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The single-crystal X-ray structure analysis of the diazosulfo- 6 is obtained in good yield. Treatment of ZnClz with 2 equiv. 
nate p-HSN-C6H4-N=N-SO3Na 3 features a Z configura- of 6 gives the zinc complex 7. In all cases, the solubilizing 
tion of the diazo moiety and a nitrogen-sulfur bond. Each diazosulfonate groups can be cleaved off photolytically, 
sodium atom is coordinated by one diazosulfonate substitu- which offers an opportunity to precipitate the molecules from 
ent in a chelating manner, Upon reaction of 3 with excess their aqueous solutions. 
salicylaldehyde, the highly water-soluble Schiff base ligand 

The introduction of tris(m-sulfonatopheny1)phosphane 
(tppts, Figure l), a highly water-soluble analog of the 
ubiquitous transition-metal ligand triphenylphosphane, im- 
mediately initiated the rapid development of homogeneous 
two-phase catalysis[’]. A prominent example for its success- 
ful commercial realization is the rhodium-catalyzed hydro- 
formylation of propylene (Ruhrchemie/RhBne-Poulenc)[21. 
Figure 1. The water-soluble ligand tppts and its hypothetical ana- 
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Ligand design, however, is generally hampered by the 
drastic conditions required for the sulfonation reaction 
(fuming sulfuric acid), which is quite often accompanied by 
oxidative degradation processes. Moreover, in many cases 
the introduction of sulfonate groups into the ligand frame- 
work does not occur with the desired selectivity. Varying 
degrees of sulfonation and the formation of inseparable 
mixtures of regioisomers are common problems with con- 

siderable impact on the usability of the products obtained. 
The purpose of this paper is to suggest a modification of 

conventional sulfonate substituents by formally inserting a 
diazo group into the CAryl-SOy bond. In the case of tppts, 
for example, this manipulation would result in a hypotheti- 
cal “diazo-tppts” ligand (Figure I). Several advantages may 
be anticipated when diazosulfonates are substituted for sul- 
fonates to generate water-solublc transition-metal com- 
plexes. Ncw ways of tackling the selectivity problem are 
provided, since there are a multiplicity of options for plac- 
ing amino functions at specific positions into a molecular 
skeleton[3] and also for transforming them into diazonium 
salts under mild conditions[4]. Starting from these readily 
available precursors, the aimed-for diazosulfonates are ob- 
tained in a spontaneous reaction upon addition of Na2S03. 

Another feature of the thermally stable Aryl-N =N-SO, 
group is its photolytic cleavability (Scheme l), which pro- 
vides a means for releasing the anionic substituents from 
the body of the complex and thereby for switching off its 
water-solubility at will. This behavior is without parallel in 
the chemistry of arylsulfonates and may be used for the 
selective precipitation of metal ions from their aqueous 
solutions. Nuyken et al. have already exploited the photo- 
sensitivity of diazosulfonates in macromolecular chemistry 
for the creation of water-soluble polymcrs and photores- 

It is worth mentioning that, despite their sensitivity 
to UV irradiation, diazosulfonates may be handled without 
problems in diffuse daylight. 

Even though aryldiazosulfonates have been known for 
about a hundred years17], their structural properties have 
long been under some debatel’]. We have thcrefore per- 
formed the first single-crystal X-ray structure analysis of a 
diazosulfonate derivative (Figure 2) to determine unequivo- 
cally whether (i) the -N=N- moiety indeed adopts a 2 

Chem BerlRecueil1997, 130,515-519 0 VCH Verlagsgesell5chdft mbH, D-69451 Wemherm. 1997 0009-2940/97/0404-0515 $17  50+ 5010 51 5 



FULL PAPER E. Herdtweck, F. Peters, M. Wagner 

Scheme 1 .  Regioselective formation of phenols upon photolytic 
cleavage of aryldiazosulfonates with UV light in aqu- 
eous solution 
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configuration in its electronic ground state as indicated by 
IR and UV/Vis spectroscopy, and (ii) the coupling reaction 
between aryldiazonium salts and sulfite ions occurs with 
N - 0  or N-S bond formation. 

Results and Discussion 

The general route from commercially aVdilabk 1 to com- 
pounds 2 and 3 (Scheme 2) has already been described by 
Nuyken; however 3 was used in situ for further reactions 
and was not isolated[6]. 

