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complexes and supports the theoryI5 that bond making 
plays a more important role in the transition state 
than does bond breaking. 

The one significant observation regarding the rate 
constant ka at 25" is that i t  is more than 50 tinies lower 
than kl. A large part of the difference is due to the 
high A H *  for the latter reaction. There is also a con- 
siderable difference between the A S  * values, especially 
if i t  is considered that in both cases an ionic complex 

(15) F. Basolo and K. G. Pearson, "Mechanisms of Inorganic Reactions," 
John Wiley and Sons, Inc., New York, h-. Y. ,  1958, p 195. 

bearing a unit negative charge reacts with water to 
give the product. In the report of PtC14*- aquation 
studies,' i t  was remarked that the rate of aquation of 
PtC&(H20)- was also much slower than that of Pt- 
Cld2- itself. 

Finally, the rate constant kh, describing the chloride 
anation reaction of AuClz(H*O)(OH), seems to be quite 
"normal" for the system with a A H *  value of 15.4 
kcal/mole and A S *  = 13 e.u. There is some evidence 
for the existence of a cationic species, probably ,4uC12- 
(HzO)z+, in acid medium (pH 4) as seen from the ion- 
exchange experiments using a radioactive gold tracer. 
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The standard enthalpies of formation of four complexes of thc general forniula I'&. BUJ (X, Y = Br or I )  are repurtcd 
These data are discussed in terms of the strength of the donor-acceptor bond. PIJ. 
BI,, 22; P13,BBr3, 65; PBra,BIa, 34 and PBr8. PBrs, 7 kcal mole-'. 

Estimates of this bond strength are: 

Introduction 
The 1 : 1 complexes formed from boron trihalides and 

phosphorus trihalides have been studied in connection 
with their stability with respect to dissociation, their 
halogen-exchange reactions, and their solid-phase struc- 
ture. 2 , 3  Only the complexes involving the heavier 
halogen atoms are stable with respect to dispropor- 
tionation or dissociation a t  room temperature. These 
complexes are presumably u bonded from the phos- 
phorus to the boron atom. This is in contrast to the 
phosphoryl halide-boron halide adducts, which have 
also been examined thermochemically, where bonding 
is most probably from oxygen to boron. 

Experimental Section 
Materials.-Carbon disulfide used as solvent in the syntheses 

was British Drug Houses AnalaR grade, successively shaken 
with aqueous potassium permanganate and mercury followed by 
distillation immediately prior to use. The boron and phosphorus 
tribromides were supplied by BDH and distilled prior to use. 
Boron triiodide was supplied by L. Light and Co. and phosphorus 
triiodide (mp 60-61', 1it.j 60.5') was synthcsized by the method 
of Germann and Traxler5 and recrystallized from carbon disulfide. 
Handling was performed in a nitrogen-filled drybox as the com- 
pounds are sensitive to both oxidation and hydrolysis. 

(1) R. K. Holmes, J .  Inovg. Nucl .  Chem.,  12, 266 (1960). 
(2) R. F. Mitchell, J. A. Bruce, and A. F. Armington, Inovg.  C h e m . .  3, 915 

(1964). 
(3) A. H. Cowley and S. T. Cohen, ibid., 4 ,  1200 (1965). 
(4) A. Finch, P. J. Gardner, and K. K. Sen Gupta,  J .  C h e m .  SOG., Sect. 

(5) F. E. E. Germann a n d  R. p\T. Traxler, J .  A m .  Chem.  SOC., 49 ,  307 
B,  1162 (1966). 

(1927). 

Syntheses.-All conipleses were synthesized by mixing equi- 
molar quantities of the boron and phosphorus halides dissolved iu 
carbon disulfide. The adducts were yellow solids (whitc, in 
the case of PBr3BBra) and precipitated from carbon disulfide. 

Phosphorus Triiodide-Boron Triiodide.-This was prcpercd 
by the method of Mitchell, et U Z . , ~  and vacuum dried; inp 250'. 
Anal. Calcd for PIsBI8: I ,  94.8. Found: I, 95.7. Halogen 
analyses were performed by silver nitrate titrations using adsorp- 
tion indicators. 

Phosphorus Triiodide-Boron Tribromide.--This adduct was 
prepared by the method of Comley and Cohen3 and crystallized 
from carbon disulfide; mp 159-160"; lit.3 160". Anal. Calcd 
for PIsBBr3: Br, 36.2; I ,  57.6; mol wt,  662. Found: Br, 37.0; 
I, 56.5; mol w t  (by cryoscopy in benzene), 651. 

