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Abstract: A new dinitrogen complex, deep blue-green {[NPN]*Zr(THF)} 2(u-7%1?-N2) (INPN]* = {[N-(2,4,6-
MesCsH2)(2-N-5-MeCgHs)].PPh}), was prepared in high yield by the reduction of [NPN]*ZrCl, with 2.2 equiv
of KCg in THF under N,. The solid-state molecular structure shows that N, is strongly activated (N—N bond
length: 1.503(6) A) and bound side-on to two Zr atoms. Coordinated THF can be readily replaced by
adding pyridine (py) or PMezR (R = Me, Ph) to the complex to obtain {[NPN]*Zr(py)} 2(«-1?:17>-N2) or {[NPN]-
*Zr(PMezR)} (u-n?12-N2){ ZrINPN]*} in high yield. X-ray diffraction experiments show that the N, moiety is
strongly activated and remains side-on bound to Zr for the py and PMe,Ph adducts; interestingly, only one
PMe,Ph coordinates to the Zr,N, unit. {[NPN]*Zr(PMe;R)} (u-n?n?-N2){ Zr/[NPN]*} reacts slowly with H; to
provide {[NPN]*Zr(PMe;R)} (u-H)(u-n?1?-N2H){ Zr{NPN]*}, as determined by isotopic labeling, and multi-
nuclear NMR spectroscopy. The THF adduct does not react with H, even after an extended period, whereas
the pyridine adduct does undergo a reaction with H,, but to a mixture of products.

Introduction In 1997, we reportétthe first ever formation of NH bonds
. ) by the addition of H to a dinitrogen complex. The reaction of
The reaction of the molecular forms of nitrogen and hydrogen ([PaNJZn) o(u-n2>Ny) (where [PNg] is [PhP(CHSIMer-

over activated iron or ruthenium heterogeneous catalysts to form NSiMe,CH),PPh]) with dihydrogen produces @R,]Zr)(u-
ammonia is arguably one of the most important industrial nZn2-NoH)(u-H) as shown in eq 1.

processes practiced worldwidleNowadays known as the
Haber-Bosch process, millions of tons of NHire generated

Si,_ S
annually by this thermodynamically favorable, but kinetically ‘J;}N-‘-g'\p
sluggish, reaction and used further to generate fertilizers, @’ \.z{/ @
explosives, and other commodity materials. The details of the /\
interaction of N, H,, and NH over these heterogeneous N—N
catalysts are complicated by surface restructuring, formation of \Zr/ /@ Haz ™)
subnitrides, promoter effects, and the importance of defects. ep f‘gﬁp
Nevertheless, progress in the discovery of new catalyst systems, ﬂL’.’.—E‘*NESi Ny
particularly metal alloys, does show promfse.
It is remarkable that no one has discovered a homogeneous . Si sj_'gl\\’
catalyst that can produce ammonia fromahd H in analogy P”S*;}‘l/P
to the Haber-Bosch process. Part of the explanation for this (Me's on Si omitted) Q/ / r\ @
observation no doubt lies in the extreme inertness of molecular H—N<} H
nitrogen. In fact, until recently, the outcome of the reaction of \,
soluble metat-dinitrogen complexes with fvas typically loss @ _____ ] /7}-\\ Q
of coordinated N and the formation of a dihydrogen metal ff.l:gi_ fl%ﬁi--
I

species or a hydride derivatién addition, unlike other small

molecules, fundamental transformations of coordinatgbdve o . .
not been well established. Although initial theoretical calculations suggestebat an

additional equivalent of kcould be activated by this system
to generate the corresponding diazenido-dihydrideN{Zr) -

(1) Jennings, J. R., EdCatalytic Ammonia Synthesi®lenum: New York,
1991.

(2) Schigl, R. Angew. Chem., Int. EQR003 42, 2004. (6) Fryzuk, M. D.; Love, J. B.; Rettig, S. J.; Young, V. Gciencel997, 275,

(3) Jacobsen, C. J. Khem. Commur200Q 1057. 45,

(4) (a) Fryzuk, M. D.; Johnson, S. ACoord. Chem. Re 200Q 200-202, (7) Basch, H.; Musaev, D. G.; Morokuma, K.; Fryzuk, M. D.; Love, J. B.;
379. (b) Shaver, M. P.; Fryzuk, M. Adv. Synth. Catal2003 345 1061. Seidel, W. W.; Albinati, A.; Koetzle, T. F.; Klooster, W. T.; Mason, S. A.;

(5) Fryzuk, M. D.Chem. Rec2003 3, 2. Eckert, J.J. Am. Chem. Sod.999 121, 523.
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(u-17%17%-N2Ho) (u-H),, we were never able to detect this process
in the laboratory. However, it has been recently repoftdlat

a bis(tetramethylcyclopentadienyl) zirconium dinitrogen com-
plex [(175-CsMe4qH)2Zr]2(u-1%n?-N>) does react with 2 equiv of
H. to generate the diazenido-dihydride speci®8-{{sMe;H).-
ZrH]2(u-1%n%-N2Hy). In these two aforementioned examples
alone, one can see how important the ancillary ligands are to
changing the outcome of the reaction, in that the macrocyclic
diamidodiphosphine donor set allows activation of just one H
molecule, whereas the tetramethylcyclopentadienyl ligands
promote reaction with 2 equiv of 4 Even more remarkable
are the subtle differences in substitution of the cyclopentadienyl
ligand and their outcomé8.For example, use of the penta-
methylcyclopentadienyl ligand coordinated to zirconium results
in a different binding mode for j\ that is, [¢75-CsMes)2ZrN2] -
(#-N2), and displacement of dinitrogen upon reaction with H
to form (7°>-CsMes),ZrH,.11 Other substitution patterns on the
cyclopentadienyl unit also can lead to hydrogen activation.
Clearly, trying to anticipate what systems might be amenable
to both N and H activation is challenging with the rather small
set of known dinitrogen complexes that react with dihydrogen
to form N—H bonds.

Our goal in the area of dinitrogen activation has been to
expand the known reactivity patterns of complexes that contain
coordinated M By focusing on those reactions that result in
new nitrogen-hydrogerfs” nitrogen-carbont? and nitrogen
heteroatom bond<s,we hope to develop individual transforma-
tions that potentially can be combined into catalytic processes
that result in the conversion of ,No higher-value nitrogen-
containing materials. In this paper we disclose the synthesis of
a series of new, dinuclear dinitrogen complexes of zirconium
that contain side-on bound,NIn addition, we also report the
results of the reaction of these complexes with dihydrogen.

Results and Discussion

Synthesis off [NPN]*Zr(THF) }2(z-n%52-N,) (1). We have
previously reported the synthesis of the diamidophosphine ligan
[NPN]* (where [NPNJ* is {[N-(2,4,6-MgCsH)(2-N-5-
MeGCsH3)]2PP1}), which incorporates substitutedphenylene
linkages between the phosphine and amido donors and th
resulting coordination complex [NPN]*Zrg}* Theseo-phen-
ylene linkers were installed in this particular ligand design to
overcome the lability of the NSi bond and minimize the
flexibility of the backbone in the earlier reported diamidophos-
phine donor set [NPN] (where [NPN] is [PhP(€%IMe,-

d

(8) Yates, B. F.; Basch, H.; Musaev, D. G.; Morokuma,JKXChem. Theory
Comput 2006 2, 1298.

(9) (a) Pool, J. A.; Lobkovsky, E.; Chirik, P. Blature2004 427, 527. (b) An
analogous hafnium complex shows similar reactivity, see: Bernskoetter,
W. H.; Olmos, A. V.; Lobkovsky, E.; Chirik, P. Drganometallic2006
25, 1021.

(10) Bernskoetter, W. H.; Lobovsky, E.; Chirik, P.JJ.Am. Chem. So2005
127, 14051.

(11) (a) Manriquez, J. M.; Sanner, R. D.; Marsh, R. E.; Bercaw, J. BAm.
Chem. Soc1976 98, 3042. (b) Manriquez, J. M.; Bercaw, J. E. Am.
Chem. Socl974 96, 6229. (c) Manriquez, J. M.; McAlister, D. R.; Sanner,
R. D.; Bercaw, J. EJ. Am. Chem. S0d.978 100 2716.

(12) Morello, L.; Love, J. B.; Patrick, B. O.; Fryzuk, M. 0. Am. Chem. Soc.
2004 126, 9481.

(13) (a) MacKay, B. A.; Johnson, S. A.; Patrick, B. O.; Fryzuk, M.@an. J.
Chem.2005 83, 315. (b) Fryzuk, M. D.; MacKay, B. A.; Johnson, S. A;;
Patrick, B. O.Angew. Chem., Int. E2002 41, 3709. (c) Fryzuk, M. D.;
MacKay, B. A.; Patrick, B. OJ. Am. Chem. SoQ003 125, 3234. (d)
MacKay, B. A.; Patrick, B. O.; Fryzuk, M. DOrganometallic2005 24,
3836. (e) MacKay, B. A.; Munha, R. F.; Fryzuk, M. D. Am. Chem. Soc.
2006 128 9472.

(14) MacLachlan, E. A.; Fryzuk, M. DOrganometallics2005 24, 1112.
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Chart 1
/Ar /Ar
N Ar LN AT
S
2_\\ /\ iviey
n/ /S
/p /va|Me2
R 6] R
M[NPNJ* M[NPN]

NPh)]); 1315 the comparison of generic metal coordination
environments is shown in Chart 1.

The reduction of [NPN]*ZrCJ by 2.2 equiv of KG in THF
under 4 atm of Mprovides deep blue-gre¢fNPN]*Zr(THF)} »-
(u-n%12-No) (1) in 79% yield, as shown in eq 2.

Cl

2 c—zel

Dinitrogen complexXl decomposes to unknown products when
powdered or crystalline samples are stored under vacuum
overnight, or under Nat room temperature for several days;
crystalline samples are dried under vacuum only briefly (15 min)
prior to analysis. In solution under N1 is stable for extended
periods although it is very sensitive to air and moisture.

