
Add~t ion  of s?n-Llz(THF)[P,N ] {[P,N,] = Transformation of Coordinated Dinitrogen by ,,,, cH~l,ezNsl,e,CHJIFPII, iHp = 

ReactionwithDihydrogenandPrimarySilanes t e t r a h ~ d r o f ~ ~ ~ a n , a n d ~ h = p h e n r l } ( l ~ ) t o  
ZrCl,(THT), ( T H T  = t e t r a h ~ d r o t h ~ o -  

Michael D. Fryzuk," Jason B. Love, Steven J. Rettig, phe;) in diithyl ether produces ;he corre- 

Victor G. Young sponding dichloride species ZrC11[P2N,] 
( I ) .  Upon reduction with 2 equivalents of 
potassi~um graphite (KC,) under N1, the 

The reaction of dihydrogen with a side-on bound dinitrogen complex of zirconium was c o r r e s p o n d i ~ ~ g  dark-blue N z  complex 
investigated. Instead of a displacement of the dinitrogen moiety, which is the common {[P2Nz]Zr}z(p-r11-N2) ( 2 )  is obtained in 
mode of reactivity, a complex containing both a bridging hydride and a bridging hy- high +eld (Fig. 1) .  The  x-ray crystal struc- 
drazido unit with a nitrogen-hydrogen bond was observed. This reaction was extended ture of 2 (Fig. 2) confirnls that the N, unit 
to primary silanes to produce a species that contained a nitrogen-silicon bond. In is boundgide-on with a N-N bond length of 
addition, an intermediate in the dihydrogen addition has been structurally characterized 1.43(1) A (the number in parentheses is the 
as having a bridging dihydrogen unit. error in the last digit) (1 1) .  This bond 

length is conlpargble to the observed bond 
length of 1.47 A in hydrazine, H,NNH2 
(1 2) ,  but shorter than that observed in the 

Molecular nitrogen, or dinitrogen (N3), is N, unit undergoes a transformation. Given aforementioned other side-on N 2  complex. 
so unreactive that it is used routinely as an the ilnportance of the Haber-Bosch process, Forinally, one can consider the oxidation 
inert gas in the food industry and in labo- wherein Hz  acts as both the reductant and state of each Zr to be Zr(1V) and the 
ratories in academia and industry ( 1 ) .  Yet the source of H in the formation of NH, bridging N1 as a N z 4  unit. 
N1 does undergo chemical transformations. from N1, such a reaction would be of fun- Stirring a dark-blue toluene solution of 
Perhaps the most fanlous reaction is the d a ~ n e ~ ~ t a l  interest. Here we detail the addi- the N 2  complex 2 under 1 to 4 atin of Hz  
energy-intensive Haber-Bosch process (Z), tion of H, and primary silanes to a coordi- resulted in a slow color change to yellow 
which accounts for the production of mil- nated N 2  unit in a dinuclear Zr-centered over a period of 7 to 14 days. The 'H 
lions of tons of NH, yearly. Although high envi ro~l rne~~t  and report on our initial find- nuclear magnetic resonance (NMR) spectra 
pressures and temperatures are necessary for ings of an intermediate in the addition of indicated the formation of a species that 
this reaction, N2 can also be fixed at atmo- H Z  to a dinuclear Zr N1 complex. displayed a broad N-H resonance at 5.53 
spheric pressure and ambient temperature We have previously reported the prepa- parts per million (ppm) and a inultiplet at 
by certain types of bacteria to produce NH,. ration of the dinuclear N 2  complex of Zr 2.07 ppln for the bridging hydride; for the 
The recent crystal structure of nitroge~~ase {[('Pr2PCHzSih/1e,)2N]ZrC1}1(p-r12-N1) correspollding reaction with the "N-la- 
from Azotohacter vinelandii has provided in- ('Pr = isopropyl) (9). In this derivative, the beled complex {[P2N2]Zr}1(p-"rl'-'5Nz) 
sights into how these biological systems ac- N, is coordinated in a side-on modeOwith (15N2-2), the N-H resonance was split into 
tivate N, in an aqueous environment ( 3 ) .  the N-N bond elongated to 1.55 A (as a doublet with a one-bond coupling 

