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of bicyclic tris(amino)boranes such as IV proceeds step- 
wise and involves a monocyclic intermediate. 

The pmr spectrum of IV exhibits only thfee peaks. 
The overlapping multiplet centered a t  3.4 ppm (8H) 
is due to the nitrogen-bonded methylene groups, a 
quintuplet (2.25 ppm, 2H) is observed for the CH2- 
CHZ-CHZ protons, and a broad singlet (1.34 ppm, 2H) 
can be assigned to the two NH protons. 

In Table I1 the boron-1 1 nuclear magnetic resonance 

TABLE I1 
BORON-11 NMR DATA OF 

1,3-DIMETHYL-2-DIAZABORACYCLOALKANESa 
R' of IlB nmr data, 6 ,  ppmb R' of IlB nmr data, 6 ,  ppmb 

compdI n = 2 n = 3 compdI n = 2 n = 3  

I -21 3 -21.4 C1 - 2 7 . 0  -25.1 
Br -26 .0  -24.8 H -28.3 -26.0 
N(CH3)z -26 1 -25.2 CHJ -31.6 -29.2 

a Recorded at  19 3 MHz. * Neat liquids, external boron tri- 
fluoride etherate standard. 

data for some boron-substituted l,.?-dimethyl-2-di- 
azaboracycloalkanes are listed. It is noteworthy that 
the effect of the boron substituents on the deshielding 
of boron is analogous in order for the five-membered and 
the six-membered hetei-ocycles independent of the ring 
size; however, the chemical shifts are slightly more 
negative for the smaller rings. On the other hand, the 
effect of nitrogen substituents on the boron-11 chemical 
shift appears to be much less pronounced. For ex- 
ample, in the series of 1,3,2-diazaboracyclohexanes, I, 
where n = 3, R' = H, and R = M, CH3, and CzH5, 6 
values of -25.1, -26.6, and -25.5 ppm, respectively, 
were observed with a coupling constant J B H  of 131, 132, 
and 128 Hz, respectively. 
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A number of metal ions have the ability to  promote 
proton ionization from a coordinated amide or peptide 
moiety. Nickel(II), for example, forms weak com- 
plexes with amino acid amides and glycine peptides in 
neutral solution but these lose protons from the ligand 
a t  about pH 9.l Judging from the structures of iso- 

(1) R. B. Martin, M. Chamberlin, and J. T. Edsall, J .  Amer. Chem. Soc., 
82,495 (1960). 

lated  solid^,^-^ as well as from indirect evidence, there 
is a Ni-0 to  Ni-N bond rearrangement a t  the amide or 
peptide site as a result of the proton ionization from the 
coordinated CONHR residue. This deprotonation 
is usually attended also by conformational change from 
an octahedral complex to a yellow or orange planar 
species. 

The ob~ervat ion '*~-~ of slow rates associated with 
either the deprotonation or the reverse protonation 
reaction supports the idea of such an attendant bond 
rearrangement, since this might conceivably limit the 
rate of an otherwise expected rapid proton-base reac- 
tion. Recently Billo and Margerum9 have carried 
out an extensive investigation of the kinetics of reac- 
tion of a number of acids HX, including H30+ and 
HzO, with the deprotonated species derived from the 
nickel-triglycine complex Ni(Gly8-2H+) -. The rate of 
reprotonation was given by rate = {KHx[HX]] [Ni- 
(Glys-2Hf)-]. Distinct mechanisms were suggested for 
the reaction with HX and with HzO. We have mea- 
sured the acid-independent values (corresponding to 

for the reprotonation of deprotonated nickel 
complexes of a number of amides and peptides and 
reached some conclusions as to their structures and the 
mechanism of the protonation. 

Experimental Section 
Materials.-These were commercially available and used as 

supplied. Triglycine and tetraglycine from diff erefit sources 
gave identical results. Nickel perchlorate (G. Frederick Smith) 
was the source of nickel ions. 