An ORTEP representation of the solid-state molecular
structure ofl as determined by single-crystal X-ray diffraction
is shown in Figure 1, along with selected bond lengths and
angles. The dinuclear complex features two coordinated THF
molecules, along with facially coordinated [NPN]* ligands. The
dinitrogen moiety bridges the two Zr atoms side-on, and there
is a slight butterfly distortion to the 2N, fragment: the angle
between the two Zrplplanes is 168 The N—N bond length is
1.503(6) A, which corresponds to reduction toAN or
hydrazido(4-). The Zr—N bond lengths to W are slightly
different: Zr1-N3 is 2.023(3) A, and Zr£N3' is 2.089(3) A.
The zirconium amido bond distances, M1 and Z,-N2, are
2.184(3) and 2.224(3) A, respectively, and are similar to those
found in the starting dichloride [NPN]*Zr@l The N—N bond
length in1 is identical to that of [NPN]Zr(THF)} o(u-1%n?-

N>) (1.503(3) A¥S but shorter than the NN bond in{[PNP]-
ZrCl} o(u-n%3-Ny) (1.548(7) A), the longest intact-NN bond
observed for a metal complé&.(Cp'2Zr)2(u-n%1%Ny) (Cp’
= 1,3-(SiMe),-5>-CsH3) has a similar N-N bond length tdl,

(15) Morello, L.; Yu, P.; Carmichael, C. D.; Patrick, B. O.; Fryzuk, M. D.
Am. Chem. So005 127, 12796.

(16) (a) Fryzuk, M. D.; Haddad, T. S.; Rettig, S.JJ.Am. Chem. Sod.990Q
112 8185. (b) Fryzuk, M. D.; Haddad, T. S.; Mylvaganam, M.; McConville,
D. H.; Rettig, S. JJ. Am. Chem. So0d993 115 2782 ([PNP}= N(SiMe,-
CH,PPy),).
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Figure 1. Solid-state molecular structure @f (ellipsoids at 50% prob-
ability). Carbon atoms of mesityl substituents (exceptdCand hydrogen

Table 1. UV—Vis Absorption Maxima of Some Group 4 N,
Complexes in Toluene

N, complex Amax (NM) € (x10°L mol~* cm™Y)
1 652, 358 6.1, 10
2 736, 401, 366 6.1, 6.6, 10
4 699, 363 9.7,11
([P2N2]Zr) 2(u-n2n?-No)2 670, 455, 390 c
[(rac-Bp)Zr]a(u-n%3?-N5)P 612, 392 c
[(175-CsMeqH)2Zr] 2(u-7%3n%Ny)d 648, 351 c, 3.7
[(75-CsMeqH) Hf] 2(u-7%7%-N2)e 886, 553 6.5,0.38

aRef 19.b (rac-Bp = Me;Si(-2-Me3Si-4-Bu-CsHy),]2) ref 18.¢ Not
reported d Ref 10.¢ Ref 9b.

The UV—vis absorption spectrum dfin toluene consists of
two absorptions at 652 nne & 6.1 x 10° L mol~1 cm™1) and
358 nm ¢ = 1.0 x 10* L mol~t cm™). It should be noted that
€ values are approximate because dilute solutiorslmécome
less intensely colored over several hours undeinM Teflon-
sealed cuvette, likely due to reaction with trace ahd HO.

By analogy with the UV-vis absorption spectrum of (}R.]-
Zr)o(u-n%n3-Ny),1° the two maxima are tentatively assigned to
charge-transfer (CT) transitions from the electron-rigfNinit

to empty d orbitals on Zr(1V). The U¥vis absorption spectrum

atoms have been omitted for clarity. Selected bond distances (A) and bondof 1 is similar to other group 4 dinitrogen complexes (Table

angles (deg): ZrdP1 2.6777(10), ZrEN1 2.184(3), Zr-N2 2.224(3),
Zr1—-01 2.371(2), Zr+N3 2.023(3), Zr+-N3' 2.089(3), N3-N3' 1.503(6),
P1-Zr1—N1 71.84(8), P+Zri—N2 73.42(8), N3-Zr1—N3 42.85(15),
Zr1—N3'—2Zr1’ 135.02(15), 0%+ Zr1—P1 154.14(7), P+ Zr—N3 82.00(8).

within error, at 1.47(3) A7 Other side-on bound ZrN;
complexes contain somewhat shorterNlbonds: {[P2N2]Zr} -
(u-n%n>-Ny) (1.43(1) A)S [(7°-CsMeqH)2Zr]a(u-12:32-N2)
(1.377(3) A)?2and ¢ac-BpZr)a(u-52n3-Ny) (1.241(3) A)8In
comparison to the closely related derivat{{BlPN]Zr(THF)} »-
(u-7%1%-Ny), the Zr—P bond lengths forl are quite similar
(2.6685(5) and 2.6777(10) A, respectively); however, the THF
molecules are much more tightly bound{iiNPN]Zr(THF)} »-
(u-17%n?-N2) as compared th as evidenced by the longerZ0
bond distance of 2.371(2) A ih as compared to 2.305(1) A
found in the former derivative. It is likely that the neutral THF
donor inl experiences a larger steric repulsion from the bulkier

1).
When [NPN]*ZrCk is reduced with K@ in the absence of

N, blue-greeri does not form, and instead, the reaction mixture
turns brown. Several species are present in the mixture: singlets
at 6 —14.6 and —15.4 are observed byP{'H} NMR
spectroscopy due to the major diamagnetic P-containing prod-
ucts, and singlets due to minor components are also apparent.
The major products could not be separated from each other,
and characterization of the mixture By NMR spectroscopy

and mass spectrometry did not aid in identifying these com-
pounds. Reduction of early transition-metal halide complexes
in the absence of Nactivation can lead to a variety of side
reactions including €H activation of toluene to yield anp™
benzyl complex? ancillary ligand activatioi! or formation of

a reduced complex that does not contain(blg., mixtures of
ZrCly and PEj react with sodium amalgam to give [ZrEl

N-mesityl groups as compared to the N-phenyl groups found (PEB)]2).*

in {[NPN]Zr(THF)} 2(u-1%n1%-Ny).

There is a singlet at 5.0 in the3P{'H} NMR spectrum of
1 in THF-dg indicating that both phosphines across the(zr
n%n2-N,) unit are equivalent. ThéH NMR spectrum shows
four singlets betweed 2.2 and 1.7 due to the four distinct
ArCHg; groups of the linkers and the N-mesityl groups (as is
observed inftH NMR spectra of [NPN]*ZrC}, rotation about
the Guso-Nwmes bond is restricted at room temperature on the
NMR time scale}* Resonances attributable to aromatic protons
and to coordinated THF are also evident. Compleis C;
symmetric in the solid state, bG, symmetric in solution, with
the mirror plane in the solution structure containing theNgr
core that is butterfly distorted in the solid state. A fluxional
process that flips Nfrom one side of the ZrZr axis to the
other may be responsible for the higher symmetry of THF-
ds solution on the NMR time scale, or more simply the structure
in solution may have a rigid planar A, core.

(17) Pool, J. A.; Lobkovsky, E.; Chirik, P. J. Am. Chem. SoQ003 125,
2241

(18) Chirik, P. J.; Henling, L. M.; Bercaw, J. ®rganometallics2001, 20,
534,

When [NPNJ*ZrCh is reduced unde¥®N,, the nitrogen-15-
labeled isotopologué-1°N, is obtained. In théP{1H} NMR
spectrum of the labeled complex, one observes an apparent
doublet EJpy = 6.7 Hz) atd 5.0; a doublet is also present in
the 1N{*H} NMR spectrum ofl-1>N, at 6 116.6 (relative to
MeNO, at 6 0). This can be rationalized if one assumes that
the N and 3P nuclei in 1-15N, comprise an AAXX' spin
system, with one coupling constafilpy, dominating the pattern.
Thus, it appears that only oi&N nucleus couples to onéP
nucleus. Addition of>N; to the unlabeled dinitrogen complex
1 does not result in the incorporation of labeled N

Synthesis of the Pyridine Adduct{ [NPN1*Zr(py) }2(u-5%
7%-Ny), 2. The addition of pyridine (py) to a blue-greeni
solution of1 results in an immediate color change to dark forest

19) Studt, F.; Morello, L.; Lehnert, N.; Fryzuk, M. D.; Tuczek,&hem. Eur.
J. 2003 9, 520.

(20) (a) Bartmann, EJ. Organomet. Chenl985 284, 149. (b) Evans, W. J,;
Chamberlain, L. R.; Ulibarri, T. A.; Ziller, J. WJ. Am. Chem. S04.988
110 6423.

(21) Fryzuk, M. D.; Kozak, C. M.; Mehrkhodavandi, P.; Morello, L.; Patrick,
B. O.; Rettig, S. JJ. Am. Chem. So002 124, 516.

(22) Wengrovius, J. H.; Schrock, R. R.; Day, C.I8org. Chem.1981 20,
1844.
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Figure 2. Solid-state molecular structure @f (ellipsoids at 50% prob-
ability). Carbon atoms of the mesityl substituents (excegrt)@nd hydrogen
atoms have been omitted for clarity. Selected bond lengths (A) and angles
(deg): Zri-P12.6699(12), ZrEN1 2.203(4), Zrt-N2 2.166(4), Zrt-N5
2.002(4), Zrt=N6 2.092(4), Zri-N7 2.448(4), Zr2-P2 2.6725(12), Zr2
N32.172(4), Zr2-N4 2.218(4), Zr2-N5 2.097(4), Zr2-N6 2.011(4), Zr2-

N8 2.441(4), N5N6 1.481(5), N5Zr1-N6 42.33(14), N6-Zr2—N5
42.19(14), P£Zr1—N7 156.80(9), N+Zr1—N2 109.51(14), N#Zr1—

N5 119.68(13).

green (eq 3) to generaffNPN]*Zr(py)} 2(u-17%n3-Ny), 2, which

is isolated in high yield as a dark-green powder upon workup.
Unlike the THF adducl, complex2 is stable to vacuum in the
solid state and can be stored underfbr weeks.