Attempts to duplicate the Haber process compared with that of free N 2  at 1.0976 A ) .  constant ('1 .,) of 71.3 Hi (13). The hy- 
and the nitrogenase system in the laborato- By c11angi11g the ancillary ligand set froin a dride multiplet showed coupling to four 
ry have not met with success. However, tridentate system to a macrocyclic varia- equivalent 31P nuclei and long-range cou- 
much fi~ndamental knowledge on the bond- tion, we have been able to prepare another pling to the N-H moiety; these coupling 
ing modes and reactivity patterns of the N 2  complex with a side-on bound N 2  unit, patterns were collfirlned by a series of 
molecule have accrued (4) .  For example, 
when coordinated to a metal, protollation 
reactions that stoichiometricall~~ produce 
either NH3 or H2NNH, (5) and the syn- 
thesis of organonitrogen derivatives by re- CI CI 

action with carbon-based electrophiles (6)  \i' 
are well known. However, a common trans- Pkp<p~>~ 1 ph 
formation of a coordinated N 2  L I I I ~ ~  is dis- L C  
placement of the N1 by a better donor. For Me, Me2 

example, the a d d i t i o ~ ~  of H Z  to [(r15- ZrC12[P, N2 I 
C,Me,)lZrNz]z(p-Nz) (Me = methyl) re- 1 
sults in the dissociation of all of the coor- 
dinated N, inoieties and the irreversible 
formation ;f the dihydride derivative 
C jMe j),ZrHz (7). Similarly, N z  complexes 
of molybdenum release N 2  when H1 is add- 
ed (8). T o  our knowledge, there are no 
reported examples that describe the addi- 
tion of H, to a coordinated Nz  wherein the 
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Orange crystals 
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Fig. 1. Scheme for the preparation of the N, complex 2 and its reactions with H, and n-butysilane, In 
complexes 2 to 5, a of the methyls on the Si atoms have been omitted for clarity. 
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homonuclear and j'P decoupling experi- 
ments. W h e n  D2 was added to 2, both of 
these resonances n-ere absent, thus co~lfirm- 
ing that  the  protons in  the  HZ reaction arise 
fro111 the  added Hz .  Therefore, we formulate 
the  product of the Hz reaction as a 
dinuclear system having the formula 
{[P,NZlzr)z(~-rl'-N2H)(~-H) ( 3 )  (Fig. 1) .  
Such a structure is also consistent with the  

Fig. 2. The x-ray crystal structure of {[P,N,]Zr], 
(I*-T2-N2) (2); all of the methyls attached to silicon 
and the phenyls attached to phosphorous have 
been removed for clar~ty. Selected bond lengths 
(In angstroms) and angles (In degrees): N2-N2', 
1.43(1): Zrl-N1, 2.203(4); Zrl-N2, 2.010(2); Zr l -  
P I .  2.734(2); N1 -Zrl - N l ' ,  108.4(2); P I -Zr l  -PI  ' ,  
140.90(7); Zr l  -N2-N2'. 69.1 (2); and N2-Zrl -N2', 
41.8(3). 

"N{'H)NMR spectrum of (15N1-3), ~ v h i c h  
showed distinct resonances at 373 and 155 
ppm, ~ v i t h  the  latter coupled to the  directly 
attached hydrogen nucleus. 

Attempts to confirm our solution spectro- 
scopic assignment by a solid-state x-ray crys- 
tal structure gave unexpected results. W h e n  
a saturated solution of the  startlne N ,  com- 
plex 2 in hexanes m7as allowed to s&ndullder 
1 atln of H,, air- and moisture-sel~sitive or- 
ange prisms were obrained over a period of 2 
weeks. T h e  low-temperature x-ray crystal 
structure of these crystals moullted under 
hydrogen is shown in Fig. 3 (1 1).  T h e  ob- 
served solid-state structure did not show the 
expected N - H  and Zr,(p-H) features pro- 
posed above from the solution data; instead, 
the crvstalline material exhibited a side-on 
bridgiig H, unit and an  intact N, moiety 
(Fig. 1).  T h e  core of the dinuclear complex 
4, a Zr2(lJ.-rlZ-H,)(p-T2-N2) unit, represents 
a possible internlediate in the addition of H z  
to a coordinated N,. This side-on bridging H, 
nloiety was located from the difference Fou- 
rier 11raps and was isotropically refined. The  
I J . -~ ' -H~ ;'nit has a H-H bond distance of 
1.21(5) A, i~ltermediate between thqse ob- 
served for HI complexes (G.8 to 1.0 A) and 
dihydride complexes (> l .6  A); in other 
words, 4.contains an elongated H, molecule 
(14, 1 5).  Although the N-N bond distance of 
1.443(5) A observed in 4 is only sl~ghtly 
different fro;n that of the starting N, complex 
2, 1.43(1) A, the main difference is that the 
Zr,(F-rl'-N2) unit is no longer plapar but is 
1101~ hinged, with an averaged 0.1 A increase 
in Zr-N bond lengths. T o  our kno\vledge, 