Phosphorus Tribromide-Boron Tribromide.-The nicthod of 
Tarible8 was used to synthesize this adduct; mp 59-61', lit.' 61". 
Anal. Calcd for PBraBBr3: Br,  91.9. Found: Br, 91.0. 

Phosphorus Tribromide-Boron Triiodide.-The method of 
Xrmington, et u Z . , ~  was used to prepare this adduct; mp 178- 
182'. Anal. Calcd for i'Br3BI3: Br, 36.2; I ,  57.6; mol wt, 
662. Found: Br,  37.2; I, 55.7; mol wt (by cryoscopy in ben- 
zene), 616. 

Calorimetry.-The calorimcter was of the constant-tcmpera- 
ture environment type fully immersed in a thermostat maintained 
a t  25 =t 0.01". X full description may be found elsewhere.8 The 
precision and accuracy of the equipment were checked by two 
standard reactions, one endothermic and the other exothermic. 
For the dissolution of potassium chloride in water, AH ( N  = 200, 
T = 25') = 4.23 +C 0.03 kcal mole-' (mean of five determina- 
tions), and for the neutralization of tris(hydroxymethy1)amino- 
methane in excess 0.1 M hydrochloric acid, AH (A' = 600, T = 

( 6 )  J. Tarihle, Coinfil. R e n d . ,  132, 83 (1901). 
( 7 )  A. F. Armington, J. R.  U'einer, and G. H. Moates, Iizorg. C h e m . ,  6, 

(8) A. Finch and P. J .  Gardner, J .  C h e m .  J o c . .  2985 (1'364). 
483 (1966). 
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TABLE 1 
ENTHALPIES O F  HYD~ZQLYSIS AND FORMATIQN OF PX3BXs AND PXzBYs ADDUCTS (KCAL MOLE-') 

Compound N a T ,  o c  AHobsd(X) A H P T  
PIIBIB (1) 10,692 24.7 -111.2 

10,985 24.8 -112.3 
13,271 24.8 -110.7 -44.1 i 1 ,P  
12,539 25.0 -111.7 
11,801 24.8 -110.6 

PBraBBra (11') 

PIaBBr3 (11) 

8,177 
5,031 

11,913 
11,880 
6,253 
7,342 

14,469 
10 874 
6 , 806 
4,334 
7,871 
6,946 

24.7 
24.7 
24.6 
24.6 
25.0 
25.0 

24.6 
24.8 
24.8 
24.7 
24.9 
24.8 

Mean -111.3 ;t 0.85* 
-132.1 
-134.6 
-133.2 
-134.4 
-133.5 
-132.1 

Affobsd(X, Y )  

-64.5 
-62.4 
-62.5 
-62.3 
-63.6 
-63.0 

-115.1 
-112.5 
-114.15 
- 112-45 
-113.7 
-115.1 

Mean -113.9 & 1 ,5c  

-137.1 
-139.1 
-138.9 
-139.0 
-137.9 
-138.4 

PBrsBIs (111) 5,716 24.5 
6,915 24.7 

10,419 24.8 
12,025 24.9 
17,174 25.0 
16, 402 24.8 

-110.8 
-111.4 
-111.2 
-110.4 
-110.7 
-112.6 

Mean -138.4 f 1.3c 
-90.6 
-90.05 
-90.3 
-90.2 
-90.9 
-89.0 

Mean -90.3 i: 1.4< 
N is the iiiole ratio of water to adduct. * In this case, AHobsd was averaged rather thaii AHt" because the values of N were sufficiently 

The error in AHobs,j was taken as the spread; this was combined with the close for only one value of AHf"(HXvnH20) to be used. 
errors in the ancillary data to give the root of sum of the squares a5 the over-all error. 

2 5 O )  = -7.15 i 0.05 kcal mole-' (mean of seven determina- 
tions). Literature data for these reactions are: AH ( N  = 200, 
T = 25")O = 4.206 kcal mole-' and A H  (N = 1330, T = 25")1° = 
-7,104 kcal mole-', respectively. All enthalpies are quoted in 
terms of the defined thermochemical calorie, 1 cal = 4.1840 abs 
joules. 