Scheme 2. Reagents, (I) HCUNaNO,, O T ,  10 miii; Na,SO?/ 
Na7C07 . 10 H20, ambient temp., 1 h (ii) NaOH, 
50"C, 1.5 h; HCI, 0°C 

1 2 3 

Q 
4 5 

Orange needles of 3 crystallize from its aqueous solution 
with 2 equiv. of water in the monoclinic space group P2,lc; 
a plot of the anionic moiety only is given in Figure 2. The 
diazosulfonate substituent features a Z configuration of the 
-N=N- fragment and a nitrogen-sulfur bond (as op- 
posed to a nitrogen-oxygen bond) in the solid state. Both 
the O(I)-S(l) bond and the -N=N-S- backbone are lo- 
cated essentially in the plane of the aryl ring, thereby invit- 
ing 7t overlap between these components [dihedral angles: 

C(2) = -5.5(2)"]. However, the N(l)-N(2) bond length of 
1.260(2) A, which lies in the range normally observed for 
substituted E and Z azobenzenes [d(NN) = 1.25-1.26 
A]['], indicates an unperturbed double bond. For N(2)- 

516 

O(l)-S(l)-N(I)-N(2) = - 14.6(1 j"; N(l)-N(2)-C(l)- 

C(1) and S(1j-N(l), the bond lengths [1.415(2) A and 
1.730(1) A, respectively] do not appear to be significantly 
shortened[lO]. Thus, there is no structural evidence for de- 
localization between the -N=N- linker and either the SO3 
moiety or the aryl ring. 

Figure 2. PLATON plot of the anionic moiety of 3. Elements are 
represented by thermal cjlipsoids at the 50% probability level. Se- 
lected bond lengths (A), angles and dihedral angles (deg): 
Na(1)-O(1)a 2.354(1). the other Na(1)-0 distances fall in the 
range 2.303(2)-2.415(2), Na(l)-N(2)a 2.677(2), S(1) -O(l) 
1 447(1), S(1)-0(2) 1.452(1), S(1)-0(3) 1.447(1), S(l)-N(l) 
1 730(1\. N(I)-N(2\ 1.260(2). N(21-C(1) 1.415(2). N(3)-C(4) 
1.38632); O(l&Na(I)-N(2)a 65.4(1), O(1)-S(1)-N(1) 1 lO.O(l), 
S(l)-N(l)-N(2) 112.6(1). N(l)-N(2)-C(l) 114.9(1). N(2)- 
C(I)-C(2) 124.3(2), N(2)-C(I)-C(6) 116.1(1); N(I)-N(2)- 
C(l)-C(2) -5.5(2), N(l)-N(2)-C(l)-C(6) 173.8(2). S(1)-N( 1)- 

N(2)-C( 1) - 175.5(1), O(l)-S(l)-N(l)-N(2) - 14.6(1) 

For the amino group (which acts as a weak hydrogen 
bond acceptor towards a water molecule inbhe crystal lat- 
tice [contact distance: N...H-O = 2.945(2) A], a pyramidal 
configuration is found. the sum of angles around the nitro- 
gen atom being 342". The N(3j-C(4) bond length [1.386(2) 
A] has a value intermediate between that of the electron- 
rich p-phenylenedianiine ( I .43 A)[''] and the electron-poor 
derivative p-nitroaniline (1 -36 A)[12!. Moreover, in contrast 
to p-nitroaniline, no systematic alteration or C-C bond 
lengths within the aromatic ring is observed in 3, which 
excludes a quinoid character of this molecule. These cited 
observations all indicate that the diazosulfoiiate substituent 
behaves electronically as an "innoccnt spectator", which has 
neither pronounced n-donating nor z-accepting properties. 

Six donor atoms are arranged in a distorted octahcdral 
configuration around each sodium atom (Figure 3), which 
in turn connects three different 4-aminophenyldiazos~1lfo- 
nates: 3, 3a and 3b. O(1) and N(2) of anion 3a bind to two 
adjacent coordination sites of the same Naf ion, thereby 
testifjing to the fact that the diuosulfonate moiety may 
behave as a chelating ligand toward? metal atoms. 3 and 3b 
are each bound to sodium via one oxygen atom of their 
sulfonate units. The remaining coordination sites at the 
Na+ ion are occupied by two &-configured water mol- 
ecules. One oxygen atom of each RSO; fragment bridges 
two sodium ions [Na...Na distance: 3.518(1) A], which re- 
sults in the formation of Na202 four-membered ring ar- 
rangements. In general, the crystal lattice of 3 is composed 
of alternating hydrophobic and hydrophilic layers; the latter 
are stabilized by an intricate network of hydrogen bonds 
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N-H...O, O-fI...O and O-H...N with contact distances 
varying between 2.788(2) and 3.052(2) A. 