Fig. 3. The x-ray crystal structure of {[P,N,]Zr]2(~-^rl'-H,)(~-~i-N2) (4): all of 
the methyls attached to sillcon and the phenyls attached to phosphorus have 
been removed for clarty. Selected bond lengths (in angstroms) and angles ( n  
degrees): HI-H2. 1.21(5); NI-N2, 1.443(5); Zr l -HI ,  2.17(3); Zr-HZ, 2.12(5): 
Zr l -NI ,  2.120(3); Zr-N2, 2.125(3); Zr-N3, 2.254(3); Zr-N4, 2.199(3), Zr-PI, 
2.7193(9): Zrl-P2, 2.7554(10); P I  -Zrl -P2. 146.82(3); N3-Zrl -N4, 
99.25(11); N l -Z r l  -H2, 70.3(8); N l  -Zrl -N2. 39.75(13); and H I  -Zrl -H2, 
32.4(13). 

complex 4 is the  first example of an  isolated 
HZ complex of Zr (15).  Although bridging 
and ternlinal hvdrides of Zr are well known 
(1 6), dihydrogen colnplexes of zirconium are 
unknown except as proposed intermediates 
(1 7). Moreover, examples of dinuclear com- 
pounds containing a bridging H, molecule 
are rare, and to  our knowledoe. none have 

L Z  

been structurall~~ characterized (1 8). Other 
dinuclear and heterobirnetallic H, c o m ~ l e x -  

b L 

es are kno~vn,  but in these complexes, the 
P'-H~ molecule is located at a single nletal 
site (19). 

W h e n  the crystals of 4 were dissolved in 
d,-THF (deuterated tetrahydrofuran), solu- 
tion 'H NMR spectroscopy showed the  
clean fornlation of 3 incorporating the  
IJ.-T'-N~H and Z r l ( ~ - H ) .  This isomeriza- 
tion process appears to be reversible, be- 
cause the  infrared spectra of crvstalline 4 
and the materlal recovered from L l i s s o l ~ ~ t i o ~ ~  
of 4 in d,-THF ( to  form 3 )  are identical. 
T h e  process by which isonleriiation of 4 to 
3 proceeds is unknown; however, one pos- 
sibility is bv means of heterolvtic cleavage 
of the' coorhinated H, molecuk by interac- 
tion n ~ i t h  a basic nitrogen of the  ii, u111t 
and the  electropositive Zr center, presum- 
ably by way of a four-center transition state. 
T h e  apparent phase-dependent equillbriuln 
betneen 3 and the  H, complex 4 is ~ntr igu-  
In. and st111 under investigation. " u 

T h e  close analogy betneen H-H and 
Si-H bonds (29) prompted us to investigate 
the  reaction between the  starting N Z  corn- 
plex 2 ;111d primary silanes RSIH,.  Whe11 
71-butylsilane ( R L P S ~ H ~ )  was added to the 

Fig. 4. The x-ray crystal structure of {[P,N,]Zr],(i*-q2-N,S~H2Bu")(l*-q) (5); a of 
the ~nethyls attached to slicon and the phenllls attached to phosphorus have 
been removed for clar~ty Selected bond lengths (In angstroms) and angles (In 
degrees), N1-N2. 1.530(4); N1-39, 1.735(4); Zrl-N1, 2.163(3); Zrl-N2, 
2.129(3); Zrl-HI, 2.13(4): Zr2-HI. 2.03(4): Zrl-N3, 2.278(3); Zrl-N4, 2.176(3), 
Zrl-PI, 2.8644(11); Zrl-P2, 2 7301 (1 I), PI  -Zrl -P2, 142.51 (3), N3-Zrl -N4, 
100.56(12); N l  -Zrl -HI ,  71 9(11); Nl-Zr l  -N2, 41.76(12); and Zrl -N1 -Slg, 
125.9(2) 
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N 2  complex 2,  the  hutyls~lyl derivative 5 ,  
havmg the  formula {[PZN~]Zr),(p-TIZ- 
N,SiH,Bu")(y-H), was isolated as yellow 
needles (Fig. 1). In  the  'H N M R  spectrum, 
there were observed two hroad s~nglets a t  
5.37 and 4.83 ppm due to two inequivalent 
Si-H protons. There was also a hroad quin- 
tet a t  1.53 vvm that collaosed to a hroad 