Results 
The adducts P13B13 (I), P13BBr8 (11), PBr3BI3 

(111), and PBr3BBr3 (IV) hydrolyze quantitatively and 
without undue violence in water according to the 
equation (c = crystal) 
PXaBXs(c) f ( n  + 6)Hz0(1) 7 [&Pod 4- 

&Boa + 6HX] .%HzO 

PXaBYa(c) + (% f 6)Hz0(1) 7 
[Hap03 + HjBOj + 3HX + 3HY]*nHzO 

from which we may write 
AH*'  [PX3BX,(c)] = AHIO(H~POJ.~HZO) f 

A\Hfo(HaBOs~nHzO) + 6AHfo(HX.nHz0) - 
6AHro[H~0(1)1 - AH,bd(X) 

and 
AHr'[PXsBYa(c)] = AHf0(H3P0a.nH20) + 

AHr'(HsBOa.nHz0) + 3AHf0(HX.nHz0) + 
3AHf0(HY.nH20) - 6AHin[HnO(l)] - AHobsd(X, Y)  

(9) S. R. Gunn, Rev. Scd. Inslv . ,  89, 377 (1958): J. Phys. Chem., 69, 2902 
(1965). 

(10) 12 J. Iivitlp and I. Wttdso, Acto C h e m .  Scand., 18, 106 (1964). 

Ancillary Data.-The following ancillary thermo- 
dynamic data were used 
AH~o(H3BOa~1000H~0) = -256.5 i 0.3 kcal mole-' (ref 11) 

AHfo[HaP03(aq)i = -226.5 i 0,8kcalmole-' 

AHfD(HI. mHzO) = - 13.79 i. 0.1 kcal mole-' 

AHfo(HBr,300H20) = -29.05 rt 0.09 kcdl mole-' 

(ref 12) 

(ref 13) 

(ref 14) 

AHdil,,(HBr and HI )  and AHfO[HzO(l)] = -68.315 kcal mole-' 
(ref 15) 

The enthalpy of dilution of boric acid is small16 and that  
of phosphorous acid is unknown but probably within 
the assigned error. The heats of mixing of H3P03, 
H3B03, HBr, and H I  are ignored. 

Discussion 
The enthalpy changes of the reactions 

P&(ss) + BY,(ss) = PXsBYs(c) 

PXs(g) + BYa(g) = PX3BYa(c) 

4H" 
AH' 

(11) S. R. G u m ,  J. Phys. Chem., 69, 1010 (1965). 
(12) H. A. Skinner in "Thermodynamics and Thermochemistry," IUPAC 

publication, Butterworth and Co. Ltd., London, 1964, p 113. 
(13) H. A. Skinner. private communication. 
(14) S. Sunner and S. Thoren, Acta Chem Scand. ,  18, 1528 (1964). 
(16) F. Rossini, el ai., "Selected Values of Chemical Thermodynamic 

Properties," National Bureau of Standards Circular 500, U. S. Government 
Printing Office, Washington, D. C., 1952. 

(16) W. D. Davis, L. S. Mason, and G. Stegeman, J .  Am.  Chem. Soc., 71, 
2775 (1949). 
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TABLE I1 
ANCILLARY TI~RMODYNAMIC 1)AI'A FOR 1');~ AND BY8 AT %8'K (KCAL h l O L B - ' l ) h  

PIS PBra BIs BBr, 

. . .  -41.7 i: 2 . 0 C  . . .  -57.0 92 0 . 2 i  

Lz H f "( C) -11.45 + 0.85.' -45.2 f 2 . 5 d  -10.8 i 0.8" -61.6 f 2.00 

AHro (g) 7.05 f 1.70 -30.7 f l . S i  4 .70 i 1.0" -48.8 & 0 . 2 % *  
AHfO(1) _________ 

._ 

a AH(c +. g, Br3j due to Tiensuu.l* Data from ref 19 modified using currcut AHfOIHI(aq)] data. AH(1 -+ g, I'Br,) due to van 
0 Sec 

g, PIa)  = AH(c -+ 1) f A H ( 1  +. 6); latter tcrm ex- 
it ilppropriatc errors have 

Driel and Gerdingzo a t  -128", estimated a t  25' using Watson's 
ref 4. 
trapolated from vaporization data16s20 for PBr3 and PCla and former term put equal to AH(soln, PI3 in C S B ) . ~ ~  
been assigned where estimates are involved. 

d Assuming AH(c .-c 1, PBrJ) = AH(c 4 1, POBr,). 
Data from ref 22 modified using current AHfO[HI(aq)] data. g AH(c 

Underlined data are in standard state. Reference 17. 

