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'I'here are no literature reports on the interaction of an alkali 
12 under mild conditions. 
[(GH-;T3)2NBHz]z reacted 

it not LiH) at elevated temperature in the 
absence of solvent according to 

[(CH,),NBH,], -I- NaH- WB[N(CH,),], .i- NaRH, (1) 

This reaction probably results from a tfiermally induced 
disproportionation of [(63W3)2NBH?.] 2 

[(CH3)2NBH2]2 -> BE[N(CB3)7,]z + '//zB,H, ( 2 )  

NaH i- '/J3,H6 -+ NaBA, (3) 

As part of another project. we have had the 
observe the action of LiM oil [(CH3)2NB 
temperature in diethyl ether over periods of s 

er these conditions the sole final product i s  

(4) [(C133jzNBIH2]2 t 2LiI-I 2Li(CTi3j,iV.BH3 

A typical reaction was 90% complete after 2 months at ambient 
temperature. 

If the system is monitored periodically by boron-1 I nmr, 
weak signals due to an intermediate product can be detected 
(Figure I ) ,  The re favorably with those 
of the ion (CH3 - 2 (triplet -2.4 ppm, 
JBII = 92 Hz; quartet 13.1 ppm, JBH = 81 Hz; data for 
potassium salt in 1,2-dimethoxyethane). The presence of this 
ion strongly suggests that the main pathway for eq 4 involves 
ring opening by reaction of LiH with dimethylamiaoborane 
dimer followed in a subsequent step by cleavage of the NBWB 
chain by LiH. 

( C H ) o  
25 

The cleavage reaction (q 6) has been demonstrated elsewhere.2 

Standard vacuum techmiqiies wero used in this work Lithium 
hydride (AX2 Inorganics) was used without further purification; 
i(CF13)2NBHz12 was prepared by ihe pyrolysis of (CHs)2NW.BH3 
(Research Organic/lnorganic Chemical Corp.).3 Diethyl ether was 
stored in an evacuated bulb over LiA1Eh and when needed was 

I /  

C 
Figure 1. Boron-I1 nmr spectrum of the partially complete reaction 
of [(CH,),NBH,], with EiH after 2.5 weeks: A, triplet, [(CH,),- 
NBR,],, -5.1 ppm, J -  113 Hz; R,  quartet, (CH,),NBH;, 15.0 ppm, 
J =  83 Bz; C, (CH,),N-BH,-N(CH,),-BH,~, triplet, -2.7 ppm, J =  
100 Hz: quartet, 14.1 pprn, J =  88 Hz. Chemical shifts are relative 
to (C,H,),O.BF,. 

condensed directly into the reaction vessel. Boron- 1 1 nmr spectra 
were obtained with a Yarian HA-100 spectrometer operating at  32.1 
MHz. Chemical shifts and coupling constants were measured by thc 
substitution side band method. 

In  a typical experiment an all-Pyrex nrnr reaction vessel was 
charged with 8-10 mmol of LiH, 1-2 mmol of [(CH3)zNBHz]z and 
1 ml of diethyl ether were condensed in, and the vessel was sealed. 
The mixture was allowed to stand at room temperature for 2-3 months 
with occasional shaking and periodic monitoring by nmr. Products 
were identified by their nmr parameters. 

men&. This research was supported by a grant 
onal Science Foundation. 
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Nickel(I1) complexes (I, 1%) containing a Schiff base ligand 
derived from pyrrole-2-carboxaldehyde and dipropylenetri- 
amine (bis(Z-pyrrolyl)-2,6,10-eriaza- 1 ,IO-undecadiene 



Notes 

(H2BPTU)), having the general formula Ni(HBPTU)Br, were 
prepared.2a Physical measurements of Ni(HBPTU)Br in the 
solid state suggested that this diamagnetic complex is square 
planar and that the HBPTU acts as a tetradentate ligand 
containing a dangling pyrrole group (I). However, in solution 
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mmol) of Ni(PTD)Br dissolved in 15 ml of water until no more 
precipitate formed. The yellow creamy precipitate was filtered, washed 
with water, and dried; it weighed 3 mg for a 64% yield. Anal. Calcd 
for CizHi8NsSNiBr: C, 44.62; H, 5.89; N, 21.69. Found: C, 44.67; 
H, 5.43; N,  21.77. 