(3)
>2 py
CeHe
(-2 THF)

An ORTEP representation of the solid-state molecular
structure of2 is shown in Figure 2, along with selected bond
lengths and angles. The dinuclear structure is similar to that
observed forl. The N—-N bond length is 1.481(5) A, about the
same as that observed fbrwithin error. Also similar tal, the
N—N bond is not exactly perpendicular to theZZr axis: the
Zr1—N5 and Zr2-N6 bonds average to 2.00 A, and the Zr1
N6 and Zr2-N5 bonds average to 2.09 A. One pyridine is
coordinated to each Zr, and the ZWMN7 and Zr2-N8 bond
lengths are the same within error at about 2.44 A and lie within
the expected range. There is also a butterfly distortion in the
ZryN, core: the two ZrN planes meet at a 18&ngle.

10898 J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007

Similar to 1, there is a singlet in th#P{*H} NMR spectrum
of 2in C¢Dg atd 6.0. The'H NMR spectrum is consistent with
the Cy, symmetric structure proposed, although two of the
expected four ArChisinglets appear to overlap (the singlet at
0 2.03 integrates to 24H)[NPN]*Zr(py-ds)} 2(u-172%:7%-Ny),
2-di0, can be prepared frorh and pyds by the same method
used to prepare2 and has been characterized by NMR
spectroscopy and electron impact mass spectrometry (EI-MS).
I5N-labeled {[NPN]*Zr(py)} 2(u-17%n?-15Ny), 2-1N,, can be
prepared froml-15N, and py in GHe solution. There is a 1:2:1
triplet at 6 6.0 in the3P{1H} NMR spectrum of2-15N, that
corresponds to an apparent AXattern (each®P nucleus
couples to two magnetically equivaléfiN nuclei). A multiplet
appears atdo 118.2 in the ™N{'H} NMR spectrum that
corresponds to an AXX' spin system witfye = 7 Hz, 2Jyp
= 3 Hz, and!Jyn = 2 Hz. Similar tol, the UV—vis absorption
spectrum of2 in toluene has two maxima at 736 nm= 6.1
x 10 L mol~t cm™) and 366 nm¢ = 1.0 x 10* L mol~?
cm1), with a shoulder at 401 nna & 6.6 x 10° L mol~1cm™1).

Synthesis of Phosphine Adductg [NPN]*Zr(PMe 2R} (u-
72n2-N){Zr[NPN]* }, 3 (R = Me), and 4 (R = Ph). The
addition of an excess of PM#o a solution ofl in Et,O causes
an immediate blue-green to bright green color chafiéPN]-
*Zr(PMes)} (u-7%n%-N2){ Zr[NPNJ*}, 3, is isolated as a hexanes-
soluble bright green powder in quantitative yield upon workup
(eq 4). Complex3 has been observed to decompose in the solid
state at room temperature or a35 °C or upon prolonged
exposure to vacuum. Samples3ire synthesized immediately
before use or are stored for a few days in hexanes solutions
with a small amount of added PMat —35 °C. Although small
crystals of 3 can be obtained from toluene/HMDSO in the
presence of PMgat —35 °C, they were found to be unsuitable
for X-ray analysis. A hexamethyldisiloxane of crystallization
was observed by microanalysis and#{/NMR spectroscopy.

(4)

The 31P{1H} NMR spectrum of3 at room temperature in
CsDs indicates that there are three distinct phosphine environ-
ments in this complex: two doublets &t5.1 and—33.1 EJpp
= 44 Hz), and a singlet ai 2.5, each integrating to 1P. These
are assigned to the phosphine donor in [NPN]* and the £Me
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coordinated to one Zr atom (44 Hz coupling is consistent with
two-bond P-P coupling between trans-disposed phosphines in
an early transition-metal compi&¢4, and the singlet is due
to [NPNJ* coordinated to the other Zr atom, respectively. The
IH NMR spectrum is also consistent with tii& symmetric
structure proposed above: there are eight AfGhhglets, a
doublet at 0.27 BJpy = 6 Hz, 9H) attributable to one molecule
of coordinated PMg and the expected ArH resonances. The
absence of resonances for free or coordinated THF irfkthe
and!3C{1H} NMR spectra also supports the proposed structure.
Since attempts to grow single crystals3oivere hindered by
its high solubility and its thermal lability, PMPh instead of

PMe; was used to synthesize an analogous phosphine adduct

of the Zr—N, complex. The addition of excess PR to a
toluene solution ofl causes an immediate blue-green to bright
green color change. Benzene-solufldPN]*Zr(PMe,Ph)} (u-
7%n%-No){ ZI[NPN]*}, 4, is isolated as an emerald green powder
in 82% yield upon workup (eq 4). In contrast3p4 is thermally

Figure 3. Solid-state molecular structure df (ellipsoids at 50% prob-
ability). Carbon atoms of the front mesityl substituents (except)Gand

stable and can be placed under vacuum for several hours withouthe hydrogen atoms have been omitted for clarity. Selected bond lengths

decomposition. Small crystals dfcan be grown from gHe/

HMDSO at room temperature; the presence of cocrystallized

solvent was confirmed by microanalysis atttl NMR spectra

of 4 acquired in toluenels. Single crystals o# suitable for
X-ray analysis were grown by slow evaporation of a hexanes
solution.

The3P{1H} NMR spectrum of4 in CsDg is similar to that
of 3 at room temperature; there are two doublets @3 and
—22.5 @Jpp= 46 Hz) and a singlet at 1.9 assigned to [NPN]*
and PMePh coordinated to one Zr, and [NPN]* coordinated to
the second Zr atom, respectively. In #&NMR spectrum there
are eight ArCH singlets, a doublet ab 0.80 @Jup = 6 Hz)
corresponding to the coordinated P{§),Ph, and peaks in the
ArH region consistent with th€s symmetric structure proposed
for 4. There are two peaks in the U\Wis absorption spectrum
of 4 in toluene solution at 699 nme (= 9.7 x 10° L mol~1
cm1) and 363 nm{ = 1.1 x 10* L mol~! cm™?) tentatively
assigned to Bl— Zr CT transitions.

An ORTEP representation of the solid-state molecular
structure of4 is shown in Figure 3, along with selected bond
lengths and angles. Zrl is coordinated to one [NPN]* ligand
and side-on bound NZr2 is coordinated to one [NPN]* ligand,
PMePh, and side-on bound:NAt 1.488(2) A, the N-N bond
length compares well to those thand 2, within error. The
Zr—P bond lengths to [NPN]* (ZrxP1 2.6967(6), Zr2P2
2.6445(6) A) are also similar to those band2, but the Zr2-

P3 bond length to PM&h is much longer at 2.9139(6) A. The
Zr2—P3 bond length is comparable to other long-2r bonds

to tertiary phosphines reported in the literatZrds with 1 and

2, there is a butterfly distortion between the two Zrplanes

of 165 in the C, symmetric solid-state structure. P1 and P2
are staggered across the-r axis (P1-Zr1—Zr2—P2 torsion
angle is 179.9), whereas P1 and P3 are nearly eclipsed«(P1

(23) Gozum, J. E.; Wilson, J. R.; Girolami, G.B5.Am. Chem. S0d992 114,
9483

(24) (a) Fryzuk, M. D.; Haddad, T. S.; Rettig, S.Grganometallics1989 8,
1723. (b) Fryzuk, M. D.; Haddad, T. S.; Rettig, SQtganometallicsL988
7, 1224.

(25) (a) Schrock, R. R.; Seidel, S. W.; Schrodi, Y.; Davis, W.®fganome-
tallics 1999 18, 428. (b) Fryzuk, M. D.; Duval, P. B.; Mao, S. S. H,;
Zaworotko, M. J.; MacGillivray, L. RJ. Am. Chem. Sod999 121, 2478.
(c) Fryzuk, M. D.; Mao, S. S. H.; Zaworotko, M. J.; MacGillivray, L. R.
J. Am. Chem. So¢993 115 5336. (d) Cayias, J. Z.; Babaian, E. A.; Hrncir,
D. C.; Bott, S. G.; Atwood, J. LJ. Chem. Soc., Dalton Tran$986 2743.

(A) and angles (deg): ZriP1 2.6967(6), Zr2P2 2.6445(6), Zr:N1
2.1370(18), Zr+N2 2.1689(18), Zr2N5 2.1818(18), Zr2N6 2.1747-
(17), Zr1—N3 2.0450(17), Zr:-N4 2.0315(17), Zr2N3 2.0371(18), Zr2-
N4 2.1153(17), Zr2P3 2.9139(6), N3N4 1.488(2), N3-Zr1—N4 42.83-
(7), Zr1-N3-2Zr2 137.18(9), P2Zr2—P3 166.605(19), P1Zr1—N4
94.18(5), P+Zr1—N3 136.91(5), P+Zr1—N1 71.28(5), P+Zr1—-N2
75.25(5), NE-Zr1—N3 118.84(7), N+-Zr1—N4 115.84(7).

Zr1—Zr2—P3 torsion angle is 7°§. Since4 is Cs symmetric in
solution, the ZgN, core is either planar or there is a fluxional
process that allows No sample both sides of the ZZr axis
on the NMR time scale.

The solid-state molecular structure 4provides some clue
as to why only 1 equiv of PM#&h coordinates to the dimer:
the presence of PMEh on Zr2 causes [NPN]* on Zrl to adopt
a position that effectively blocks the coordination of RHk
to Zrl. Complex4 is uniqgue among zirconiumdinitrogen
complexes because the coordination environments at each Zr
atom are different.