TABLE I11 
DERIVED '~HERRIODTNA,\IlC DAI'A FOR ?'HE ADDUCTS AT 298'1; (KCAL MOLE .I) 

PlaB18 PIaBBra PBraBIs PBraBBrr 

AH" - 2 1 . 8 f  1 . 7  -69.9 f 1 . 6  - 3 7 . 8 1  2 . 5  -15.2 i 2 . 5  
AHin - 5 5 . 8 h  2 . 3  -96.6 f 2 . 1  -64.3 2 . 3  -34.4 f 2 . 1  
AH(c -+ g ) b  3 4 . 0 ( f 2 . 0 )  31.3 ( f 2 . 0 )  3 0 . 0 ( f 2 . 0 )  27.3 ( f 2  .0) 
D(P-B) 2 1 . 8 ~ t 3 . 1  66 .3  f 2 . 9  34.3f 3 . 0  7 . 1  i 2 . 9  

a We thank a referee for drawing our attention to some current AH(traiisition) data from which we calculate alternative valucs for 
AHI: PI3BI8, -56.4; PBr3BBr3, -31.4; PIaBBrs, -96.6; and PBr3BIa, - 6 1 . T ,  kcal mole-'. An arbitrary error of k 2 . 0  kcal 
mole-' is assigned to this datum. 

may be derived using the ancillary thermodynainic 
in Table I1 (ss = standard state). Before 

considering the thermodynamic stability of the ad- 
ducts, there is evidence' that  PBr3B13 and P13BBra 
are discrete compounds and cross halogenation does 
not occur at ambient temperature. 

As a first approximation, if the differences between the 
entropy changes ( A S o )  are ignored, then relative values 
of AH" measure the thermodynainic stability of the 
adducts with respect to dissociation into free donor and 
acceptor. 

An alternative method of considering stability, or 
relative donor-acceptor power, is to estimate the 
strength of the donor-acceptor bond. This calcula- 
tion requires the adduct subliiiiation enthalpies for 
which a reasonable approximation is 
A H ( c  --f g ,  I'Xa.BY8) = AH(c + 

g ,  I'Xa) + AI- f (c  --f g,  B173) 

Two different estimates of the bond dissociation energy 
of each adduct are given by the equations 

U(X3P-BYa) = -A€€(c --+ g,  PX3.BY3) - A H 1  

D*(X3P*-BY3*) = D(XsP-BY3) + Ep(PXa) 4- Er(BY3) 

where the asterisk signifies the molecule in its molecular 
electronic and molecular hybridization state and E ,  is 
the reorganization energy.z3 It has been shown4 that  
the inclusion of E, in a discussion of donor-acceptor 
properties of the phosphoryl halide-boron halide sys- 
tems does not significantly affect the conclusions. Hence 
we shall consider D rather than D* in the subsequent 
discussion. 

(17) " J A N a F  Thermochemical Tables," Dow Chemical Co., Midland, 
Mich. 

(18) V. H. Tiensuu, Thesis, Cornell University, 1962. 
(19) A. Finch, P. J. Gardner, and I. J. Hyams, Tuans. F a r a d a y  Soc., 61, 649 

(20) M, van Driel and H. Gerding, Rec. Trov. Chim., 60, 493 (1941). 
(21) K. M. Watson, Ind .  Eng. Chem., 23, 362 (1931). 
(22 )  A. ICincLI. P. J. Gardner, and I. 11. Wood, J .  C l ~ c n i .  Soc., 718 (lW5).  

(1965). 

Corroboratory evidence for D(I3P--BT3) conies froiii a 
recent estimatez4 of IG kcal for this datum derived 
from a vibrational analysis of the adduct. 

Using the data in Table 111 and analogous data for 
phosphoryl halide-boron halide complexe~,~  the follow- 
ing order of donor ability with respect to a fixed ac- 
ceptor and the converse may be formulated. Relative 
donor power (or Lewis basicity) with respect to 
(a) BC13 is Poc13 > PORr3 (>PBr3 > PCla), (b) BBr:3 
is PI3 > P0Cl3 > POBr3 - PBr3 (>Pc13), and (c) B13 
is PBr3 > PI3. Relative acceptor power (or Lewis 
acidity) with respect to (d) PC13 is (BBr3 > BCla), 
(e) PBr3 is BIa > BBr3 (>BCls), ( f )  POBr3 is BC13 > 
BBra, (g) P0Cl3 is BBr3 > BC13, and (h) PI3 is BBra > 
B13. The data in parentheses are deduced from Holmes' 
description of the stabilities with respect to dissociation 
of the adducts "PC13BC13," "PBr3BCl3," and PCl3- 
RBra. The order of acceptor power of boron trihalides 
relative to organic bases, both in solutionz5 and in the 
gas p1iasejz6 has been established as BFs < BC13 < BBrJ 
and extended to include BBra < B13 by Cookz7 (this 
latter work relative to xanthone and by frequency shifts 
in the vibrational spectrum). This order is followed in 
(d), (e), and (9) but  reversed in (f) and (h). Also, 
orders of donor power are self-consistent except for (c). 
The anomalous complexes are POBraBBr3, POBr3- 
BCls, PIaBBr3, and PI3BI3. It is readily seen that PIS- 
BIa is the most sterically hindered with respect to 
halogen-halogen interaction (or F and B strain)z8 of 
the PXaBY3 series. Further, the POB angle in the 
POXaBY3 complexes is considerably expanded from 