Ci2HigNsSeNi (Ni(PTD)SeCN). A 50-mg sample of Ni(PTD)Br 
(0.145 mmol) was dissolved in 15 ml of water. A solution containing 
0.200 g of KSeCN (14.0 mmol) in 20 ml of water was added dropwise 
until no more precipitate formed. The mixture was filtered and the 
brown powder was washed with water and dried. Forty-four mil- 
ligrams was recovered for an 82% yield. Anal. Calcd for 
CizHisNsSeN: C, 38.90; H, 5.13; N, 19.90. Found: C ,  38.86; H, 
4.86; N, 18.76. 

CisH3iN4NiBr (Ni(PTD-Hep)Br). To 40 rnl of 95% ethanol 0.200 
g (0.00058 mol) of Ni(PTD)Br and 0.096 g (0.1 13 ml, 0.0084 mol) 
of heptanal were added. The mole ratio of Ni(PTD)Br to heptanal 
was 1:1.5. The mixture was refluxed for 24 hr and cooled to room 
temperature, and the solvent was stripped off in a rotary evaporator. 
The resultant mixture of light orange crystals and oil was filtered to 
separate the crystals which were washed with absolute ether. The 
product was a light yellow powder weighing 0.1 965 g for a 77% yield. 
The heptanal derivative was recrystallized from acetone by refluxing 
0.1884 g of (Ni(PTD-Hep)Br with 5 ml of acetone for 5 min. The 
hot solution was filtered immediately and upon standing yielded 0.01 3 
g. Anal. Calcd for CisH3iN4NiBr: C,  49.02; H, 6.81; N, 12.26. 
Found: C, 48.43; H, 6.59; N, 12.20. 

Hydrolysis of Ni(PTD-Hep)Br. The heptanal derivative was 
hydrolyzed completely to Wi(PTD)Br by dissolving 0.100 g in hot 
water and heating for 0.5 hr. Upon evaporation of water, 0.057 g 
of Ni(PTD)Br was obtained. Ni(PTD)Br was identified by infrared 
spectrum. 

Hydrolysis of Ni(HBPTU)Br. A 0.10-g sample of Ni(HBPT- 
U)B@ (0.24 mmol) and 0.1 5 ml of a 0.345 A4 NaOH solution (0.50 
mmol) were refluxed in 20 ml of a 1:1 water-ethanol solution for 2 
hr. The reaction mixture was allowed to cool to room temperature 
and was then filtered. About 0.030 g of gray-white residue was 
obtained (probably pyrrole-2-carboxaldehyde). The residue’s spectrum 
could not be identified. The filtrate was evaporated to dryness using 
a rotary evaporator. About 0.050 g of material from the flask was 
recovered. Ni(PTD)Br was identified by infrared spectrum. 

A mixture of 
Ni(PTD)Br (0.20 g, 0.58 mmol) and pyrrole-2-carboxaldehyde (0.11 
g, 1.16 mmol) in 25 ml of 95% EtOH was refluxed for 5.5 hr. The 
solution was allowed to cool to room temperature. A few crystals 
of Ni(PTD)Br were filtered off. The filtrate was allowed to evaporate 
slowly at  room temperature. A first crop of crystals was filtered 
resulting in 0.050 g of mostly Ni(PTD)Br. A second crop of crystals 
0.060 g, was recovered after evaporation of all the solvent. These 
crystals were identified by infrared analysis to be essentially 
Ni (HBPTU) Br . 

Results and Discussion 
Previous research has established that Ni(HBPTU)Br 

dissolved in a polar solvent contains one imine group within 
a chelate ring and one noncoordinating dangling imine group.*a 
A noncoordinating exocyclic imine is more susceptible to 
hydrolysis than an imine group that is within a chelate ring 
or within a multiple fused ring system.3 Therefore, it was 
possible to accomplish the hydrolysis of only the noncoordi- 
nating imine and to form a new complex, Ni(PTD)Br. This 
reaction does not go readily but in the presence of a base the 
conversion of Ni(HBPTU)Br to Ni(PTD)Br was atxomplished. 
The function of the metal ion is to mask the imine linkage 
within the chelate ring from hydrolysis, but not the exocyclic 
imine group. The net result is a selective hydrolysis. 