Isotopically labeledt-5N, can be prepared frorh-15N, and
PMePh by the same method used to prepérdhe 31P{1H}
NMR spectrum o#-15N, in CsDe acquired at room temperature
is similar to that of4, but additional P-N coupling appears
when a sample of in tolueneds is analyzed at 253 K. There
is a doublet of doublets of doublets &t7.3 CJpp = 46 Hz,
2Jpn = 4 Hz,2Jpy = 7 Hz), a singlet ath —1.9, and a doublet
of doublets athy —22.5 @Jpp= 46 Hz,2Jpy = 7 Hz). It is unclear
why the singlet aty —1.9 is not split by!®N. There are two
AA'XX" multiplets @yn = 8 Hz, 2Jpny = 4 Hz,2Jpy = 7 HZ)
in the 15N{*H} NMR spectrum at 253 K ai 119.0 and 118.0,
each integrating to 1N.

Reactivity of the Dinitrogen Complexes with H. When a
blue-green toluene solution of the THF complgxs stirred
under 4 atm of K gas for 6 weeks at room temperature, there
is no color change, and no new peaks appear if4#PH} or
IH NMR spectra. In contrast, when a toluene solution of the
pyridine derivative? is stirred under 4 atm of Hfor 8 weeks,
there is a gradual color change from green to yellow-brown.
By 31P{1H} NMR spectroscopy, there is a mixture of products,
including [NPNJ*H,. In the IH NMR spectrum, no peaks
diagnostic of bridging hydride or NNH protons are observed.
Unfortunately, the major products could not be separated from
each other on the basis of solubility.
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Figure 4. 202 MHz3P{1H} NMR spectrum of in tolueneds at 273 K.

When a toluene solution of the PMderivative3 is stirred
under H, the bright green solution becomes yellow over2

integrate to 1H and are assigned to a bridging hydrideutZr-
H-Zr) and a hydrogen atom of bridging NN(Figure 5). The

weeks, and an orange precipitate forms after 5 weeks. Theother resonances are somewhat broad at this temperature. At

yellow-orange toluene-soluble produEfNPN]*Zr(PMe3)} (-
H)(«-NNH){ Zr[NPN]*}, 5, can be prepared in high yield from
3 and PMg in toluene solution under H(1 atm) (eq 5).
Complexs can also be synthesized frédrand H without added
PMe;, but an unidentified brown byproduct forms in about 10%
yield by this method. Samples bfare stable in solution and in
the solid state for months under, ldt —35 °C.

()

Toluene

At 298 K, the3'P{1H} NMR spectrum ob shows three broad
peaks at) ~13, —2.5, and—36, which sharpen at 273 K to
two doublets ab 13.8 and—34.5 fJpp= 56.7 Hz) and a singlet

at o —2.2 (Figure 4). Because the spectrum is reminiscent of

the starting materiad, a dinuclear structure fds is proposed
in which one Zr atom is coordinated to [NPN]d (—2.2) and
the other Zr atom is coordinated to [NPN}5 (L3.8) and PMg
(0 —34.5). The 56.7 Hz PP coupling constant is typical for a

two-bond coupling between trans-disposed phosphines in an

early transition-metal comple®.2*
ThelH NMR spectrum acquired at 298 K shows a triplét (
4.83,2)4p = 11 Hz) and a broad singlet (4.78) that each

10900 J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007

253 K, the peaks in théH NMR spectrum are sharper, and
thirteen singlets are observed @t~2.0 that are assigned to
ArCHj; groups. Sixteen singlets are expected based oi€the
symmetry of the product, but six of these singlets overlap and
integrate to 6H each. A broad singlet at0.09 is due to
coordinated PMg and the peaks due to ZrH-Zr and NNH
groups appear as an overlapping tripletda#.84 and broad
singlet atd 4.82.

In the IH{3'P} NMR spectrum at 253 K, the resonances
assigned to the bridging hydride (zZrH-Zr) and NNH appear
as two singlets abd 4.84 and 4.82. Thus, the bridging hydride
is a triplet in the!H NMR spectrum because it couples to only
two inequivalenlP nuclei. It is likely that the Zge-H-Zr moiety
couples to thé'P nuclei of two [NPN]* ligands and not to the
loosely bound PMgdonor; further support of this is discussed
below.

Attempts to generate crystals of the dihydrogen adduct were
partially successful. An X-ray crystal structure was obtained of
5; however, the data for this structure are of poor quality and
only the connectivity of the non-hydrogen atoms could be
established. What is evident is that there is a much larger
butterfly distortion of the ZiN, unit in 5 consistent with the
introduction of a hydrogen atom to one of the nitrogen centers
of the bridging N unit and a bridging hydride.

To confirm that the resonances@#®.84 and 4.82 originate
from H, gas, toluenads solutions of3 have been stored under
H, or D, gas in sealed NMR tubes and monitored for several
weeks. Whereas the reaction ®fwith H, is complete in 6

T T T T T T T
488 480 4.72
(ppm)
Figure 5. Zr-u-H-Zr and NNH resonances in the 500 MH#H NMR
spectrum of5 in tolueneeds at 298 K.
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weeks, the reaction with iakes about 3 months, and a mixture coupling constant is typical for one-bond coupffignd is

of {[NPNJ]*Zr(PMes)} (u-D)(u-NND){ Zr[NPN]*}, 5-dz, and5 similar to that observed for (BR2]Zr) 2(u-H) (u-°N*>NH).6 The

is produced. In théH NMR spectrum at 253 K, the triplet and  ®N{*H} NMR spectrum at 273 K shows a singlet@tl43.9

singlet resonances &t4.84 and 4.82 integrate to about 0.02H and a doublet ab 29.8 fJyp = 10 Hz). In the mass spectrum,

each relative to one of the ArGHeesonances (set to 3H). Thus, a peak due to [M— PMePh]* is apparent.

the bridging hydride and NNH protons originate from H H, may add to3 or 4 by a 1,2-addition mechanism across

gas. The resonances @t4.84 and 4.82 appear in spectra of the Zr—N bond via a four-centered transition state: one N of

5-d, because there are trace HD impurities (0.4%) in thg D  dinitrogen acts as a nucleophile and Zr acts as an electrophile

presumablys-d; is also present in this mixture. SinGereacts in this reaction, which is an example of heterolytic-H

with H, faster than it reacts with Dthe formation of in this activation. A similar mechanism has been invoked for the

reaction cannot be prevented. Compfed, (along with thed; addition of H to ([PaN2]Zr)2(u-17%1-N,).° This latter reaction,

isotopologue) can also be prepared as an orange solid on a largefeported in 1997, was the first example of adémplex reacting

scale (300 mg) fron8, PMe;, and Dy (4 atm). By integration ~ With Hz to yield a new N-H bond. Yellow ([RN2]Zr)x(u-H)-

of the resonances 4t4.84 and 4.82 in théH NMR spectrum  («-NNH) forms under 1 or 4 atm of 5fand a broad singlet at

in tolueneeds acquired at 253 K5-d; and5 are present as 10% 9 253 and a multiplet ai 2.07 appear in théH NMR spectrum.

of the labeled product. A signal attributable to the parent ion, 1nese peaks are due geNNH andu-H groups, respectively,

[5-cb]*, appears in the mass spectrum of the compound. as determined by isotopic labeling; whe.n the reaction is
To determine if the hydrogenation 8fcan be extended to conducted qnder boas, thesl‘; resonances dlsappear, andlwhen

the PMePh congene#, a toluene solution oft and PMePh H, reacts with ([BN2Zn)z(u-"N), the peak ab 5.53 is split

X ] into a doublet {4y = 71.3 Hz). The resonances attributable to
was stirred under 1 atm of4fas. The green solution turns bridging hydride Zgs-H-Zr for 5 and 6 are about 3 ppm

yellow after 3 weeks at room temperature, and a yellow 4,y nfield compared to the hydride observed forJ51Zr).-
precipitate forms after 6 weeks. Upon workugNPN]*Zr- (u-H)(u-NNH) but are within the range of known chemical shifts
(PMePh} (u-H)(u-NNH){ Zr[NPNJ*}, 6, is isolated as a yellow o, hydrides bridging two Zr aton¥.
solid in good yield (eq 5).

Similar to 5, the 3'P{*H} NMR spectrum of6 in tolueneds Conclusions
at 298 K shows three broad singletséat5, —2, and—25. At

253 K, the broad resonances sharpen and a doubleflat6 In this article, the synthesis, structure, and reactivity of

) {[NPNJ*Zr(THF)} 2(u-n%1%N>) (1) are reported. The coordi-
2 — —
(*Jpp=57.4 Hz), a broad doublet at—24.6, and a broad singlet nated N has been formally reduced toyN in the complex

ato —2.3 are obs_erved. These signals correfpond .to [NPNJ* and is bound in the bridging side-on mode to two Zr atoms.
and PMePh coordinated to one Zr, and [NPNJ* coordinated to 1o substitution of THE for pyridine or PMR (R = Me, Ph)

the other Zr, respectively. In the presence of a small amount of i yeagily carried out by adding the donor molecule to a solution
PMePh, the spectra 06 are more broad and require lower 451 Wheread [NPNJ*Zr(py)} 2(u-nZn2-N2) (2) is structurally
temperatures to decoalesce. In five NMR spectrum at 233 analogous td except for the identity of the donor, {iNPN]-
K, the expected signals due to ArH, Argrand PMePh groups *Zr(PMesR)} (u-n2n?-No)}{ ZIINPNJ*} (3, R= Me; 4, R= Ph),
in the C, symmetric dimer are apparent. In addition, a broad only one of the two Zr atoms is coordinated to PReeven in
singlet até 4.94, and a poorly resolved triplet at4.88, are  the presence of excess phosphine. The solid-state molecular
attributable to NN and Zru-H-Zr protons, respectively; these  structure of4 shows that PMgh bound to one Zr atom leads
chemical shifts are reversed from the PMelduct5 (Figure to a rearrangement of [NPN]* on the second Zr atom, effectively
5). When the downfield#'P NMR signals due to the [NPN]*  blocking the coordination of a second PM#. The synthesis
units ato 14.6 and—2.3 are each selectively decoupled, the of the pyridine and PMg£R adducts frond represents a simple,
triplet ato 4.88 collapses in turn to a broad doublet; when the high-yield method for tuning the coordination environment of
3P NMR peak at) —24.6 due to the coordinated PiRh is the metal in a strongly activated,Momplex.
irradiated, the triplet resonance due to the bridging hydride is  Dinitrogen complexed—4 display different reactivity with
unaffected. This clearly indicates that only the [NPN]* phos- H, in toluene solution. THF addudtdoes not react with pHat
phine donors on each zirconium engage in coupling to the 4 atm pressure over several weeks. While a toluene solution of
hydride, which in turns supports the bridging mode of bonding. pyridine adduc® changes color when stirred undes fdr weeks