(23) &I. Szwarc and M. G. Evans,  J .  Chenz. Phys., 18,618 (1980). 
(24) G. W. Chantry,  A. Finch, P. N. Gates, and I ) .  Steele, .7. Chum. .COG. ,  

( 2 5 )  H. C. Brown and I<. It. Holmes, J .  Am. Chew.  Soc., 78, 2173 (195ti). 
(26) N. N. Greenwood and P. G. Perkins. J .  Chena. Soc., 1141 (1960). 
(27) 1). Cook. Can. J .  Chem.,  41, 5 2 2  (1963). 
(28) H. C .  Brown, J .  C h i n .  Soc. ,  1248 (1933). 

Sed. A ,  896 (1966). 
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the tetrahedral angle (probably29 between 140 and 150 ") 
and examination of molecular models reveals that 
POBr3BBr3 is considerably more sterically strained, 
with respect to POB angle distortion than POBr3BC13. 
This explanation is not entirely satisfactory in that  Acknowledgments.-The authors wish to thank 

Messrs. Albright and Wilson Ltd., for a research grant 
to K. K. S. G. and the Central Research Fund of the 
University of London for a grant to purchase a recorder. 

the POC13 complexes exhibit the usual order. However, 
with the present limited evidence, i t  is probably the 
most realistic. 

(29) I. Lindqvist, "Inorganic Adduct Molecules of Oxo-Compounds," 
Springer-Verlag, Berlin, 1963, p 96. 
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The stepwise formation of nickel phthalocyanine is traced through the initial complexation of 1,3-diiminoisoindoline with 
nickel chloride, its condensation with 2 additional moles of 1,3-diiminoisoindoline, and the formation of a unique six-mem- 
bered isoindolinenine complex. This latter compound readily converts to  the metalated phthalocyanine upon heating. 

Introduction 
Since the discovery of phthalocyanine, in 1907,l 

this molecule and its metalated analogs have been the 
subject of extensive investigation. In  spite of the 
fact that  many preparative methods have been un- 
covered and the physical and chemical properties of 
these compounds elucidated, the mechanisms of for- 
mation are less clearly defined. A pertinent example 
involves the preparation of sodium phthalocyanine 
by the action of sodium metal, sodamide, or sodium 
hydride on a solution of phthalonitrile in butyl alco- 
hol. 2--4 Sander6 postulated that  phthalonitrile and 
sodium metal react to form the labile addition product 
I, which then polymerizes with the addition of three 

: P C = N N a  

CN 
I 

phthalonitrile molecules to form the stable tetramer 
ring system. However, Borodkid was not in agree- 
ment with the formulation of the intermediate since the 
phthalocyanine molecule was not produced in the 
absence of alcohol. He theorized that, in the example 
under discussion, i t  is the sodium butylate that  re- 
acts with phthalonitrile, forming an unstable addition 
product (11) , which gives the phthalocyanine deriva- 

(1) A. Braun and J. Tcherniac, Be?., 40, 2709 (1907). 
(2) R. P. Linstead and A. R. Lowe, J .  Chem. SOC., 1022 (1934). 
(3) I. G. Farbenindustrie A.G., British Patent 468,292 (July 2, 1937). 
(4) P. A. Barrett, C. E. Dent, and R. P. Linstead, J. Chem. SOC., 1157 

(1 938). 
15) S. Sander, Die Chemie, 66, 255 (1942). 
(6) V, F, Borodkin, Zh. Prikl. Khivn., 91, 813 (1958). 

W H g  I ac=NNa C=N 

0) 

I1 

tive either by reaction with other phthalonitrile mole- 
cules or through the intermediate isoindolinenine 
species (111). The course of the reaction in methanol 

OGH9 I 

I I  
NNa 

I11 

was also studied. When a mixture of sodium metal and 
phthalonitrile was refluxed in methanol, the metalated 
phthalocyanine formed. If, however, the temperature 
was maintained a t  40", then colorless crystals deposited. 
Isolation and purification of these crystals followed by 
elemental analyses indicated that the substance was 
the sodium derivative of methoxyiminoisoindolinenine 
(IV) 

"a 
IV 

In  the work reported here, the stepwise formation 
of nickel phthalocyanine from nickel(I1) chloride and 