L L 

singlet upon jlP decoupling; this resonance 
can be asstgned to  a Zr2(p-H) moiety o n  
the  hasis of its similarity to the signal ob- 
served at 2.07 ppm for 3, w h ~ c h  was pro- 
posed to  he a bridging hydride. This assign- 

ment  suggests that,  analogous to  3 ,  hetero- 
lvtic c l e a v a ~ e  of the  Si-H bond has oc- - 
curred, w ~ t h  the  s~lyl  fragment now hound 
to  the N1 unit. T h e  solution characterist~cs 
of 5 are very stnlilar to those ohserved for 3 ,  
s ~ p p ~ r t i n g  the proposed solution structure 
for 3. T h e  vrovosition that both 3 and 5 

L L 

contain a hydride bridging the two Zr cen- 
ters is reinforced by the  low-temperature, 
solid-state structure of 5 (1 1 ) (Fig. 4 ) ,  in 
which the Bu"SiH2 fragment ts bonded to 
the  bridging N,  unit, ~71 th  the  remaining 
stlyl-derived H atom sy~nmetrically bridging 
the tvr70 Zr atoms; the  bridging hvdr~de  was 

u u ,  

located from the  difference Fourier maps 
and   so tropically refined and ts at a similar 
Zr-H bond distance to those ohserved for 
the p--r12-H, unit in  4. T h e  incorporation of 
the silvl erouv a t  N - l  has resulted in a , "  

lengthening of the  N-N h o n i  distance from 
1.43(1) A in 2 t o  1.530(4) A in  5 .  

T h e  fact that coordinated N, can he 
induced to react stoichiometrically with HZ 
and silanes suggests that other transforma- 
tions of the  N1 moiety are posslble using 
complexes with the appropriate comhina- 
tion of ancillary ligands and central metal. 
Further studies are needed to  determine if 
the reactions reported here can be incorpo- 
rated into catalytic cycles. 
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Soft-Landing of Polyatomic lons at Fluorinated 
Self-Assem bled Monolayer Surfaces 
S. A. Miller, H. Luo, S. J. Pachuta, R. G. Cooks* 

A method of preparing modified surfaces, referred to as soft-landing, is described in 
which intact polyatomic ions are deposited from the gas phase into a monolayer fluo- 
rocarbon surface at room temperature. The ions are trapped in the fluorocarbon matrix 
for many hours. They are released, intact, upon sputtering at low or high energy or by 
thermal desorption, and their molecular compositions are confirmed by isotopic labeling 
and high-resolution mass measurements. The method is demonstrated for various silyl 
and pyridinium cations. Capture at the surface is favored when the ions bear bulky 
substituents that facilitate steric trapping in the matrix. 

Modification of surfaces to control their 
chemical and physical properties is of interest 
in many areas of science, including microelec- 
tronics, catalysis, optics, and electrochemistry 
( 1 ) .  High-energy ion beams ( > l o 3  eV) have 
long been used for thin-film modification, 
especially in the technique of ion implanta- 
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tion ( 2 ) ,  and collisions of hyperthermal ener- 
gy (<I00  eV) gas-phase ions are heginning to 
he used for surface modification. For example, 
metal carh~des can be generated by exposing 
metals such as nickel, tungsten, and gold to 
beams of C +  ions (20 to 200 eV) (3); CO can 
he absorhed molecularly o n  nickel(ll1) when 
delivered as the molecular ion (4) ;  and methyl 
groups can he chernisorhed to a platinum 
surface when gaseous methyl ions are used as 
reagents (5). Complex ion-surface reactions 
also occur in this energy regime; for example, 
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