Ni(PTD)Br was also prepared by the reaction of 
pyrrole-2-carboxaldehyde with dipropylenetriamine in a 1 : 1 
ratio in the presence of the NiBr42- anion. Both procedures 
gave products with identical infrared and electronic spectra. 
In a water solution the bromide anion in Ni(PTD)Br was 
replaced by B(C6H5)4-, PFs-, SCN-, and SeCN- thereby 
producing the complexes Ni(PTD)X, where X is R(C6H5)4, 
PF6, SCN, or SeCN. All these compounds are red-orange 

Conversion of Ni(PTD)Br to Ni(HBPTU)Br. 

H 
I 

the terminal imine is displaced by the solvent, and the HBPTU 
functions as a tridentate ligand containing a dangling un- 
coordinated imine and protonated pyrrole group (11). 

I1 

It  was hoped that the dangling imine in solution could be 
hydrolyzed to an amine group. The resulting ligand could 
function as either a tetradentate ligand analogous to I or a 
tridentate with a dangling amine analogous to 11. Complexes 
which contain measurable amounts of dangling amine in 
solution should function as an active intermediate for a variety 
of ligand reactions. 

Experimental Section 
General Information. The chemicals and the physical methods 

employed in this study have been reported.28 
Preparation of Metal Complexes. Ci iHisN4NiBr (Ni(PTD)Br). 

Sodium (0.16 g, 7.1 g-atom) was added to 50 ml of absolute methanol. 
To this solution of sodium inethoxide was added 0.48 g of 
pyrrole-2-carboxaldehyde (5.1 mmol) and 0.75 ml of dipropylene- 
triamine (5.7 mmol). The resulting solution was refluxed for 5 min. 
Upon addition of ((C2H5)4N)2NiBr$ (3.2 g, 5.1 mmol) the solution 
turned red-brown. The solution was refluxed for 5 min, allowed to 
cool at room temperature, and then filtered to remove a small amount 
of residue. The filtrate was slowly evaporated (to a volume of 3-5 
ml) at room temperature. The resulting orange crystals were filtered 
and washed with ethanol and acetone. The product weighed 1.40 g 
for a 79.% yield. A 0.5000-g sample of the crude product was re- 
crystallized from 17 ml of absolute methanol; yield 0.23 g. Anal. 
Calcd for CiiHieN4NiBr: C, 38.31; H, 5.26; N, 16.24. Found: C, 
38.40; H, 5.52; N, 16.13. 

CiiHi8N4NiPF6 (Ni(PTD)PF6). A 50-mg (0.145-mmol) sample 
of Ni(PTD)Br was dissolved in 15 ml of H20. A solution containing 
0.300 g of KPF6 (1.77 mmol) was added dropwise until no more 
precipitate was formed. The mixture was filtered, and the crystals 
were washed with ethanol; 40 mg was recovered for a 66.9% yield. 
Anal. Calcd for CiiHieN4NiPF6: C, 32.22; H, 4.64; N, 13.67. 
Found: C, 31.62; H, 4.81; N, 13.98. 

C X H ~ Y N ~ N ~ B  (Ni(PTD)B(C6H5)4). A 50-mg sample of purified 
Ni(PTD)Br (0.145 mmol) was dissolved in 13 ml of water. A solution 
containing 50 mg of sodium tetraphenylboron in 10 ml of water was 
added dropwise until no more precipitate was formed. The mixture 
was filtered and the pale orange powder was washed with ethanol; 
60.5 mg was recovered for a 71.3% yield. Anal. Calcd for 
CxH3yN4NiB: C, 71.82; H, 6.72; N, 9.57. Found: C, 72.16; H, 
6.70; N, 9.35. 

