31. This stereochemistry was confirmed for the

aryloxide complexs in the solid state.

Cohen et al.

Figure 1. ORTEP drawing showing the molecular structure and
numbering scheme for Zr(O-2,6-M&sH3)CIo[N(SiMe,CH,PP15);] (5).
Ellipsoids are drawn at the 33% probability level.

routinely passed the Nhrough a MnO/molecular sieve tower

The molecular structure and numbering scheme are shownto remove trace @and HO, the crude reaction mixture obtained
in Figure 1, and selected bond lengths and angles are given infrom the reduction of5 under purified tank N possessed a

Table 3. The distortion away from octahedral is most evident
in the P(1)>-Zr(1)—P(2) angle of 155.58(3)whereas the other
transoid angles are closer to 2800(1)—Zr(1)—N(1) is
174.92(9j and CI(1>-Zr—CI(2) is 177.14(3). In addition, the
Zr(1)—0(1)—C(19) bond angle of 170.5(2)ndicates that there

is some multiple-bond character in the-ZD bond possibly due

to w-donation from the oxygen to Zr. The Zr(2P(1) bond
length of 1.969(2) A is short as compared to those of other
system£® These two interrelated structural features are indica-
tors of metat-oxygen g—p, interactions where larger bond
angles and shorter bond lengths are correlated sghectron
donation from the oxygeff By comparison, parameters
associated with the zirconiuroxygen bond for{[(BuY)s-
COLZrClsLi(OEt,)2} 2° are 1.859 A and 169 for [Cp.Zr-
(NMey)(0-2,6-Bu,CeH3)], 26 they are 2.056(1) A and 142.7(7),
and for [(CpZrMe),0],27 1.945 A and 174 are found. Other
bond lengths are typical of those previously found for Zr(IV)
complexes with this particular ligand systéfn.

Reduction under Dinitrogen. The reaction of aryloxid®
with >2 equiv of Na/Hg in toluene under-¥4 atm of N
produced the dinuclear dinitrogen comp{géPr,PCHSiMe,),N]-
Zr(0-2,6-MeCsH3)} 2(u-17%1%-Ny2) (9) in 40% yield (see below).
Reduction of the impurgert-butoxide derivativeb was also

number of impurities as evidenced fré#{*H} NMR spectra.
Most of the impurities were hexanes-soluble and could be
removed by washing the crude precipitate with hexanes;
recrystallization of the remaining material from toluene gave
the pure N complex9 having only a singlet resonance at 8.69
ppm in the3P{1H} NMR spectrum. In contrast, when the
reduction was performed und®N-labeled dinitrogent>N,, not
only were there fewer impurities present but, in addition, two
dinitrogen-containing complexes could be isolated, both having
the same (but isotopomeric) molecular formula9asn other
words, {[(Pr2PCHSIiMe;),N]Zr(0-2,6-MeCeH3)} 2(u-n%n2-
15N,) (9-15N,); presumably, the labeled dinitrogen is of better
guality than the unlabeled N The3P{1H} NMR spectrum of
the mixture showed three singlets at 8.69, 8.85, and 11.26 ppm
in the approximate ratio 4:1:1; assuming that the two new
singlets at 8.85 and 11.26 ppm are due to a single isomeric
compound, labele®a, then the isomers formed are in a 2:1
ratio with the major isomer, labeldd] giving rise to the singlet

at 8.69 ppm. ThéH NMR spectral resonances of the mixture
are detailed in Table 1. One possible rationalization of the NMR
spectral data is that the major isomhas both ends of the
dinuclear unit equivalent, while the minor isom8a has
inequivalent Zr(O-2,6-gH3)[N(SiMe,CH,PPt,),] fragments at-

examined; although deep purple solutions were obtained thattached to the bridging Nmoiety. Since the minor isomé&a

are diagnostic of dinuclear dinitrogen complexes (e.g., ioth

and9 are dark blue both in solution and in the solid state as is
3, and 2 is deep brown), crystalline materials could not be
isolated and the solution NMR spectra indicated multiple

products. Attempts to reduce the diphenylmethoxide complex

7 and the diphenylamide derivativ@ did not lead to any

is more soluble in hexanes, separation of the two isomers can
be achieved by washing the solid mixture ®@fand 9a with
hexanes; recrystallization of the remaining material from toluene
gives pure9. Attempts to obtain pur®a have so far failed.

Up to this point, we have not presented any data to show
that the dinitrogen unit in eithed or 9ais side-on bound. As

tractable materials, and no evidence of reduction by the We discussed earlier, differentiating between side-on and end-
formation of colored solutions was obtained. (See Scheme 1.)0n coordination of Nin a dinuclear complex is difficult. NMR

The formation of the aryloxide dinitrogen compl®&was
sensitive to the purity of the Natmosphere. Although we

(25) Lubben, T. V.; Wolczanski, P. T.; vanDuyne, G.@Organometallics
1984 3, 977.