Kinetic and Other Experiments.-The concentration of nickel 
ions was estimated by EDTA titration, and that of the ligands 
by direct weighing. Freshly prepared solutions were used in all 
cases. The metal ion inhibited hydrolysis of glycinamide and 
peptides is slow at  25".1° It was observed that on standing for 
some days solutions of nickel-tetraglycine underwent marked 
spectral changes, specifically, enhancement of absorption at  275 
nrn and the appearance of a new intense band a t  325 nm. These 
changes were particularly noticeable in concentrated solution.6 
The causes for these changes are not understood, but the problem 
was avoided by using solutions prepared within 1 hr or so. Re- 
producible kinetic results were then obtained. 

In the measurement of the protonation rates, the complex 
solution was adjusted to a pH (usually 11-11.5) a t  which >95% 
deprotonation had occurred. This solution was then plunged 
into a buffer (final complex concentration  lo-^ M )  at a pH a t  
which >96% reprotonation of the amide or peptide took place. 
To effect this, a borate bQffer a t  pH -9 was used for amide and 
dipeptide complexes and a lutidine buffer a t  pH -7 for the higher 
peptides. The reactions were followed directly a t  the yellow 
peak, around 430 nm, and/or indirectly by incorporating indi- 
cators (phenolphthalein or bromothymol blue) to monitor the 
small pH increase (controlled by the buffer concentration) as a 
result of the removal of protons from solution. Usually the 
conditions were such that only a small amount of dissociation 
of the complex occurred. Since this occurred rapidly, it did not 
interfere with the indicator experiments and was unimportant 
in following the loss of yellow peak. The reactions were carried 
out in a stopped-flow apparatus of the Gibson design" or a Cary 

(2) A. Masuko, T. Nomura, and Y. Saito, Bull. Chem. Soc. Jap . ,  40, 511 
(1967). 

(3) Y. Nawata, H. Iwasaki, andY. Saito, ibid., 40, 515 (1967). 
(4) H. C. Freeman, J. M. Guss, and R. L. Sinclair, Chem. Commun., 485 

(1968). 
(5) P. I .  Chamberlain, J. Simplicio, and R. G. Wilkins, Puoc. Int .  Conf. 

Coovd. Chem., 1966,9 ,  365 (1966). 
(6) P. I. Chamberlain, Ph.D.  Thesis, State University of New York at 

Buffalo, Buffalo, N. Y.,  1968. 
(7) T. Kaden, ref 5, p 196. 
(8) K.  S. Bai and A. E. Martell, Inorg. Chem., 9,  1126 (1970). 
(9) E. J. Billo aad D.  W. Margerum, J. Amer. Chem. Soc., 92 ,  6811 (1970). 
(10) H, L. Conley, Jr., and R. B. Martin, J. Phys. Chem., 69, 2914 (1965); 

R. H. Andreatta, H. C. Freeman, A. V. Robertson, and R. L. Sinclair, 
Chem. Commun., 203 (1967). 

(11) Q. H. GihsonandL. Milnes, Biochem. J .  91, 161 (1964). 
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14 spectrophotometer. For the mixed tripeptide and higher oligo- 
peptide complexes the protonation reaction was sufficiently slow 
to allow its examination by the pH-Stat method using a Radi- 
ometer automatic titration assembly. The reactions were first- 
order for a t  .least 3 half-lives. Unless otherwise specified all 
experiments were a t  25" and an ionic strength 0.16 M with added 
KNOa. The results are shown in Table I which also contains 

TABLE I 

Ki(I1) COMPLEXES OF AMIDES AND PEPTIDES 
SPECTRA AND PROTONATION RATE CONSTANTS FOR DEIONIZED 

Species 
Ni (glycinamide- H +)za 
Ni(L-alaninamide-H+)z 
Ni(glycylg1ycine-H +)z" 
Ni(glycy1-L-valine-H +)2 
Nib-alanyl-L-alanine-H +)z 
Ni(glycylpro1ine-H +)z 
Ni (glycylglycinamide-2H +) 
Ni(trig1ycine-2H +)" 
Ni (glycylglycyl-L-alanine-2H 