CizHieNsSNiBr (Ni(PTD)SCN). A solution containing 200 mg 
of sodium thiocyanate in water was added slowly to 50 mg (0.145 



Ni (PTD) Br CRC1, 475 sha (0.285), 397 (5.71, 
337 (9.31, 296 (11.1) 

CH,CN 475 sha (0.2533, 379 (3.291, 
330 (7.41, 300 (6.4) 

324 ( 8 A ) $  294 (12.4) 

C;-13K0, 
H,O 

§oh& 460 sh,a 388 
Salidc 475 sha 

475 sha (0.248), 385 (10.7) 
475 S I P  (C.910), 355 (1.841, 

WI(P?D)(C,R,),B CHCI, 398 (5.0), 384 sha (4.75), 
331 (7.951, 256 (9.34) 

CH,CN 4'75 shu (0.22,7), 370 (2.87), 
325 (5.%), 299 (6.4) 

CH,NO, 475 sha (0.1231, 385 (5.34) 
Solicib 480 Sh,a 395 
Soiid" 475 sh0 

Ni(PTD)PF, CWG1, 475 sha (0.11'7), 388 (2.42), 
333 (3.4), 298 (3.1) 

325 (5.3), 299 (5.8) 
CH,CN 4.75 sh" (0.193), 375 (2.891, 

CI-I,NQ, 475 $ha (0.137), 385 (6.16) 
Solid" 470 sha 

Ni(PTD)SCN CHCI, 475 sha (0.269), 400 (3.551, 
331 (8.41, 302 (7.8) 

a All shoulders were difficult to assign. 
Diffuse-eransmittace spectra. 

Refectance spectra. 

Table HE. Magnetic Data for Ni(PTD)X Cornplexes 
_I_____ l_ll ___- 

Magnetic 
moment 

Complex Temp, 'I< ,ueff, B!d 

Ni(PT13)Rr 303 0.53 
NKPTD)B(B,W,), 297 0.80 
Ni(FTD)PF, 300 0.67 
Ni(P?'D)SCN 300 3.3 

except Ni(PTD)SCN which i s  light brown and Ni(KTD)SeglN 
which is brown. Also all four of the above complexes have 
limited solubility in organic solvents such as GHClj, alcohol, 
and nitromethane but are insoluble in water except Wi(ED) 
which has slight solubility in water. 

The colors and electronic spectral and magnetic properties 
of solid Ni(PT'D)Br, Ki(PTD)PF6, and Ni(PTD)B(@6%)4 
are similar. The position of only one shoulden in the vicinity 
of 475 my. (Table I) for all these diamagnetic ('Table 11) 
complexes suggests that the complexes are square planar and 
have the same donor groups positioned around the coordinaeioii 
sphere o f  the nickel(2I). Since B(C6H5)4- and PF6- are not 
as likely to coordinate to the nickel(I2) as the Bt-, the similarity 
of the spectra of Ni(PTD)Br with the spectra of Ni(PTD)- 
B(C6Hs)4 and Ni(PTD)?F6 suggests that the bromide ion is 
not coordinated in the solid state. Therefore, the ligand PTD 
must be functioning as a tetradentate ligand (111). 

III 

Unlike the above complexes Ni(PTD)§CN is paramagnetic 
(y. = 3.3 BM) and the Kujol electronic spectrum of Ni(P- 
TD)SCN contains a shoulder at 553 mp as well as at  4'75 nip 
(Table I). However, this spectrum is not consistent with known 
spectra for fom-, five-, and six-coordinate nickel(21) complexes. 