Figure 3. Coordination sphere of' Na' in 3 . 2 HzO 

The chemical behavior of any metal complex is largely 
dependent on the o-donatingln-accepting ability of its con- 
stituent ligands. These properties should therefore be influ- 
enced as little as possible by the presence of the solubilizing 
substituents. The X-ray crystal structure of 3 already indi- 
cates that this condition is met by the diazosulfonate group. 
Further evidence can be gained with the help of 13C-NMR 
spectroscopy. The term Arc = 6(17C)pcmr - 6(13C),neta1131 will 
be used to quantify electronic substituent effects on the n- 
electron density of the aryl ring, with negative values of Arc 
indicating electron-releasing and positive values electron- 
withdrawing groups. Since An values are only valid for 
monosubstituted benzene rings, we have investigated so- 
dium phenyldiazosulfonate 4 as well as the sulfone 5, which 
no longer bears a negative charge (Scheme 2). The An va- 
lues of 4 and 5, together with those of selected compounds 
for are summarized in Table 1. From these 
data it may be concluded that the electron-withdrawing 
power of the diazosulfone substituent equals that of the 
nitro group. In contrast, the diazosulfonate moiety is an 
extremely weak rc donor, causing only minor perturbation 
of the aromatic ring. In comparison, conventional sulfonate 
substituents have moderate electron-withdrawing proper- 
ties. 

Tablc I .  An values of the monosubstituted benrenes 4 and 5 and 
of sclected C6HSR compounds for comparison 

&(para) G(meta) 
144.5 134.2 
135.8 130.3 
134.6 129.4 
131.5 128.9 
130.7 128.8 
128.5 128.5 
129.7 131.0 
125.4 128.4 
117.0 129.4 

A7I 
+10.3 
+5.5 
+5.2 
+2.6 
11.9 

* O  
-1.3 
~ 3.0 

-12.4 

Solvent 
CDC13 

[DfJDMSO 
CDC13 

[DGIDMSO 
CDCl3 
CDC13 

[DslDMSO 
CDC13 

CDCl3 

Certain transition-metal ions are known to break down 
aryldiazonium cations, with dinitrogen being liberated in 

the course of the A similar reactivity of the di- 
azosulfonate substituent would obviously mean a consider- 
able restriction of its usability in transition-metal ligands. 
To obtain inforination about this, a water solution of 3 was 
treated with Fez CO'+, Ni2+, Pd2+. Cufi2+, Ag+ and 
Zn'+ and the characteristic absorption of the diazosulfo- 
nate moiety (h,,, = 376 nm) was monitored in the UV/Vis 
spectrum. The presence of copper ions. which are catalysts 
for the Sandmeyer reaction["], also led to rapid destruction 
of 3. In the case of Pd'+, the experiments did not give fully 
reproducible results, therefore some negative effect of this 
metal cannot be ruled out. All other ions had no impact on 
the diazosulfonate moiety. 

Compound 3 provides access to organic imines, which are 
well known for their excellent ligand properties. Treatment 
of 3 with salicylaldehyde in refluxing methanol gave the 
Schiff base 6 in good yield. However, a large excess of the 
aldehyde is required to draw the reaction to completion. 6 
was obtained as a yellow powder (h,,, = 358 nm). When 
an aqueous solution of 6 is irradiated with the light of a 
mercury lamp for 1 min, the absorption at h = 358 nm van- 
ishes, thereby testifying to the photolytic cleavage of the 
diazosulfonate unit (Scheme 1). Both an absorption at 1622 
cm-' in the infrared spectrum of 6 and a resonance at 6 = 

9.04 in its IH-NMR spectrum are indicative of the presence 
of an imino function in this molecule. 