(26) Cardin, D. J.; Lappert, M. F.; Raston, C. Chemistry of Organo-
Zirconium and Hafnium Compoundést ed.; Ellis Horwood Lim-
ited: Toronto, 1986.

(27) Hunter, W. E.; Hrncir, D. C.; Bynum, R. V.; Penttila, R. A.; Atwood,
J. L. Organometallics1983 2, 750.

spectral correlations, evet®™ NMR chemical shifts, are
ambiguous. However, we have shown that resonance Ramar
spectroscopy has proven diagnostic of the bonding mode and
can be correlated to single-crystal X-ray d#ka.

The single-crystal X-ray structure of the major isonSeis
shown in Figure 2, and selected bond distances and bond angle:
are given in Table 4. The solid state structure unequivocally
shows that the dinitrogen is bound in a side-on fashion bridging
the two zirconium centers. The observed nitrogaeitrogen
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Figure 2. ORTEP drawing showing the molecular structure and
numbering scheme fdi{(Pr,PCHSiMe,),N]Zr(O-2,6-MeCsHa3)} 2(u-
n%n%Ny) (9). Ellipsoids are drawn at the 33% probability level.

bond length of 1.528(7) A (Table 4) is essentially identical to
that (1.548(7) A) previously reported for the side-on derivative
1 and is significantly longer than the bridging end-on complexes
where the nitrogennitrogen bond lengths range from 1.12 to
1.3 A. A compilation of N-N bond lengths (Table 5) provides

9 R=2,6-MesCgH3
10 R=Bu'

zirconium that contain this PNP ancillary ligand system. The
bond lengths from the zirconium to each of the bridging
nitrogens, Zr-N(2), are 2.034(4) and 2.082(4) A, shorter than
the zirconium-amide bond length, Z:N(1) = 2.211(3) A, of
the ancillary tridentate ligand; similar differences in-4¢ bond
distances were observed for the chloride compexOther
zirconium—nitrogen bond distances in the literature range from
1.826(4) A for a zirconiumnitrogen double bond in Ggr =
NBuU{(THF)28to 2.443(1) A in Schiff base chelate derivati8s.

The zirconium-oxygen bond separation, Z20(1), is
2.020(3) A and the bond angle defined by the atoms Zr, O(1),
and C(19) is 161.5(&)(Table 4). In the solid state structure of
8, the aryloxide ligand is oriented such that the methyl
substituents are directed away from the isopropyl substituents
of the phosphine donors.

The structure of the major isom@rhaving each aryloxide
ligand on the same, closed side of theN&r hinge suggests
that the minor isomer9a, could have the aryloxide units on
opposite sides of the hinged 2B, core. Assuming that the
ZroN, core remains hinged, the major isomé@rhas C,,
symmetry while the minor isomer h&% symmetry. Such a
proposal is consistent with the NMR spectroscopic parameters
of both the major and minor isomers (Table 1); in particular,
the dinuclear uni®awith Cs symmetry would have inequivalent
ends and, as such, would give rise to more complichted MR
spectral data and should also show inequivalent phosphorus
nuclei in the3P{*H} NMR spectrum, exactly in agreement with
the data.

To further characterize these complexes, resonance Ramar
(RR) data were collected f&. With excitation at 647.1 nm,
two strong bands are observed at 751 and 732%cfRigure

a comparison with other dinitrogen complexes and also to 3A)- The 751 cm* peak shifts to 725 crit, overlapping with

selected other molecules of interest. The-Wlbond lengths
in complexesl and 9 are not only longer than that of free

the 732 cm! band in the spectrum of tHéN, isotopomer and

hydrazine but also longer than that found for the coordinated (28) Walsh, P. J.; Hollander, F. J.; Bergman, R.JGAm. Chem. Soc.

hydrazine ligand (bH,) or hydrazido ligand (NHNH) (Table
5). Another important structural feature is that the bridging N
unit is not planar as found fdk but exhibits a bent or hinged

1988 110, 8729.

(29) Archer, R. D.; Day, R. O.; lllingsworth, M. Unorg. Chem.1976
18, 2908.

(30) Wilkinson, P. G.; Hounk, N. BJ. Chem. Phys1956 24, 528.

geometry. The hinge angle, defined by the angle between the(31) Allen, F. H.. Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, A.

two ZrN; planes, is 156.2 It can also be seen that the aryloxide
substituents lie on the same closed side of th&lZhinge; this

is in contrast to that found it where the chloride ligands on
Zr are located on opposite sides of the planaNgrcore. As

will be discussed below, the hinged structural motif can be used
to rationalize the observation of structural isomers in the crude

reaction mixture o®.

G.; Taylor, R.J. Chem. Soc., Perkin Trans.1®87, S1.

(32) Sutton, L. ETables of Interatomic Distances and Configurations in
Molecules and lonsChemical Society: London, 1958; Vol. 11.

(33) Fryzuk, M. D.; Haddad, T. S.; Rettig, S.J.Am. Chem. Sod.99Q
112 8185.