The formation of a new NH bond upon hydrogenation of ~ at room temperature, multiple products form that could not be
4 has been confirmed by an isotopic labeling experiment. Separated or identified. In contrast, a new-N bond forms
{INPNJ*Zr(PMezPhY (u-H) (u-15NINH){ ZI[NPN]*}, 6-15N,, when PMeR adducts3 and4 are stirred under Hin toluene;
can be prepared frod5N,, PMe:Ph and H (1 atm) in toluene  LINPNI*Zr(PMezR)} (u-H) (u-n72-NH) ZIINPN]*} (R= Me,
solution. At 273 K, thé'P{IH} NMR spectrum 0B-15N, shows 5; R = Ph, 6) forms in hlgh yield and has been characterized
the same peaks as that@fbut the broad singlet at —24.6 is by _|sotop|c labeling, multinuclear NMR speptroscopy, and a
split into a broad doublet. In tHéd NMR spectrum acquired at solld-state_ structure 05. The lack of reactivity of the THF
233K, the ArH, ArCH, and PMePh resonances are analogous adductl with H parallels that of the related compl€fNPN]-
to those of6, but the peak ab 4.94 is a doubletlfyny = 72

(26) Binsch, G.; Lambert, J. B.; Roberts, B. W.; Roberts, JJDAm. Chem.

Hz), and the peak af 4.88 is a broad triplet?0yp = 9.7 Hz). S0c.1964 86, 5564.

141 31 H 27) (a) van den Hende, J. R.; Hessen, B.; Meetsma, A.; Teuben, J. H.
In the 'H{*F} NMR spectrum, the (_joublet at4.94 is apparent,  (?7) (()r)ganometallicslggq 9, 537. (b) Weigold, H.; Bell, A. P.; Willing, R. 1.
but the resonance &t 4.88 is a singlet. The 72 H¥N—1H J. Organomet. Cheni974 73, C23.
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Zr(THF)} 2(u-n%5?-Ny); it is likely that the strongly bound THF
molecules impede the reaction with ki both complexes, and

and was stirred overnight. The pressure was vented, and the suspension
was diluted with THF (10 mL) and filtered through Celite in the

not until an additional soft phosphine donor is present does the 9lovebox. The Celite was washed with additional THF.0—20 mL).
1,2-addition take place. In addition, it could also be that the The filtrate was concentrated to a volume~10 mL, layered with

PR; adducts display enhanced reactivity due to the presence of
one open site at the uncoordinated Zr center. The latter feature

augers well for further reactivity studies, which are currently
in progress.

Experimental Section

General Considerations.Unless otherwise stated, all manipulations
were performed under an atmosphere of dry, oxygen-freerMr by

pentane (3650 mL), and chilled to—35 °C. Black crystals formed
over several days that were collected on a frit, washed with pentane (5
mL), and dried under vacuum for 15 min (0.802 g, 0.548 mmol, 79%).
Storing crystals ofl under vacuum overnight gave a white powder
that contained benzene-soluble and -insoluble fractions. Crystdls of
suitable for X-ray analysis were grown in a large Teflon-sealed bomb
by vapor diffusion of hexanes into a concentrated benzene/THF solution
of the compound in an NMR tube over 3 weeks. Crystalé gfown

from THF/hexanes at35 °C contain 2 equiv of cocrystallized THF

means of standard Schlenk or glovebox techniques (Vacuum Atmo- as determined by elemental analysis and confirmedHyNMR

spheres HE-553-2 glovebox equipped with an MO-40-2H purification
system and a 35 °C freezer). Ar and Mwere dried and deoxygenated

spectroscopytH NMR (THF-dg, 500 MHz): 6 = 7.42 (t, 4H, 7.5 Hz),
7.22 (m, 6H), 7.08 (d, 4H, 7.5 Hz), 6.82 (s, 4H), 6.73 (s, 4H), 6.64 (d,

by passing the gases through a column containing molecular sieves4H, 8.5 Hz), and 5.43 (dd, 4Hluy = 8 Hz, Jup = 6 Hz) (ArH), 3.54

and MnO. Hexanes, toluene, tetrahydrofuran, pentane, benzene, andbs, THF), 2.18 (s, 12H), 2.07 (s, 12H), 1.94 (s, 12H), and 1.74 (s,
diethyl ether were purchased anhydrous from Aldrich, sparged with 12H) (ArCHs), 1.69 (bs, THF)3P{1H} NMR (THF-dg, 202 MHz): &

N2, and passed through columns containing activated alumina and Ridox= 5.0 (s).23C{*H} NMR (THF-dg, 126 MHz): 6 = 163.1 (d, 11 Hz),
catalyst. Tetrahydrofuran was then stored over purple sodium ben-144.7, 137.9, 136.7, 136.4, 134.9, 134.1, 133.8, 130.0, 129.9, 128.9,

zophenone ketyl indicator and degassed by three fregpamp—thaw
cycles. Pyridine was dried over Caldnd distilled under B prior to
use. THFdg, C;Ds, and GDs were dried over Na/K alloy under partial
pressure, trap-to-trap distilled, and freepamp—thaw degassed three
times. 'H, 3'P{'H}, and ®C{'H} NMR spectra were recorded on a
Bruker AV-300, Bruker AV-400, or Bruker AMX-500 spectrometer,
operating at 300.1, 400.0, and 500.1 MHz ¥arspectra, respectively.
Li{*H} NMR spectra were recorded on the AV-400 or AMX-500.

128.8, 125.1, 118.2, 117.9, and 113.7 (d, 10 Hz) (ArC), 68.2, and 26.4
(THF), 20.9, 20.4, 20.3, and 19.2 (ArGHEI-MS (m/2): 1432 (1, [M
— NzJ™), 1320 (2, [M — 2THF]'), 541 (100,{[NPN]*H, — Me}™).
Anal. Calcd forl-2THF, GH110NeOsP2Zr2: C, 68.71; H, 6.89; N, 5.23.
Found: C, 68.34; H, 7.24; N, 4.90. UWis (toluene)Amax (¢) = 358
(1.0 x 10%, 652 (6.1x 1% nm (L mol! cm™).

Reduction of [NPN]*ZrCl, in the absence of M. Using the
procedure outlined above, THF (10 mL) was transferred to a mixture

Unless otherwise noted, all spectra were recorded at room temperatureof [NPN]J*ZrCl, (0.350 g, 0.488 mmol) and Kg0.145 g, 1.07 mmol)
'H NMR spectra were referenced to residual protons in the deuterated ot 77 K, and the flask was evacuated and sealed. The reaction mixture

solvent: GDg (0 7.16), CDC} (6 7.24), GDs (6 2.09), or THFés (0
3.58).3P{*H} NMR spectra were referenced to external P(OM8)
141.0 with respect to 85%4R0; at 6 0.0). *C{H} NMR spectra are
referenced as indicated:s0s (0 128.0), CDC} (6 77.23), or THFdg

(6 67.4).°N{H} NMR spectra were recorded on a Bruker AV-400
direct detect spectrometer operating at 400.1 MHZHfbNMR spectra
and were referenced externally to MeN&t 6 0. Chemical shiftsd)

was a brown suspension while warming to room temperature. The
mixture was stirred overnight, the pressure was vented, and an aliquot
of the reaction mixture was analyzed #¥?{*H} NMR spectroscopy.

The reaction mixture was filtered, and the filtrate was concentrated
and layered with pentane, but no crystals were obtained. After 2 days,
the brown solution was taken to dryness to obtain a brown powder.
31P{1H} NMR spectroscopy indicated the reaction mixture and solid

listed are in ppm, and absolute values of the coupling constants are ingptained upon workup had the same composifié?{H} NMR (CeD,

Hz. NMR simulations were performed using the program MestReC.

UV—vis spectra were recorded on a Varian/Cary 5000 -Wé
spectrometer usgha 1 cmTeflon-sealed cuvette. Mass spectrometry

202 MHz): & = 20.3 (s,~5%), 17.9 (5,~5%), —14.6 (S,~30%),
—15.4 (s,~40%), —31.4 (5,~20%).
{INPNJ*Zr(THF) }(u-52%3%-5Ny) (1-15N,). Complex1-°N, (0.254

EI-MS) and microanalyses (C, H, N) were performed at the Department
E)f Cher)nistr atthe Uni{/ersiiy of Brit)ish Colrijmbia Flasks sealepd under g, 0.173 mmol, 83%) was prepared from [NPN]*Zs@.321 g, 0.448

iy atn ’ mmol) and KG (0.133 g, 0.985 mmol) in a 200 mL Teflon-sealed
N2 gas at liquid-nitrogen temperature reach a pressure of 4 atm at roomy b by the same general method used to prepasdter vacuum-

temperature and should be thawed completely behind a blast shield

and handled with caréN-labeled complexes were isolated and handled
under unlabeled N[NPN]*ZrCl,'? and potassium graphite (KOwere
prepared according to literature meth@&S.rimethylphosphine and

dimethylphenylphosphine were purchased from Strem Chemical Ltd.

and used without further purificatio®N, gas (isotopic purity 98%,

1 or 2 L) was purchased from Cambridge Isotopes Ltd. in a small carbon
steel lecture bottle and used as received. Hydrogen was obtained from,

transferring THF (5 mL) to the flask at 77 K, the sealed, frozen flask
was connected to a lecture bottle®&ifl, gas (1 L, -2 atm pressure)

via a small transfer bridge. The apparatus was evacuated and backfilled
three times, the flask containing the frozen solution was opened, and
the entire apparatus was evacuated and then closed to the Schlenk line.
The lecture bottle was slowly opened in the closed system. The flask
was warmed to room temperature in a liquighRtOH slurry (4 atm

N2) behind a blast shield with vigorous stirring. TH& NMR spectrum

Praxair, and deuterium gas (HD 0.4%) was purchased from CambrldgeWaS the same as fdr. *P{1H} NMR (THF-ds, 162 MHz): & = 5.0

Isotopes Ltd, and both were used as received.