The N-H stretching bands for Ni(PTD)Br are broader and 

re 1. Infrared spectra in Phjol mull: A, Ni(PT13)Br; R ,  Ni- 
(PTlSjSCN; C, Ni(PTD)B(C,H,),; D, Ni(PTD)PF,. 

ompared to Ni(P1' 
CK3 arid Ni(PTD 
5j4-  and PFs-, the uncoor- 

dinated bromide anion is able to hydrogen bond to the amine 
hydrogens thereby producing a broadening of thc peaks and 
a shift to a lower energy. T h e  N-H regions in the infrared 
spectra for Ni(PTD)SCN and Ni(P%D)SeCN are very similar 
to those for Ni(PTD)B(C6H5)4 and Ni(PTD)PF6 ('Table 111). 
Suck data along with the spectral and magnetic data suggest 
that the SCN- and the SeCN- are not functioning as anions 
but are coordinated to the nicltel(I1) and hence cannot ef- 
fectively hydrogen bond to the amine hydrogens. The C--N 
stretch for Ni(PTD)SCN occurs at  2080 cm-I, and it occurs 
at  2090 cm-1 for Ni(PTB)SeCN. Both these C-N stretches 
are within the region indicative of coordination through ni- 
trogen,"5 

The solution spectra of Ki 
in CHC13, C H C N ,  and C 
spectra. Therefore it is likely that the geometry around the 
nickel(I1) atom in the solid state is similar to that in solution. 
In a strongly coordinating solvent such as pyridine only small 
changes are observed irr the 1600--350 mp range. Coiiduc- 
tometric rneasurements UT all Ni(PTD)X compounds reveal 
a complex solution chemistry (Table TV). The molar con- 
ductances in acetonitrile and omethane are indicative of 
a I:1 electrolyte. However the ager slopes are much higher 
than expected for a 2 1  electrolyte.6-8 It appears from these 
conductometric measurements that Ni(PTD)X complexes 
cannot exist as a simple monomer in solution. 

The solution data can be more easily understood if a polar 
solirmt displaces the terminal amine group from the COOP- 
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Table HI. Important Infrared - Spectral Band Assignments for Ni(PTD)X Complexes (cm-') -__ 
uCH(out-of-plane --- band) 

Complex "NH U N D  U C H  (aromatic) UC=N u ( c H , ) ~  (rock) Pyrrole Phenyl 
Ni(PTD)Rr 3242 m 1594 s 754 m 739 m 

3229 sh 
3146 m 
3101 rn 
3075 sh 

Ni(PTD)Br , 2413 m 1595 s 754 w 739 s 
deuterated 2321 m 

2292 m 
Ni(PTD)B(C,H,), 3332 m 3061 m 1590 s 750 m 734 s 721 sh 

3236 m 3035 m 714 sh 
3166 w,  br 3018 sh 706 s 

3004 sh 
Ni(PTD)PF, 3331 m 

3195 m 
3131 m 
3111 sh 

Ni(PTD)SCN 3311 m 
3241 

Ni(FTD)SeCN 3332 m 
3270 m 
3085 w 

Ni(PTD-Hep)Br 3020 m 

Table IV. Conductivitiesa for Ni(PTD)X Complexes 
Molar 

conduc- 
tance,b,c 

ohm-' cm-2 Onsager 
Complex Solvent mol-' A, sloped 

Ni(PTD)Br CH,NO, 42 66 730 
CH,CN 90 170 2400 
H, 0 225 

Ni(PTD)B(C,H,), CH,NO, 76 92 770 
CH,CN 112 141 880 

Ni(PTD) PF CH,NO, 109 130 660 
CH,CN 155 174 610 

Ni(PTD)SCN CB,NO, 72 102 1000 
CH,CN 111 168 1850 

Ni(PTD-Hep)Br CH,NO, 65 90 770 
CM,CN 144 189 1500 

a Temperature 25' for all Ni(PTD)X complexes. Obtained at 
1 X lo- ,  M. Molar conductances reported for 1 : 1 and 2: 1 elec- 
trolytes in nitromethane, acetonitrile, and water are 70-95, 160- 
190; 135-160,250-310; and 85-100,220-250, respectively. 

Onsager slopes reported for 1: 1 and 2 : l  electrolytes in nitrometh- 
ane and acetonitrile are 200,450; and 350, 900, respectively. 

dination sphere leaving a dangling amine group available for 
intermolecular association. The deviation from linearity upon 
plotting h vs. ce1P at  high dilution is additional evidence of 
some type of equilibrium in solution. Possible explanations 
for the curved conductivity plots include the solvent partially 
displacing the PTD from the nickel(I1) or the solvent aiding 
in the breaking up solute-solute interaction. Support for these 
explanations is the observation that the pH of an aqueous 
solution of Ni(PTD)Br slowly increases with time. The pH 
data suggest that PTD is being sequentially unwrapped from 
the nickel(I1) or there is decreasing molecular association via 
the dangling amine group, thereby making the lone-pair 
electrons on the amine more available for hydrolysis. 