Zn2+ was chosen for the preparation of the first metal 
complex of 6,  because it possesses a diamagnetic nature and 
normally establishes a tetrahedral coordination geometry, 
which excludes the formation of stereoisoniers. The zinc 
complex 7 is formed from 6, zinc(1I)chloride and NEt, in 
refluxing methanol (Scheme 3). However, a one-pot syn- 
thesis employing a mixture of 3, salicylaldehyde and zinc(1I)- 
acetate also gave satisfactory results. The elemental analysis 
of the product obtained excludes an octahedral coordi- 
nation of the zinc ion by three imino ligands. Only one set 
of signals is found in the NM R spectra of 7, and all chemi- 
cal shifts closely resemble those of other tetrahedral Schiff 
base complexes of Zn(I which have been structurally 
characterized by X-ray crystallography. Thus, all data ob- 
taincd on 7 are consistent with the molecular structure 
given in Scheme 3, and there is no indication of a contri- 
bution of the diazosulfonate moiety to the zinc coordi- 
nation. Both the free ligand 6 and the zinc complex 7 are 
readily soluble in water and can be precipitated from their 
solutions upon irradiation with UV light. While 6 did not 
show any tendency to hydrolyze over an extended period of 
time, the half-life time of 7 in aqueous solution is only 
about 6 h. The hydrolysis of 7 in D20 was monitored by 
NMR spectroscopy and found to lead to the liberation of 
the free ligand 6. 

We conclude that the diazosulfonate substituent rep- 
resents a promising alternative to conventional sulfonate 
groups for the generation of water-soluble transition-metal 
complexes. Our future research will focus on ligand devel- 
opment (e.g. "diazo-tppts") to increase the water stability 
of the resulting transition-metal complexes. Moreover, the 
diazosulfonate substituent does not necessarily have to be 
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(iii) 

___) 

Scheme 3. Reagents: (i) salicylaldehyde, methanol reflux, 2 h. (ii) 
ZnCI2/NEt,, methanol reflux, 15 min. (iii) salicylalde- 
hyde/Zn(OC(O)CH& . 2 H,OMaOH, methanol reflux, 
15 min 

(ii) 

- 

N,SO,Na 

3 

N,S03Na I 
6 I 

NZS03Na 
7 

introduced directly into the ligand framework, but may be 
tied to the complex via a suitable linker. We have already 
obtained encouraging results using 3 as a solubilizing 
group, together with transition-metal ligands bearing reac- 
tive hydroxy or amino groups and cyanuric chloride as the 
linker between them. 

Helpful discussions with Prof. Dr. 0. Nuyken and Dr. habil. E. 
Vbit (Technische Univcrsitiit Miinchen) are gratefully acknowl- 
edged. We are also grateful to Prof. Dr. W A .  Herrrnnnrz (Techni- 
sche Universitat Miinchen) for his generous support and to the 
"Buyerischer Forschutzgsverhund Katnlyse" (FOR KAT) for funding. 

Experimental Section 
General: NMR: Jeol JMN-GX 400 and Bruker DPX 400. - IR: 

Perkin-Elmer 1650 FTIR. - UV/Vis: Hewlett-Packard 8452 A. - 
Elemental analyses: Microanalytical laboratory of the Technische 
UniversitLt Miinchen. - Compounds 2 and 4 were synthesized ac- 
cording to literature 

Preparation o f 3 :  A solution of 4.86 g (18.32 mmol) of 2 in 30 
ml of water was treated at ambient temp. first with 18.4 ml of an 
aqueous solution of picric acid (1%) and then with 1.45 g (36.25 
mmol) of NaOH. The resulting red mixture was kept at 50°C for 
1.5 h and then cooled to 0°C in an ice bath. 1.75 ml (18.42 mmol) 
of aqucous HC1 (32%) was added, and the mixture adopted an 
orange colour. The solution was brought to neutral pH by careful 
addition of dilute HCI (3%) whereupon a yellow precipitate 
formed. The solid material was collected on a frit (G3) and dried 
in vacuo. The filtrate was concentrated to about half its original 
volume to yield a second crop of 3. - Yield: 2.64 g (56%). ~ UVI 
Vis (H20): Amax = 376 nm. ~ 'H NMR (400 MHz, [D6]DMSO): 

6 = 6.04 (s ,  2H. NHZ), 6.61 [d, 2H,  J(HH) = 8.8 Hz, C6H41, 7.49 
[d, 2H, J(HH) = 8.8 Hz, C,H,]. - I3C NMR (100.5 MHL, 
[D6]DMSO): 6 = 113.4, 125.3. 140.4, 153.3 (Csb) .  - 
C6H6N3NaO;S (223.18) . 2 H 2 0  (18.02): calcd. C 27.80, H 3.89, N 
16.21, S 12.37: found C 27.55, H 3.58, N 16.00, S 11.84. 