{INPNJ*Zr(THF) }2(u-5%n?N,) (1). THF (10 mL) was vacuum-
transferred onto an intimate mixture of [NPN]*ZgC(1.00 g, 1.40
mmol) and KG (0.414 g, 3.07 mmol) in a 400 mL Teflon-sealed thick-
walled bomb at 77 K. The flask was filled with ;Ngas at this

temperature, sealed, and warmed slowly to room temperature in a liquid-
N2/EtOH slurry behind a blast shield. As soon as the mixture had

melted, it was stirred vigorously. The flask was periodically inverted

to coat the walls of the flask with the concentrated reaction mixture.
The solution turned purple after 2 h, and bright blue-green after 5 h,

(28) (a) Lalancette, J. M.; Rollin, G.; Dumas,®an. J. Chem1972 50, 3058.
(b) Bergbreiter, D. E.; Killough, J. MJ. Am. Chem. Sod978 100, 2126.
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(d, 2Jpn = 6.7 Hz).'5N{*H} NMR (THF-ds, 40 MHz): 6 = 116.6 (d,
2Jpn = 6.7 Hz). EI-MS (W2): 1432 (8, [M— Nj]*), 1322 (6, [M—
2THF"), 541 (100{[NPN]*H, — Me}*).

{INPNJ*Zr(py) }2(u-n%n?-N) (2). To a stirred blue-green suspen-
sion of1 (0.815 g, 0.557 mmol) in s (15 mL) was added pyridine
(0.98 g, 1.0 mL, 12 mmol) dropwise. The solution turned dark evergreen
instantly. After 15 min the reaction mixture was taken to dryness to
obtain a dark-green powder that was suspended in hexanes, collected
on a frit, rinsed with hexanes (5 mL), and dried (0.723 g, 0.489 mmol,
88%). Large black crystals suitable for X-ray analysis were grown by
slow evaporation of a benzene solution of the compound in an NMR
tube.’H NMR (CsDs, 500 MHz): 6 = 7.55 (bm, 4H), 7.45 (d, 4H, 6
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Hz), 7.12 (m, 4H, py), 6.84 (d, 4H, 8 Hz), 6.77 (s, 4H), 6.65 (bs, 6H),
6.55 (t, 2H, 8 Hz, py), and 6.47 (s, 4H) (ArH), 6.00 (m, 8H, ArH and
py), 2.23 (s, 12H), 2.11 (s, 12H), and 2.03 (s, 24H) (ACHP{H}
NMR (C¢Ds, 202 MHz): 6 = 6.0 (s). 3C{'H} NMR (C¢Ds, 126
MHz): 6 =162.7 (d, 33 Hz), 149.9, 143.9, 137.3, 136.8, 136.0, 134.6,

powder (0.335 g, 0.229 mmol, 82%). Small crystalsAafuitable for
microanalysis were grown by slow evaporation of a benzene/HMDSO
solution of the complex. Crystals dfsuitable for X-ray analysis were
grown by slow evaporation of a concentrated hexanes solution of the
compound*H NMR (CgDg, 400 MHZ): 6 = 7.79 (t, 2H, 9 Hz), 7.74

133.7,133.2, 133.0, 129.6, 129.5, 128.3, 127.6 (d, 8 Hz), 127.5, 125.6,(t, 2H, 9 Hz), 7.51 (d, 2H, 7 Hz), 7.38 (d, 2H, 8 Hz), 7-26.15 (m,
125.1, 121.9, and 114.0 (d, 10 Hz) (ArC), 20.8, 20.4, 20.1, and 19.3 3H), 6.98 (m, 2H), 6.91 (t, 2H, 7 Hz), 6.7%.65 (m, 16H), 6.12 (dd,

(ArCHa). EI-MS (m/2): 1399 (30, [M— py]™), 1320 (30, [M— 2py]*),
541 (100,{[NPN]*H, — Me}"). Anal. Calcd for GeHggNgP2Zr2: C,
69.88; H, 6.00; N, 7.58. Found: C, 70.20; H, 6.31; N, 7.20.-t\é
(toluene)Amax (€) = 366 (1.0x 10%, 401 (6.6x 1(°), 736 (6.1x 1C°)
nm (L mol~t cm™3).

{INPN]*Zr(py- ds)}2(u-5%5?-N2) (2-tho). Using the procedure out-
lined above, pyridineis (0.53 g, 0.50 mL, 6.3 mmol) was addedlo
(0.290 g, 0.198 mmol) in g (5 mL). A dark-green powder (0.270
g, 0.181 mmol, 91%) was isolated upon workup. FH'H} and®C-
{*H} NMR spectra are the same as those2ofH NMR (CsDs, 500
MHz): & = 7.55 (m, 4H), 7.45 (d, 4H, 7 Hz), 6.84 (d, 4H, 8 Hz), 6.77
(s, 4H), 6.65 (bs, 6H), 6.46 (s, 4H), and 6.01 (dd, dkb,= 6 Hz, Jun
=8 Hz) (ArH), 2.23 (s, 12H), 2.11 (s, 12H), and 2.03 (s, 24H) (AgCH
EI-MS (m/2): 1404 (10, [M— (py-ds)]*), 1320 (15, [M— 2(py-ds)]T),

541 (100{[NPNJ*H, — Me} ™).

{INPNJ*Zr(py) }2(e-n%n?*Ny) (2-*5N,). Using the procedure out-

lined above, pyridine (0.24 g, 0.25 mL, 3.0 mmol) was addetHteN,
(0.150 g, 0.102 mmol) in & (3 mL), and a dark-green powder was
isolated upon workup (0.129 g, 0.087 mmol, 85%). The NMR
spectrum was the same as thalof'P{*H} NMR (CsDe, 161 MH2z):
0 = 6.0 (AX; triplet, 2Jpn = 7 Hz). 15N{*H} NMR (CsDg, 40 MHZ):
0 = 118.2 (AAXX'" multiplet, 2Inp = 7 Hz,2Jyp = 7S HZ,X0y\w = 6
Hz). EI-MS (W2): 1322 (10, [M— 2py]*), 541 (100,{[NPN]*H, —
Me} 1).

{[NPN]*Zr(PMe 3)} (u-1%n%-N2){ Zr[NPN]* } (3). To a solution of
1 (0.320 g, 0.221 mmol) in E® (5 mL) was added PMg0.52 g,
0.60 mL, 6.9 mmol). The mixture turned clear bright green instantly.
After 30 min the reaction mixture was taken to dryness to obtain a
green powder (0.306 g, 0.219 mmol, 99%). A sample 3ofor
microanalysis was recrystallized from toluene, with a few drops ofMe
added, layered with (M&i),O (HMDSO) at—35 °C. The supernatant
liquid was decanted, and the microcrystalline solid was rinsed with
pentane and dried under vacuum for 5 nih NMR (CeDs, 400
MHz): & = 7.82 (m, 4H), 7.56 (d, 2H, 8 Hz), 7.37 (d, 2H, 8 Hz), 7.27
(t, 2H, 8 Hz), 7.18 (t, 1H, 7 Hz), 7.13 (t, 1H, 7 Hz), 7.01 (t, 2H, 7 Hz),
6.94 (t, 2H, 7 Hz), 6.78 (d, 4H, 7 Hz), 6.77 (s, 2H), 6.74 (s, 2H), 6.66
(S, 2H), 6.13 (dd, 2HJH =8 Hz,)J4pp=6 HZ), and 5.78 (dd, 2HIuH
= 8 Hz, Jup = 6 Hz) (ArH), 2.31 (s, 6H), 2.23 (s, 6H), 2.17 (s, 6H),
2.11 (s, 6H), 2.00 (s, 6H), 1.92 (s, 6H), 1.68 (s, 6H), and 1.43 (s, 6H)
(ArCHs), 0.27 (d, 9H,Jup = 6 Hz, PMe). 3*P{H} NMR (C¢Ds, 162
MHz): 6 = 5.1 (d, 1P2Jpp= 44 Hz), 2.5 (s, 1P);-33.1 (d, 1P2Jep
= 44 Hz, PMg). 3C{*H} NMR (CsDs, 101 MHz): 6 = 162.8 (d, 29

Hz), 159.6 (d, 25 Hz), 143.0, 141.8, 137.7, 137.1, 135.8, 134.9, 134.3,

2H, JuH = 8 HZ,JHP =6.5 HZ), and 5.77 (dd, 2H]HH =8 HZ,JHp =

6.5 Hz) (ArH), 2.28 (s, 6H), 2.19 (s, 6H), 2.16 (s, 6H), 1.98 (s, 12H),
1.92 (s, 6H), 1.67 (s, 6H), and 1.48 (s, 6H) (Arg}H.80 (d, 6HJup