Ni(trig1ycinamide-3H +) 
Ni(tetrag1ycine-3H +)a 
Ni(tetrag1ycinamide-3H +) 
Ni(pentag1ycine-3H +) 

-Absorption- 
nm c 

43.Y 61 
430a 66 

452 136 
430a 250 

+) 430a 190 

410 140 
41Za 205 
410 170 
410 170 

&bad, SeC-' 
1 . 7 , b  1 . F  
0.10 
2.6 '  
3 . 0 b  
1.Lib 

3 1c 
0 054, * 0. 057c 
0.013,' 0.013,c 0.015,d  

0.015' 
0.035d8f 
0. 041d3f ( 0 ,  0 0 3 d , f , q  
0.016d'f 
0.016d9f 

> 1 o o b  

a Similar structures, absorption peaks, and intensities reported 
by R. B. Martin, M. Chamberlin, and J. T. Edsall, J .  Amer. 
Chem. Soc., 82, 495 (1960), and J. W. Chang and R. B. Martin, 
J .  Phys. Chem., 73, 4277 (1969). * H +  change by indicator. 
CSpectrally a t  peak wavelength. d H +  change by pH-Stat. 
e Optical rotation loss. f A t  0'. Second protonation stage 
(see text). 

spectral data for the yellow deprotonated species (fuller details in 
ref 6).  Because of extrapolation to low buffer and ligand con- 
centrations, rate constants are only accurate to about 1.157,. 
The spectra were used mainly to determine the beginning and 
final pH used in the kinetic experiments. Values for pK esti- 
mated from the spectral data6 were in good agreement with those 
in the literature obtained potentiometrically. Solutions of a 
number of amide and peptide complexes were titrated with base. 
In  these (and the other) experiments a 1igand:metal ratio > 3 :  1 
was necessary with amides and dipeptides to prevent nickel 
hydroxide precipitation. For the others a ratio slightly more 
than 1 was sufficient. The additional equivalents of base per 
metal ion over that necessary to neutralize the free ligands were 
estimated, to determine the number of protons lost for the 
species shown in Table I. A Cary 60 recording spectropolarim- 
eter was used to follow the ORD changes at  430 and 520 nm. 

Results and Discussion 
Amides.-We have confirmed that solutions con- 

taining nickel(I1) and glycinamide release two pro- 
tons (per Ni) on raising the pH, a t  the same time turn- 
ing yellow.1 Isosbestic points a t  375 and 560 nm indi- 
cate that an intermediate monoprotonated species 
does not exist in appreciable amounts. Moreover, 
such ionization behavior is not confined to amides con- 
taining the glycyl residue since L-alaninamide, prolin- 
amide, and even pyridine-2-carbo~amide'~ complexes 
give up amide protons in basic solution and turn yellow 
or orange. 

The value for the first-order rate constant for pro- 
tonation of Ni(g1ycinamide-H +)2  was dependent on the 
concentration of buffer, excess ligand (added to prevent 
precipitation of nickel hydroxide), and hydrogen ion.6 
The value for kobsd a t  pH -9 is sensibly independent of 
a small change in pH.  This value, extrapolated to 
small concentrations of excess ligand and buffer, is 
taken as the acid-independent protonation constant 
shown in Table I. It is believed to represent the rate 
constant kl for the Ni-N to Xi-0 bond rearrangement 

shown in (l) . l2 This rate-determining step leads to  an 
octahedral complex which must then further protonate 

HZO - 
stages) 

,"2 

/CHz-C \ 

; \ I  21 
j /Ni \  

H2N ---__ OH _ _ _ _  0 

(1) 

0- -- ---- - - \C+cp 
H2N' OH, 

and equilibrate rapidly to the composition (mono, bis, 
and tris) a t  pH -9 demanded by the concentrations of 
metal ion and ligand. 