"C-NMR Data of 4: The compound was synthesized as de- 
scribed by NuykenL51 to obtain the missing I3C-NMR data. - I3C 
NMR (100.5 MHz, D20): 6 = 128.0 (o-C~H,), 129.7 (PGHj) ,  
131.0 (VZ-C~HT), 146.2 (i-CsH5). 

Preparation ofS: A mixture of aniline (0.95 g, 10.20 mmol) and 
water (10 ml) was treated at ambient temp. with 3.8 ml of aqueous 
HCI (32%). An aqueous solution of NaNO2 (0.69 g, 10.00 mmol) 
was added at O"C, then the yellow mixture was stirred for 10 min 
and added to a solution of sodium toluenesulfonate (3.46 g, 19.53 
mmol) and Na2C03 . 10 H 2 0  (11.07 g, 38.69 mmol) in 15 ml of 
water. Upon stirring for 1 h at ambient temp. an orange solid 
gradually precipitated. which was collected on a frit (G3), treated 
with water (2 X 20 ml) and redissolved in 10 ml of diethyl ether. 
The ether solution was extracted with water (4 X 50 ml). dried over 
anhydrous MgSO,, filtered and the filtrate slowly concentrated in 
vacuo. A yellow crystalline solid formed, which was collected on a 
frit ((33) and dried in vacuo. ~ Yield: 2.39 g (90%). - UVNis 
(EtOH): h,,, = 294 nm. - ' H  NMR (400 MHz, [DslDMSO): 6 = 

3.35 (s, 3H, CH3), 7.53 [d. 2H, J(HH) = 8.5 Hz, ChH4S], 7.61 [vtr, 
2H, J(HH) = 7.5 Hz, VZ-C~H,], 7.73 [t. 1 H; J(HH) = 6.7 Hz, p -  
C6Hj], 7.78 [d, 2H, J(HH) = 8.0 Hz, O-CsHj], 7.83 [d, 2H, 
J(HH) = 8.5 Hz, C6H$]. - 13C NMR (100.5 MHz, [D,]DMSO): 
6 = 21.4 (CH,), 124.3 (O-C,Hj). 129.1 (i-C&$), 130.2 (C&S), 
130.3 (wz-C~H,), 130.5 (C6HdS), 135.8 (p-CsH5). 146.6 (H,CC), 
148.6 (i-C6H5). - CI3Hl2NZO2S (260.31): calcd. C 59.98, H 4.65, 
N 10.76, S 12.32; found C 60.11, H 4.76, N 11.04, S 12.25. 

Preparutiun of6: To a solution of 3 (0.65 g, 2.51 mmol) in 20 ml 
ol' methanol was added with stirring 3.56 g (29.15 mmol) of neat 
salicylaldehyde. The mixture was refluxed for 2 h and then cooled 
to ambient temp., whereupon a yellow precipitate formed. The so- 
lid material was collected on a frit (G3), extracted with benzene (2 
X 30 ml) and dried in vacuo. ~ Yield: 0.79 g (96%). - UVNis 
(H,O): k.,,,, = 358 nm. - IR (KBr): C = 1622 cm-' (C=N). - 'H 
NMR (400 MHz, [D,]DMSO): 6 = 6.99 (m, 2H, C6H4-C=N), 
7.43 [vtr, l H ,  J(HH) = 8.5 Hz, C6H4-C=N], 7.58 [d, 2H, 
J(HH) = 8.6 Hz, CGHA-N-C], 7.69 (d, 1 H, J(HH) = 6.5 Hz, 
C6HQ-C=N), 7.83 [d, 2H. J(HH) = 8.6 Hz: C6H,-N=C], 9.04 (s, 
l H ,  N=CH). - I3C NMR (100.5 MHz, [D,]DMsO): 6 = 116.9, 
119.4, 119.6, 122.7, 124.1. 132.8, 134.0, 148.8, 151.5, 160.7 (CAr), 
164.7 (N=C). - C13HloN,Na04S (327.29): calcd. C 47.71. H 3.08, 
N 12.84, S 9.80; found C 47.63, H 3.21, N 12.50, S 9.59. 