= 6 Hz). **P{1H} NMR (CsDs, 162 MHz): 6 = 7.3 (d, 1P2Jpp = 46

Hz), 1.9 (s, 1P);22.5 (d, 1P2Jpp= 46 Hz, PMePh).13C{H} NMR
(CeDs, 101 MHz): 6 = 162.9 (d, 31 Hz), 159.4 (d, 26 Hz), 141.4,
137.8,137.5(d, 4 Hz), 136.1, 135.4, 135.0, 134.7, 134.3, 134.2, 133.9,
133.7,133.6, 133.5, 133.4, 133.3, 131.7, 131.4, 131.3, 130.8 (d, 8 Hz),
129.7 (d, Hz), 129.2, 129.0, 128.7 (d, 3 Hz), 128.6 (d, 3 Hz), 127.9,
127.4 (d, 7.5 Hz), 127.1 (d, 5 Hz), 125.8 (d, 5 Hz), 118.1, 117.8, 117.6,
117.2, 114.5 (d, 9 Hz), and 113.6 (d, 11 Hz) (ArC), 21.1, 21.0, 20.5,
20.3,19.5, 19.1, 17.9, and 16.1 (Arg)H15.6 (d, 13 Hz, PPh(C#jb).
EI-MS (m/2): 1320 (8, [M — PMePh]"), 541 (100, [[NPN]*H —
Me]"). Anal. Calcd for4-(CsHg)(HMDSO), 5, CogH12N6O1 5SisPsZr>:

C, 66.81; H, 6.91; N, 4.72. Found: C, 67.21; H, 6.86; N, 4.35-UV
vis (tolueneMmax (€) = 363 (1.1x 10%, 699 (9.7x 10°% nm (L moi*
cm).

{INPNJ*Zr(PPhMe 2)} (u-pZ%n%-*N){ ZrINPN]* } (4-*N;). Com-
plex 4N, (74 mg, 51umol, 97%) was prepared in an analogous
fashion to4 from 1-1*N, (77 mg, 53«mol) in toluene (1 mL) and PMe
Ph (73 mg, 53zmol). TheH NMR spectrum was identical to that
observed fod. 31P{1H} NMR (tolueneds, 162 MHz, 253 K): 6 = 7.3
(ddd, 1P,2.]pp= 46 HZ,ZJPN =4 HZ,ZJPN =7 HZ), 1.9 (S, lP),—225
(dd, 1P,2Jpp = 46 Hz,2Jpy = 7 Hz). ®*N{'H} NMR (tolueneds, 40
MHz, 253 K): 6 = 119.0 (AAXX' multiplet, 1N,y = 8 Hz, 2J\p
= 7 Hz,2p = 4 Hz), 118.0 (AAXX' multiplet, 1N,y = 8 Hz,
2Ine = 7 Hz,2J\p = 4 HZ). EI-MS (W2): 1322 (15, [M— PMePh]"),

541 (100, [[NPNJ*H — Me]*).

{[NPNJ*Zr(PMe 3)} (u-H)(u-NNH){Zr[NPN]* } (5). Complex 3
(0.400 g, 0.287 mmol) was dissolved in toluene (10 mL), and £Me
(0.010 g, 0.132 mmol) was added. The solution was transferred to a
Teflon-sealed bomb and degassed by three frepapenp—thaw cycles.

At room temperature, the flask was filled with 1 atm of gas and
sealed, and the contents of the flask were stirred vigorously for 6 weeks.
Over 2-3 weeks, the bright green solution became light yellow-green,
and after 56 weeks an orange precipitate formed. In the glovebox,
the precipitate was collected on a frit, rinsed with pentane (10 mL),
and dried under vacuum for 10 min to obtain a yellow-orange powder
(0.224 g, 0.160 mmol, 56%). The filtrate was stored undg(lHatm)

in a Teflon-sealed bomb for 1 week to obtain yellow crystals that were
collected on a frit and dried under vacuum (0.105 g, 0.075 mmol, 26%).
Although samples 06 decompose over days at 26 in a N-filled
glovebox, at—35 °C no decomposition is observed over 1 month. At

134.1, 133.9, 133.6, 133.2, 130.7, 130.0, 129.7, 129.6, 129.3, 129.0,25 °C, toluene solutions df with added PMe(~10 mg per 1 mL of
128.8,128.7,128.6, 128.5, 128.1, 127.9, 127.0, 125.7 (d, 5 Hz), 125.6, toluene) can be stored for weeks without decomposition. Small yellow-

118.0, 117.6, 114.7 (d, 9 Hz), and 113.5 (d, 11 Hz) (ArC), 21.0, 20.9,

20.5, 20.3,19.8, 19.7, 17.7, and 16.0 (Ar§H 5.4 (d, 13 Hz, PMg.

Anal. Calcd f0r3'(HMDSO))_e7, Cg3H99N5P32I’25i1_3300_57: C, 6627,

H, 6.63; N, 5.59. Found: C, 66.38; H, 6.90; N, 5.22.
{INPN]*Zr(PMe ,Ph)} (u-%n>N2){ ZrINPN]* } (4). To a stirred

blue-green suspension ©f(0.410 g, 0.280 mmol) in toluene (10 mL)

was added PM&h (0.250 g, 1.81 mmol). The suspension turned bright

orange crystals were grown from toluene/HMDSO-&5 °C. The
amount of cocrystallized HMDSO was consistent with the results of
H NMR spectroscopy performed on crystalline samples dissolved in
CsDs. Orange single crystals suitable for X-ray analysis were grown
in an NMR tube under Kby vapor diffusion of pentane into ass
solution of the compound with-10 mg PMg added per 1 mL of
benzene'H NMR (C¢Ds, 400 MHz, 298 K): 6 = 7.98 (bt, 4H, 5 Hz),

green and was stirred at room temperature for 30 min to obtain a clear,7.45-7.25 (m, 4H), 7.147.00 (m, 4H), 6.9+6.68 (m, 12H), 6.07
emerald green solution. The reaction mixture was taken to dryness to(dd, 1H,Jun = 8 Hz, Jup = 6 Hz), 6.01 (dd, 1HJun = 8 Hz, Jup =
obtain a green residue that was triturated and taken to dryness, first6é Hz), 5.86 (bs, 1H), 5.83 (s, 1H), 5.71 (bs, 1H), and 5.47 (bs, 1H)

with toluene (5 mL), then with hexanes ¢85 mL). The deep green

(ArH), 4.83 (t, 1H,2Jup = 11 Hz, ZrHZr), 4.78 (bs, 1H, NNH), 2.41

solids obtained were suspended in pentane (5 mL), and the mixture(s, 3H), 2.39 (s, 3H), 2.26 (s, 3H), 2.25 (s, 3H), 2.16 (s, 3H), 2.13 (s,

was chilled to—35 °C overnight. The solids were collected on a frit,
rinsed with hexanes (5 mL), and dried fb h toobtain a bright green