Should several polymers exist in solution, held together by 
either hydrogen bonds or a bridging ligand, it would be ex- 
pected that the degree of intermolecular association should 
vary with the concentration of solute and the nature of the 
solvent. Unfortunately, the low solubility of Ni(PTD)Br 
prevented confirmation of intermolecular association by the 
infrared or nmr techniques. 

The conductivity in water, the pH of Ni(PTD)Br solutions, 
and spectra in coordinating solvents suggest the presence of 
a dangling primary amine. 'The molar conductance in water 

1600 s 771 m 741 w 

1609 s 772 w 747 s 

1605 s 772 w 749 s 

1670 s 
1589 s 

744 s 

of Ni(PTD)Br is indicative of a 2:l electrolyte (Table IV). 
An aqueous solution of Ni(PTD)Br is also basic with a pH 
of 9.66 at a concentration of 0.0003 M .  For a water solution 
of Ni(PTD)Br, the Kb, based on the equilibrium B + H2Q * 
BH+ + OH-, where B represents Ni(PTD)Br, is approximately 
4 X 10-6. This equilibrium constant is somewhat less than 
found for ethylenediamine, 1.8 X 10-5.9 The value of the Kb 
indicates that the uncoordinated primary amine probably exists 
in equilibrium with a coordinated primary amine in solution. 
The fact that the pyridine does not coordinate to the nickel(I1) 
in solution but the weaker ligand SCN- does coordinate to the 
nickel(I1) in the solid state (as evidenced by spectral and 
magnetic data), suggests that either the dangling primary 
amine in solution sterically inhibits the expansion of the 
coordination number or the dangling amine weakly coordinates 
to the axial position of another solute molecule. 

Measurements of the rates of dissociation of polyamine 
nickel(1I) complexes indicate that the terminal amine groups 
are more labile than the central amine groups.10 The strain 
imposed by the arrangement and two consecutive six membered 
rings can be partially relieved by the dissociation of the weakest 
terminal donor-metal bond. In the case of these complexes 
the terminal amine coordinated to the nickel(I1) is partially 
displaced by solvent. 

A dangling primary amine should interact with aldehydes 
to form Schiff bases. It is believed that strongly coordinated 
primary amines will not undergo Schiff base condensation.11 
Ni(PTD)Br was converted to Ni(HBPTU)Br by allowing 
Ni(PTD)Br to react with pyrrole-2-carboxaldehyde in refluxing 
alcohol. Also the dangling amine on Ni(PTD)Br was con- 
densed with heptanal to form the yellow-orange complex 
Ni(PTD-Hep)Br (Scheme I). 

The Ni(PTD-Hep)Br has solubility, Onsager slopes, and 
solid and solution properties similar to Ni(HBPTlJ)Br.2a The 
Ni(PTD-Hep)Br can be easily reconverted to Ni(PTD)Br by 
refluxing in hot water (Scheme I). The Ni(PTD-Hep)Br is 
far more susceptible to hydrolysis than Ni(HBPTU)Br. 

It has been suggested that uncoordinated amines can 
function as intermediates in metal-controlled condensation with 
ketones or aldehydes.'2>13 We have demonstrated that a 
dangling amine can be reactive to various aldehydes. Currently 
we are preparing novel ligands by the reaction of pyridine- 
2-carboxaldehyde and salicylaldehyde with a terminal amine 
group in Ni(PTD)Br. It has also been demonstrated that the 
metal ion can mask or protect certain reactive groups (imines) 
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Scharane IC 
NiBr, t DYP' + 2Paldb 

2OOcII, - 

NiBr, i- DPrn + Paldb 

I NaXd 
V 

(Ni(HB$TU)X), (Ni(WD)X), 

a DPT = diprapyienetriamine. 
All other syrnbclls are defined iii the text of this paper. 