Preparation of 7. - Method a: A suspension of 6 (0.05 g, 0.15 
mmol) in 10 ml of methanol was treated with 0.02 g (0.20 rnmol) 
of NEt3 and 0.02 g (0.15 mmol) of zinc(I1)chloride. The mixture 
was retluxed for 15 min and filtered through a frit ((33). The solid 
residue was extracted with 10 ml of methanol, then 10 ml of diethyl 
ether and dried in vacuo. - Method b: To a solution of 3 (0.41 g, 
1.58 mmol) in 20 ml of methanol was added with stirring a solution 
of 0.20 g (0.91 mmol) of zinc(I1)acetate dihydrate in 10 ml of meth- 
anol and a solution ol'0.22 g (1.80 mmol) of salicylaldehyde in 10 
ml of methanol. The mixture was refluxed for 15 min and the hot 
solution treated dropwise with 0.07 g ( I  .78 mmol) ofNaOI1 in 5 ml 
of methanol. Upon cooling to ambient temp. a yellow precipitate 
formed, which was purified as outlined above. - Yield: 0.52 g 
(74'Yo). - UVNis (H20): kmax = 372 nm. - IR (KBr): 0 = 1615 
cm-' (C=N). - ' H  NMR (400 MHz, [D6]DMSO): 6 = 6.60 [vtr, 
2H, J(HH) = 8.0 Hz, C6H4-C=N], 6.70 [d, ZH, J(HH) = 8.5 Hz, 
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C,H,-C=N], 7.32 [vtr, 2H,  J(HH) = 8.0 Hz, C6H,-C=N], 7.45 
151 

[d, 2H, .I(HH) = 7.0 Hz, CbHd-C=N), 7.51 [d, 4H. J(HH) = 8.5 
Hz, C6Hd-N=C], 7.70 [d. 4H,  .I(HH) = 8.5 Hz, CbHd-N=C], 
8.69 (s, 2H, N=CH). - 13C NMK (100.5 MHz, [DGIDMSO): 6 = 

161 

114.5, 119.2, 122.9, 123.2, 123.8. 135.9, 137.5, 148.5, 152.5, 170.5 
(CAI), 171.3 (N=C). - C26H18N6Na20sS2Zn (717.94) . 2 H 2 0  
(18.02): calcd. C 41.42, H 2.94, N 11.15, S 8.50, Zn 8.7; found C 
41.30, H 2.81. N 11.05, S 8.40. Zn 8.5. 

L; 

X-ray Crystal Structwe Analysis of'3[lq: An orange crystal of 3 
([C,H,,N,NaO,S]; M = 259.22) was mounted in a glass capillary 
on an automatic Four Circle Diffractometer (CAD4, Enraf Non- 
ius). Final lattice parameters were obtained by least-squares refine- 

[91 

ment of 25 high-angle reflections (graphite monochromator, h = 
0.71073 A, Mo-K,). MonoFlinic system, sp,ace group P2Jc, a = 
5.538(1) A, b = 24.334(4) A, c = 7.923(2) A, fi = 92.11(1)", V =  
1067.0(4) A3, D,,,, = 1.614 g/cm3, p = 0.35 mm-', Z = 4. Data 
wcre corrected for Lorentz and polarization effects. Crystallo- 
graphic measurement at 163 2 1 K; range of measurement 1.67" < 
0 < 25.97"; 2375 reflections collected: 156 with negative intensity 
were rejected; all 1953 [1813 with 1 > 20(1)] independent reflections 
were used for refinement. The structure was solved by direct meth- 
ods (SHELXS-86)r"I and refined with standard difference Fourier 
techniques (SHELXL-93)[IX1. All hydrogen atoms were located in 
the Fourier map arid refined lreely. Number of parameters refined: 
185; 10.6 data per parameaer; GOOF: 1.06; residual electron den- 
sity: +0.33 eA-3, -0.40 eA-3; R1 = 0.0275 [for I > 20(4], wR2 = 
0.0743 (all data); minimized function was Zw(G - @*: IV = 
l/[a'(F:) + (0.0460 P)2 t 0.4772 P)] with P = [niax(E, 0) +- 2 F 
2113. 
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