We have determined that two protons are released 
from glycylglycinamide in the presence of nickel ion in 
basic solution with the production of a yellow species, 
unlike the behavior of glycylglycine (vide infra). It 
probably thus acts as a terdentate ligand with the 
amino, deprotonated peptide, and amide groups co- 
ordinated to the nickel, and a water molecule making 
up the planar arrangement. The value of kohsd mea- 
sured in the same way as with glycinamide would then 
represent the Ni-N to Ni-0 bond rearrangement in the 
terminal (amide-H+) linkage. 

Dipeptides. -The nickel(I1)-promoted ionization of 
protons from a number of dipeptides in basic solution 
has been reported, although not observed in later 
work.I3 However, the structure of the solid complex 
Ni(Glyz-H+) 2 has been determined and this indicates an 
octahedral complex with proton loss from the peptide 
N and coordination of three groups from each ligand 
(I).4 The ionization depicted in I in solution is sup- 
ported by the slow rates of protonation for the dipeptide 
complexes in Table I The values of kobsd measured a t  
pH -9 will be related to the value of k1 by a preequi- 
librium constant K 1  (eq 2) The similar values of kobsd 
for glycinamide could be explained if the rearrangement 
and protonation occurred a t  the middle bond without 
the coordinated carboxylate having to be disturbed. 
This is unlikely I t  is more probable that K1 = 1 or 
that  the carboxylate is not coordinated in solution, 
and we tend to favor the former likelihood. Glycyl- 
proline has no peptide hydrogen and the immeasurably 
rapid protonation for the deprotonated nickel complex 
must arise from the proton interaction with a hydroxy 
species formed a t  high pH The value for ko,,sd for the 
glycyl-L-valine complex indicates that  proton ioniza- 
tion has occurred from the peptide linkage also (rather 

(12) We have no e\idence a5 to the disposition of the glycinamide iesidues 
about the nickel The amide gioups aie howevei trans in the blue octa- 
hedial [h i (p iaH)n(HO)~]Llz  and the derived oiange-led plana1 Ni(pla)z' 
2Hg0, piaH = pyiidine 2 carboxamide 2 2 3  

(13) M K Kim and A E Maitell, J Ainev Chem. S O L ,  89, 5138 (1967) 
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than a coordinated aquo ligand), a point which was not 
fully resolved in the original potentiometric study. 
The observation of slow protonation rates with the 
octahedral dipeptide complexes indicates that  the 
planar-octahedral interconversion is not directly im- 
plicated. This is not unexpected in view of the known 
lability of this conformational change.14 

Tripeptides.-Both triglycine1?l3 and glycylglycyl- 
L-alanine lose two protons on complexing with Ni2+ in 
basic solution. As well as showing similar absorption 
maxima a t  430 nm, the glycylglycyl-L-alanine complex 
in the deprotonated form shows strong ORD curves in 
the visible spectrum which disappear on protonation. 
This has been observed also by Chang and Martin,’5 who 
measured the circular dichroism of a number of planar 
nickel complexes of peptides. Because the reprotona- 
tion rate for the glycylglycyl-L-alanine complex was rel- 
atively slow, it was possible to measure this by a 
number of methods, including the pH-Stat and optical 
rotation loss. The results were in excellent agreement 
with one another (Table I). In the case of the trigly- 
cine complex the value agreed with that estimated by 
Billo and Margerum (-0.05 sec-’ a t  2 5 O ) . $  At pH 
7.3 contribution from k H , O +  would be less than lo%.$ 
The mechanism shown in (3 )  was suggested. A value 

(14) R. G Wilkins, R Yelin, D W Matgerum, and D C. Weatherburn 
J Amev Chem Soc., 91, 4326 (1969). 