Pdd = pyrrolc-2-carboxaldehydF. 
X = 

B!C, &).,> W6.  SeCN, SCN. 

froin ligand reaction while allowing other functional groups 
eo become more susceptible to a ligand reaction. 

A~~~~~~~~~~~~~~ Support o f  this research by the Bowling 
Green State University Facxdty Research Committee and the 

esearch Corporation's Frederick Gardner Cottrell Grant- 
in-Aid is gratefully a.cknowledged. 

is.isy KO. Ni(PTD)Er, 53293-21-3; Ni(Pa'D)(C&5)4%3, 
23-5; Wi(PTD)PF6, 53293-24-6; Ni(PTD)SCN, 53293-25-7; 

Ni(PTD)SeC?d, 53293-26-8; Ni(PTD-Hep)Br, 53293-27-9; 
pyrrole-2-carboxaldehyde, 1003-29-8; dipropylenetriamine, 56- 18.4; 
((C2€35)4")2NiE)r4, 11 X5-60-0; heptanal, 11 1-71-7. 

eferences and Notes 
(1) Paper presented at the 164th Nationzl Meeting of the American 

Chemical Society, Yew York, N. Y., 1972. 
(2) (a) L. E. Heyman, R. Cheney and E. L. Blinn, J .  Inoyg. Nucl.  Chem., 

35, 2217 (1973); (b) N. S. Gill and K, S.  Nyholm, J .  Chem. Soc., 3997 
( i  9 59). 

(3) S. L.. Eichhorn and J. C. Bailar, Jr., J .  Amer. Chem. Soc., 75, 2405 
(1953). 

(4) ?.I. E. Fargo and J. M. James, Inorg. Chem., 4, 1706 (1965). 
(5) A. Sabatini and I ,  Bertini, Inorg. Chem., 4, 959 (1965). 
(6) R .  D. Feltman and R. G. Hayter, J .  Chem. Soc., 4587 (1964). 
(7) F. A .  Cotton, W. R. Robinson. R. A. Walton. and R. Whyman, hzorg. 

Chem., 4, 931 (1967). 
(8) R. L. Dutta, D. W. Meek, and Uj. H. Busch, Inorg. Chem., 4, 2098 

(1970). 
(9) R. Morrision and R. Boyd, ""Organic Chemistry," 2nd ed, Allyn and 

Bacon, Boston, Mass., 1966. p 720. 
(10) G. Melson and IC. S. Wilkins, J .  Chem. Sac., 2662 (1963). 
(1  1) D. H. Busch. Advan. Chem. Sw., N0. 37, 1 (1963). 
(12) C. M. Kerwin and G. A. Mclson, Inorg. Chem.. 12. 2410 (1973). 
(13) M. Green, J. Smith, and P. A. Tasker. Inorg. Chim. Acta, 5,  17 (1971). 

Contribution from the Department of Chemistry. 
Boston University, Boston, Massachusetts 02215 

John \ .  Armor* and Morton A. Hoffman 

Received May 16, 1994 AIC4O3 16U 

The reductron of Ru(NH3)jNO'f by metal ion reducing 
agen:s, such 9s Cr2+, proceeds via I-r!ultnple-electron-transfer 
pathways3 and implies the exisrence of Ru(NH3)5NO2+ as 
an important reactive intermediakd Because of further 
reaction of this one-electron-reduced species with the reductant 
to produce iiltirnately Ru(NH3)62+, characterization has not 
beerr possible 3 This species is o f  particular interest because 
of the ability of  the coordinated NO to show properties ianging 
from those of NO- 10 those o f  NO+.'-* We have used cyclic 

voltammetric and pulse radiolytic techniques i o  effect the 
one.-electrori reduction and to permit. the characterization of 
the rednced species. 