(34) Turner, H. W.; Fellmann, J. D.; Rocklage, S. M.; Schrock, R. R;
Churchill, M. R.; Wasserman, H. J. Am. Chem. Sod98Q 102
7810.

(35) Blum, L.; Williams, I. D.; Schrock, R. RJ. Am. Chem. Sod.984
106, 8316.

The bond distances associated with the phosphine donors anqse) puchateau, R.; Gambarotta, S.; Beydoun, N.; Bensimor, @m.

zirconium are comparable to those in other complexes of

Chem. Soc199], 113 8986.
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Table 5. Compilation of Nitroger-Nitrogen Bond Lengths for Selected Compounds

compound bond length, A ref
N2 1.0975(2) 30
PhN=NPh 1.255 31
H>NNH; 1.46 32
[(175-CsMes)2Sm(u-17%17%-N2) 1.088(12) 15
{[(Pr.PCH.SiMe&y),N]ZrCl} o(u-n%n?-Ny), 1 1.548(7) 20, 33
{[(ProPCHSIMes)oN]Zr(°-CsHs)} o(u-N2), 2 1.301(3) 20
{[(Pr,PCH.SiMe;),N]Zr(O-2,6-MeCsH3)} 2(u-n%n?-Ny), 9 1.528(7) this work
[(OEPG)Li(THFRISM(u-17%172-N2)Li4 1.525 16
{[PhP(CHSiIMe;:NSiMe,CH,),PPh]Z} »(u-1%1n?-Ny), 3 1.43(1) 19
{ (MesP)(MesCCH,) Ta=CHCMes} 2(1-N>) 1.298(12) 34
[W(NPh)Mes] 2(u-1%:172-NHoNH2) (u-n%17>-NHNH) 35
u-ntnp-NHNH; 1.434(14)
u-nZn2-NHNH 1.391(15)
[{Li(THF)3} 2(M-?72:772-N2)]+[{ (7°-CsHs)2Zr} o(u-PPh)] ~ 1.06 13
[{[(Me3Si)aN]2Ti} 2(u-17%n?N2)2] ~ 1.379 36
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igure 3. Resonance Raman spectraf(A) “N, isotopomer; (B) Me, o\ ’/ Pr
15N, isotopomer. Spectra were collected with 647.1 nm excitation (60 M Si
mW) at ~90 K using a scan rate of 1 cris for nine scans. Each €2 %a

spectrum was 13-point-smoothed and baseline-corrected.

causing its intensity to increase sharply relative to the 751'cm
band (Figure 3B). This shift from 751 to 725 ciis within 1
cm! of the predicted isotope shift for a pure-Ml diatomic
oscillator. Consequently, we assign the peak at 7511am
the symmetricv(N—N) vibrational mode. This frequency is
consistent with the long NN bond distance and the supports
the side-on-bonded orientation of the lgand as found in the
crystal structure 08. The small residual intensity at 750 cin

in the 1N, spectrum is probably due to sorH\, contaminant
in the 15N, isotopomer. The assignment of the 732émeak

in Figure 3A remains unclear. However, its isotope insensitivity

Other peaks in the RR spectrum®élso show isotope shifts.
To illustrate, there is a peak at 595 chin the spectrum of the
1N, isotopomer (Figure 3A) that forms a doublet in the
spectrum of thé>N, isotopomer at 596 and 576 ci(Figure
3B). Again, the small peak at 596 chin Figure 3B probably
represents some residdéi, in the 15N, isotopomer. The shift
from 595 to 576 cm! is within 2 cnm? of the shift for a Z—-N
stretch predicted by assuming a pure diatomic oscillator. It is
interesting to note that no isotope-sensitive stretches assignable
to Zr—N modes were observed fdr possibly a reflection of
the difference in the local symmetry betwedn and 9.
Alternatively, these isotope-sensitive stretches may be due to a

suggests that it may be a ligand mode not associated with thlezN2 cage mode similar to that proposed for the;Gudimer

Zr,N, moiety. The weaker bands at 986 and 1046 tmay
be assigned as combinations between the strong 732 ltamd

in the u-n%7?-0, complex of oxyhemocyanift.

and the two isotope-sensitive, low-frequency modes at 258 andConclusions

314 cn1?, respectively. Similar combination bands are observed

for the 15N, isotopomer at 1006 (732 277) and 1031 (732
309) cntl. Similar RR features were observed in the RR
spectrum of [(Pro,PCHSiMey),N]ZrCl} o(u-1%32-Ny) (1), which
has a chloride in place of the aryloxide ligand %!

In this work we have presented another example of the side-
on mode of bonding of a dinitrogen fragment in a dinuclear

(37) Ling, J.; Nestor, L. P.; Czernuszewicz, R. S.; Spiro, T. G.; Fraczk-
iewicz, R.; Loehr, T. M.; Sanders-Loehr,J.Am. Chem. S0d.994
116, 7682.
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