(15) J Wen Chang and R. B Martin, J Phys Chem ,73, 4277 (1969) 

HzO (fast) leads to 
protonation of 5 
residue 

(3) 

OH, 

for kl = 3 sec-’ (from the results with glycylglycin- 
amide) would lead to K1 = 0.05/3 = 0.02 which does 
not seem an unreasonable value for the dissociation 
constant of such a nickel-carboxylate moiety. The 
reduced value for kobsd for the glycylglycyl-L-alanine 
complex could then result from lowered K1 and/or k1 
values. The identical first-order loss of optical absorp- 
tion, optical rotation, and Hf  uptake for the alanine 
tripeptide shows that it is the terminal peptide group 
associated with the L-alanyl chromophore which is im- 
plicated and that protonation of this destroys the 
planar character and leads to rapid further protonation 
and dissociation. From (rather difficult) indicator 
experiments it appeared that there was a rapid con- 
sumption of one proton, prior to the measurable two- 
proton uptake, which was too fast to be measured by 
stopped flow. This could be due to the protonation of 
a coordinated hydroxy form (pK = 10.5) reported by 
Kim and Martell13 although the occurrence of this 
ionization, as well as our rapid protonation, has been 
disputed.$ In any event i t  appears that  the yellow 
species examined kinetically by us is 11. 

Higher Peptides.-The triglycinamide-, tetraglycin- 
amide-, and pentaglycine-nickel complexes give very 
similar potentiometric titration curves to that of tetra- 
g l y ~ i n e , ~ J ~  losing three protons per Ni and giving yellow 
species completely formed a t  pH -11 with absorption 
peaks a t  410 nm. These species are believed to have 
similar structures (IV), with R = H, CH2CONH2, 

R 
Iv 
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CHzCONHCHzCOO-, and CHzCOO- (for this struc- 
ture in the solid state see ref 4), respectively. It is 
not possible for the CHZCONHZ and CHzCOO- arms to 
coordinate to a fifth (apical) p ~ s i t i o n . ~  The tetraglyc- 
inamide and pentaglycine complexes are remarkably 
stable and do not decompose completely at pH > 5 .  

The kinetics of protonation of the tetraglycine com- 
plex was most extensively studied. A biphasic pro- 
tonation was observed at 25" in which there was (a) 
the uptake qf one proton ( k  = 0 22 sec-') with an at- 
tendent small optical density change at 410 nm (-10%) 
and (b) the consumption of remaining protons, k = 
0.023 sec-I (indicator), 0.020 sec-' (pH-Stat), ac- 
companied by the complete loss of absorption ( K  = 
0.028 sec-l) a t  the 410-nm peak. Both protonations 
could be easily measured by the pH-Stat method a t  0" 
with rate constants of 0.041 and 0.003 sec-I both a t  
pH 6.7 and 7.3. A final very slow proton change re- 
corded by an indicator in lutidine buffer6 disappeared 
in their absence when examined by pH-Stat. Only the 
first stage was measured by pH-Stat for the other pep- 
tides listed, and the rate constant was shown to be pH 
independent over some 0.5-unit range of pH. The 
similar rate constants for the first stage a t  0" suggest 
that  we are measuring a Ki-N) Ni-0 bond rearrange- 
ment in the terminal residue in all cases and that, from 
tetraglycine work, the product is still planar and then 
undergoes a second discernible protonation at the next 
peptide residue. The reason for this being so much 
slower than with triglycine may reside in the long at- 
tached grouping hindering inversion. 

Conclusion 
The acid-independent protonation rate constant for 

deionized amide and peptide complexes can be rational- 
ized in terms of a mechanism in which an Ni-N bond 
switch to Ni-0 is rate determining. The rate constant 
for the rearrangement is usually measured directly by 
K H ~ O  (kobsd) ,  but when a carboxylate group has to be 
broken prior to protonation (as with triglycine), a pre- 
equilibrium constant is incorporated in k H 2 0 .  The 
values for kH20 are not strongly dependent on the struc- 
ture of the amide or peptide and resemble more closely 
those for dissociation of nickel(I1) complexes with uni- 
dentate than bidentate nitrogen ligands.I6 
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Dihalobis(b-diketonate) complexes of the group IV 
metals, in particular Ti(acac)ZClz, have been reported 