6H), 1.99 (s, 6H), 1.97 (s, 6H), 1.94 (s, 3H), 1.93 (s, 3H), 1.90 (s, 3H),
1.88 (s, 3H), and 1.59 (s, 3H) (ArGH 0.19 (d, 9H,Jup = 5 Hz,
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P(CHs)3). *H NMR (tolueneds, 500 MHz, 253 K): 6 = 8.14 (dd, 2H, 4.94 is a doublet (1HJuy = 72 Hz), and the resonance @4.88 is
Jun = 8 Hz, Jup = 8 HZz), 7.62 (d, 1H, 7 Hz), 7.48 (d, 1H, 8 Hz), 7.45  a broad triplet (1H2Jup = 9.8 Hz).*H{3'P} NMR (tolueneds, 400
(d, 1H, 8 Hz), 7.34 (d, 1H, 9 Hz), 7.18 (m, 4H), 7.06 (m, 2H), 6.99 MHz, 233 K): 6 = 7.99 (d, 2H, 7 Hz), 7.80 (d, 1H, 7.5 Hz), 7.49 (s,
(m, 4H), 6.86 (d, 1H, 8.5 Hz), 6.80 (d, 1H, 8.5 Hz), 6.76 (bs, 3H), 1H), 7.41 (s, 1H), 7.32 (s, 1H), 7.27 (s, 1H), 7.09 (m, 2H), 7.05 (s,
6.72 (s, 1H), 6.67 (s, 2H), 6.57 (d, 2H, 8 Hz), 6.16 (dd, TIr; = 8 1H), 6.97 (s, 2H), 6.89 (s, 2H), 6.81 (s, 1H), 6.64 (m, 10H), 6.54 (s,
Hz, Jup = 6 Hz), 5.94 (dd, 1HJun = 8 Hz, Jup = 6 Hz), 5.79 (dd, 1H, 1H), 6.49 (s, 1H), 6.36 (bm, 2H), 6.06 (d, 2H, 8 Hz), 5.89 (d, 2H, 8
Jun = 8 Hz, Jup = 6 Hz), and 5.70 (dd, 1H} = 8 Hz, Jup = 6 Hz) Hz), 5.70 (d, 1H, 7 Hz), and 5.48 (d, 1H, 7 Hz) (ArH), 4.94 (d, 1H,
(ArH), 4.84 (t, 1H,2J4p = 11 Hz, ZrHZr), 4.82 (bs, 1H, NNH), 2.65  Juy = 72 Hz, NNH), 4.88 (bs, 1H, ZrHZr), 2.64 (s, 3H), 2.25 (s, 3H),
(s, 3H), 2.27 (s, 3H), 2.25 (s, 3H), 2.19 (s, 3H), 2.14 (s, 6H), 2.08 (s, 2.02 (s, 6H), 2.00 (s, 9H), 1.95 (s, 3H), 1.92 (s, 3H), 1.89 (s, 3H), 1.87
6H), 2.01 (s, 3H), 1.99 (s, 6H), 1.95 (s, 3H), 1.94 (s, 3H), 1.80 (s, 3H), (s, 3H), 1.84 (s, 6H), 1.79 (s, 3H), 1.59 (s, 3H), and 1.55 (s, 3H)
1.69 (s, 3H), and 1.64 (s, 3H) (ArGH 0.09 (bs, 9H, P(CH)s). 3P- (ArCHs), 0.53 (bs, 3H, P(Ck2Ph), 0.33 (bs, 3H, P(CitPh). 3P-
{H} NMR (tolueneds, 202 MHz, 273 K): 6 = 13.8 (d, 1P2Jpp = {H} NMR (tolueneds, 162 MHz, 253 K): 6 = 14.6 (d, 1P2Jpp =
56.7 Hz),—2.2 (s, 1P)—34.5 (d, 1P2Jpp= 56.7 Hz). Anal. Calcd for ~ 57.4 Hz),—2.3 (s, 1P)~24.6 (bd, 1P2Jpp= 51.5 Hz).15N{'H} NMR
5+(HMDSO.67 CesH101N6P:006:Si 3212 C, 66.19; H, 6.76; N, 5.58.  (tolueneds, 40 MHz, 298 K): 6 = 143.9 (s), 29.8 (e = 10 Hz).
Found: C, 65.98; H, 6.60; N, 5.50. EI-MS (m2): 1320 (12, [M— PMe&Ph]"), 541 (100, [[NPNJ*H, —
{INPNJ*Zr(PMe 3)} (u-D)(z-NND){ Z-[NPNJ* } (5-d,). Complex3 Me[?).
(0.300 g, 0.215 mmol) was dissolved in toluene (5 mL), and £Me Reaction of 1 with H,. A solution of 1 (0.365 g, 0.249 mmol) in
(0.010 g, 0.132 mmol) was added. The solution was transferred to atoluene (10 mL) in a thick-walled Teflon-sealed bomb was degassed
Teflon-sealed bomb and was degassed by three fregr@p-thaw by three freeze pump-thaw cycles. At 77 K the flask was filled with
cycles. D gas was added to the flask at A5. The solution was stired  H,. The solution was warmed slowly to 2& behind a blast shield.
vigorously for 4 weeks to obtain a deep green solution with a small The deep green solution was stirred for 6 weeks. No change was
amount of a yellow-green precipitate. The flask was then refilled with observed visually or detected B¥P{*H} NMR spectroscopy.
D at 77 K and allowed to warm to 2% (4 atm D) pressure) behind Reaction of 2 with H,. A solution of 2 (0.430 g, 0.291 mmol) in
ablast shield. After the solution had been stirred vigorously for 4 weeks, (o|yene (15 mL) was transferred to a thick-walled Teflon-sealed bomb
the reaction mixture was a dark-orange suspension. The pressure wagnq degassed by three freegimp-thaw cycles. At 77 K, the flask
vented, and the reaction mixture was taken to dryness to obtain a dark-y4s filled with H gas and allowed to warm slowly to 2& behind a
orange solid. The solid was triturated with hexanes to obtain an orange |55t shield. The solution was stirred vigorously for 8 weeks, and a
powder that was collected on a frit, washed with pentane @mL), gradual green to yellow color change was observed. The pressure was
and dried under vacuum (0.185 g, 0.132 mmol, 61%). A 10:1 mixture yented, and the yellow reaction mixture was taken to dryness to obtain

of 5-d, and5 was obtained. Th&'P{*H} NMR spectrum was identical a yellow hexanes-soluble soli#P{1H} NMR (CsDs, 121 MHz): 6 =
to that of5. *H NMR (toluenedg, 400 MHZ, 253 K): 0 = same as for -76 (S) -8.0 (S) -21.3 (S) —-31.4 (S)

5 except the resonancesdd.84 and 4.82 integrate to 0.1H each rather
than 1H relative to one of the ArGHesonances. EI-M$1{2): 1396
(1, [M]™), 541 (100, [[NPN]*H — Me]").

{INPNJ*Zr(PMe 2Ph)} (u-H)(#-NNH){ ZI[NPN]* } (6). Complex4
(0.380 g, 0.261 mmol) and PMRh (0.010 g, 0.073 mmol) were
dissolved in toluene (7 mL). The bright green solution was transferred
to a Teflon-sealed bomb and degassed by_ three_ fremamp-thaw software packag®.Data were corrected for absorption effects using
cycles. At room temperature the flas|_< Was_fllled with 1 "_itm @fQﬂS* the multiscan technique (SADAB®)and for Lorentz and polarization
the bomb was sealed, and the reaction mixture was stirred vigorously effects. Neutral atom scattering factors were taken from Cromer
for 6 weeks. Over several weeks, the bright green solution gradually and Wabef! Anomalous dispersion effects were includedFiac2

became light yeIIov_v-gregn and an orange precipitate formed. In the the values forAf’ andAf"" were those of Creagh and McAul&The
glovebox, the reaction mixture was taken to dryness, and pentane (10,4 es for the mass attenuation coefficients are those of Creagh and
mL) was added to obtain a yellow suspension that was chilled3®

. h " id lected it and dried Hubbell3* All refinements were performed using the SHELXTL
C. The yellow solid was collected on a frit and dried (0.275 g, 0.188 ¢ 1) 10graphic software package of Bruker-AXS. The structure was
mmol, 72%). Small yellow crystals were grown from toluene/HMDSO

; . solved by direct methods. All non-hydrogen atoms were refined
at —35 °C, and the amount of cocrystallized HMDSO was confirmed

1 8 anisotropically using SHELXL-97. Except where noted, hydrogen
by *H NMR spectroscopy of samples of the crystals dissolvedsDeC  544m¢ were included in fixed positions. Structures were solved and
H NMR (tolueneds, 400 MHz, 233 K): 0 = 7.99 (t, 2H, 8 Hz), 7.80

refined using the WinGX software package version 1.64.05. In the
(t 1H, 8 Hz), 7.49 (d, 1H, 7.5 Hz), 7.41 (d, IH, 7.5 Hz), 7.32 (d, 1H, " 5ou metric unit ofL, solvent that could be modeled asHg + THF
7.5 Hz), 7.27 (d, 1H, 7.5 Hz), 7.09 (m, 2H), 7.05 (s, 1H), 6.97 (s, 2H),

+ 0.67(GHis) appear. Residual electron density consistent with
6.89 (s, 2H), 6.81 (s, 1H), 6.64 (m, 10H), 6.54 (s, 1H), 6.49 (s, 1H), ,4qitional disordered solvent was also evident but could not be modeled
6.36 (bm, 2H), 6.07 (dd, 2Hl = 8 Hz, Jup = 6 Hz), 5.89 (m, 2H),

successfully. Similarly, in the asymmetric units ®fand 4 residual
5.70 (t, 1H, 7 Hz), 5.48 (t, 1H, 7 Hz) (ArH), 4.94 (s, 1H, NNH), 4.88 electron density consistent with disordered solvent was evident;
(bs, 1H, ZrHZr), 2.64 (s, 3H), 2.25 (s, 3H), 2.02 (s, 6H), 2.00 (s, 9H), however, no reasonable model could be established. For all three
1.95 (s, 3H), 1.92 (s, 3H), 1.89 (s, 3H), 1.87 (s, 3H), 1.84 (s, 6H), 1.79
(s, 3H), 1.59 (s, 3H), 1.55 (s, 3H) (ArGH 0.53 (bs, 3H), and 0.33
(bs, 3H) (P(CH).Ph).3P{*H} NMR (tolueneds, 162 MHz, 253 K):

X-ray Crystal Structure Analyses. Selected crystals were coated
in oil, mounted on a glass fiber, and placed under asieam.
Measurements for compounds were made on a Bruker X8 Apex
diffractometer with graphite-monochromated MaKadiation ¢ =
0.71073 A). The data were collected at a temperatureldfo+ 1 °C.
Data were collected and integrated using the Bruker SAINT

(29) SAINT, version 6.02; Bruker AXS Inc.: Madison, WI, 1999.
(30) SADABS V2.05; Bruker Nonius area detector scaling and absorption

0 = 14.6 (d,2Jpp= 57.4 Hz, 1P)~2.3 (s, 1P)—24.6 (bs, 1P). Anal. correction; Bruker AXS Inc.: Madison, WI.
. i . . . (31) Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystallography
Calcd for6 (HMPSO)O‘33 C§6H97N6P3_O°'338|0'67zr2' C,68.22;H,6.46; The Kynoch Press: Birmingham, England, 1974; Vol. IV, Table 2.2 A.
N, 5.55. Found: C, 68.48; H, 6.62; N, 5.90. (32) Ibers, J. A;; Hamilton, W. CActa Crystallogr.1964 17, 781.
{INPNJ*Zr(PMe Ph)} (u-H)(u-NSNH){ Z{NPNJ* } (6-5N;). Com- (33) Creagh, D. C.; McAuley, W. Jnternational Tables for Crystallography

. Wilson, A. J. C., Ed.; Kluwer Academic Publishers: Boston, 1992; Vol.
plex 6-1°N, (0.163 g, 0.112 mmol, 82%) was prepared in an analogous C, Table 4.2.6.8, pp 219222.

manner to6 from 4-N, (0.200 g, 0.137 mmol), PMEh (0.010 g, (34) Creagh, D. C.; Hubbell, J. Hnternational Tables for Crystallography
0.073 mmol), and lz|il"] toluene (5 mL)H NMR spectrum (toluene- \é\{"?ggieAA_‘;'_fg’%g"zgé%g_r Academic Publishers: Boston, 1992; Vol.
ds, 400 MHz, 233 K) is the same as that@&fbut the resonance at (35) Van der Sluys, P.; Spek, A. |Acta Crystallogr.199Q A46, 40.
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structures, the program SQUEEZEvas used to generate a data set Supporting Information Available: UV —vis spectra for the
that corrects for the scattering contribution from this disordered sol- dinitrogen complexe§, 2, and4; X-ray crystal structure data
vent. (Table S1 and CIF files)3P NMR spectrum of comple8;
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