Ru(NH3)5Nj03 1- was prepared cither by the direct addition of 
NO(aq) to [Ru(WH3)6]Cl3 in acidic medium9 or by the addition of 
(YVH4)2S208 to [Ru(NH3)sCl]Ci?,~o The nitrosyl complex wa.s then 
recrystallized twice as the C1-, Br-, Clod,-, or TFMS- (trifluoro- 
methylsulfonate) salts.3 T!if~uorr?methylsuIfonic acid (3M Corp.) 
was distilled under vacuum at 10 Torr and 62". The pure acid was 
diluted immediately to a concentration of 3 PA and stored in a 
polyethylene bottlr,. 

Cyclic voltammetry and dme polarography equipment at Stanford 
University and :he California. Institute of Technology was uscd for 
these experiments. Similar electrochemical devices have been de- 
scribed in the literature.11 Cyclic voltammograms of the 
substitution-inert Ru(WPI3)sN03+ werc recorded on an X-W recorder 
at a swcep rate of 0.1 V/sec. In order to obtain more symmetrical 
anodic and cathodic waves, higher sweep ~ Z K ~ S  (0.4-40 V/sec) were 
employed with the use of a storage oscilloscope. A hanging mercury 
drop (area 0.032 cmz) was used as the working elcctrode. In the 
experiments involving dme poiarography, h = 90 em, drop time =- 
5.3 sec, m = 1.35 rng/sec, Potentials were measured with respect 
to a calomel electrode s a t u r a d  with I6aC1; such an electrode has 
a potential 5 mV more ncgative than sce. The values given in this 
paper correspond to the formal potentials converted to the nhe scale. 

Controlled-potential coulonietrylz was performed on Ru- 
(NH3)jN03" in 0.1 Ad NaCl at pP1 -3 or in 0.1 AB KaCl04 at pH 
-7. 

Solutions of WujNl-;3)5N03+ (as the Cl- or 'TFMS - salt)  were 
subjected to 30-nsec pulscs of 2.3-MeV electrons using the Febetron 
705 pulse radiolysis system at the U. S. Army Natick Laboratories. 
Transient spectra and the decay behavior of intermediates were 
examined by kinetic spectrophotometry using a 2-cm optical path 
length as has been descrihed in the past.13 All rates were measured 
at 23'. 

Results and ~ ~ ~ ~ u ~ $ ~ ~ ~ ~  

Cyclic volitammogran;~ of deoxygenated solutions of Ria 
(NH3)5N03+ in 0.1 M NaCl (pW 3-7) or NaTFMS yielded 
a reversible, one-electron wave (Figure 1). At fast scan rates, 
the anodic and cathodic peak hcrghts at the maxima were 
similar to those observed for the same number of moles of 
R u ( N H 3 ) 6 3 +  11 in the same medium, thereby establishing the 
one-electron change, a fact that was further confirmed by 
conventional dme polarography and controlled-potential 
coulometry. At a scan rate of  1.0-10 V/sec (between 0.0 and 
-0.45 V v s ~  scej, the potentials of the anodic and cathodic peak 
were separated by approximately 70 f 10 mV indicative of 
a reversible, one-electron process (iheorerical separation 57 
mV). This fact argues atrongly that the coordination shell o f  
:he one-electron-reduced specics maintains its integrity and 
does not undergo rapid aquation. However, at a slower scan 
rate (0.1 V/sec between 0.0 and -0.45 V vs. sce), the intensity 
of the anodic wave was diminished and broadened showing 
that the stability of the one-electron reduction product, 
designated as Ru(NH3)5N02-' , perhaps toward aquation, is 
limited. 

From the average of the ana& and cathodic peak potentials 
a t  the fast scan rates, an estimate of the standard reduction 
potential of Ru(K;H3)5N03+ can be made: E' = -0 12 V at 
2 3 O .  In comparison, Eo for Ru(NH3)63+ is 4-0.05 V.11 It is 
ititeresting to note that despite the fact that Ru(WH3)5N03+ 
contains a reducible ligand, this complcx is harder to reduce 
than is Ru(i\lH3)63+. 

The electrochemical results indicatr: that Ru(NH3)5N83+ 
can be reduced in a one-electron btep and that the product is 
moderatdy stable. By using the pulse radiolysis technique, 
specific reducing radicals can be generated in the submi- 
crosecond time range from ayueoils solutions containing se- 