in the literature since just after the turn of the cen- 
tury.' Although some of the conclusions in the earlier 
work regarding the geometryZ and even the polymeric 
nature' of complexes of this type were apparently in 
error, a number of more recent  investigation^^-'^ have 
determined the geometry of a variety of these complexes 
with some certainty In all cases studied, including a 
Dumber of ge rman i~n i ,~  tin, 3--8 titanium, 9b1z zirco- 
nium,'n,lz and hafnium1O-i2 compounds, there is over- 
whelming support for a monomeric cis octahedral struc- 
ture, based on dipole moment and various spectroscopic 
results. 

Besides the group IV metals, i t  appears that the only 
other documented preparation of complexes of the 
general type M(diket)2Xz is the preparation of VC12- 
(C~H,O~)Z and VClz(CloH902)~ by the reaction of VC14 
with acetylacetone and benzoylacetone, respectively. l3 
In a short paper Larson and Moore reported14 that 
MoC14 reacted with acetylacetone to give a red-purple 
solid whose elemental analysis approached that of 
MoCl%(acac)e I t  was postulated that this product 
was polymeric with a coordination number greater than 
6 although no data were given to support this or the 
proposed formula This is apparently the only ref- 
erence to a diketonate complex of either Mo or !A' in 
the 4+ oxidation state, although well established com- 
plexes in both higher and lower oxidation states are 
known The best known of these include Rl0(acac)3,'~ 
M ~ O ~ ( a c a c ) ~ , ' ~  and I%70z(acac).17 A number of acetyl- 
acetonate complexes of oxymolybdenum species in the 
5+ oxidation state have been reported,i3-20 but the 
existence of some of them has been questioned.e1 This 
present paper describes a convenient method of prepara- 
tion of a variety of dihalobis@-diketonate) complexes 
of Mo(IV) and \i7(IV) and discusses the probable 
structure of these compounds deduced mainly from in- 
frared spectroscopic measurements. 

Experimental Section 

Preparation of Complexes .-Most of the compounds were 
synthesized several times. Microanalyses were carried out by 
Clark Microanalytical Laboratory, Urbana, Ill., and by the 
Analytical and Information Division, Esso Research and Engi- 
neering Co., Linden, S .  J .  Elemental analyses for all com- 
pounds reported in this paper are given in Table I. 

Preparation of the Dichlorobis(diketonato)molybdenum(IV) 
Complexes. Method A .  From Molybdenum(V) Chloride.- 
To  a flask containing 5.4 g of MoClj (0.02 mol) was slowly added 
a sufficient quantity of an appropriate solid or liquid p-diketone 
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(5 )  J. W. Faller and A .  Davidson, Zitovg. Chem.,  6 ,  182 (1967). 
(6) I. Douek, M. J. Frazer, Z. Goffer, M. Goldstein, B. Rimmber, and H .  

(7) W.  H. iYelson,Inovg. Chem., 6, 1509 (1967). 
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(14) M L. Larson and F. W. Moore, Zaovg. Chem.,  3, 285 (1961). 
(15) M .  L. Larson and F. 'A', Moore, i b i d . ,  1, 856 (1962). 
(16) G. T. Morgan and R .  A. S. Castell, J .  Chem. Soc., 3252 (1928). 
(17) A. Nikolovski, Cvoal. Chem. Acta, 40, 143 (1968). 
(18) I. Bernal, Chem. I n d .  ( L o n d o n ) ,  1343 (1966). 
(19) A.  Rosenheim and C. Nernst, Z .  Anovg. Allg. Chem.,  214, 216 (1933). 
(20) P. C. H. Mitchell, J .  Z n o v g .  Nucl. Chem.,  21, 883 (1964) 
(21) H. Gehrlce and J. Veal, I n o v g .  Chim.  Acta,  3, 623 (1969). 

22, 1571 (1966). 

Willis, Sprctuochim. Acta, Pavt A ,  23, 373 (1967). 

(1959). 


