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Some Reactions of Zerovalent Metals with
Aqueous Organometal(loid)s

John S. Thayer*
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Aqueous solutions of bromoalkyltriphenyl-  active metals (e.g. mercury), we investigated

phosphonium bromides react with zerovalent whether this might also be true for corresponding

metals, causing their dissolution. The reaction organometal species. In this paper we report some
initially follows second-order kinetics, with the  of our findings.

rate depending on both metal and bromide

concentrations. Zerovalent metals similarly re-

act with aqueous methylmercuric acetate and

other dissolved organometals.© 1998 John

Wiley & Sons, Ltd. EXPERIMENTAL

Appl. O tal. Cheni2, 571-576 (1998 .
PPl Drganometal. -he (1998) Metal foils and powders were purchased from Alfa/

Keywords: zerovalent metals; bromoalkyltri- Aesar and used without further treatment. Iron and
phenylphosphonium bromides; methylmercuric ~ copper foils were 0.127 mm thick, while brass and
acetate zinc foils were 0.0254 and 0.254 mm thick

respectively. National Institute of Standards and
Technology Standard Reference Material (SRM)
365 consists of chips (16—35-mesh) with composi-
tion 99.90% Fe, 0.04% Ni and traces of other
metals, given by Dr F. E. Brinckman. Methylmer-
curic acetate, trimethyllead acetate and Ni-
INTRODUCTION butyltin acetate were purchased from Alfa Chemi-
cal Company and used without further purification.
Ever since Sir Edward Frankland’s preparation ofAlkyl- and bromoalkyltriphenylphosphonium bro-
diethylzinc}? the reaction between alkyl halides mides were purchased from Aldrich Chemical
and zerovalent metals has been an importan€Company and used as received. Solutions (0.1-
preparative method for organometallic com-5 mm) were prepared using aerated deionized water
pounds®>* However, this reaction also has numer-and used immediately.
ous nonsynthetic applicatiofissuch as the use of  Metal foils or powders (40-500 mg) were placed
zerovalent metals (especially iron) to removein screwtop vials containing 15-50 Crof solution.
chlorocarbons from contaminated groundwd&té&r. Initial pH values, measured using pHydribn
We have been investigating interactions betweerpaper, were usually 5.5-6.0 and did not vary during
aqueous alkyl halides and metals as a potentiathe course of the reaction. The vials were capped,
cause of metal corrosion and dissolution intoshaken and placed in darkness for periods of up to
water®* Most haloalkyl compounds show low ten days at temperatures of 22)°C. Aliquots
solubility in water (e.g. 0.0® for methyl iodide’*  were removed periodically for testing.
and even less for most other alkyl halides), making Levels of copper were determined with a Hach
accurate kinetic measurements virtually impossi-DR-100 colorimeter, using the absorption of the
ble. In an attempt to overcome this problem, wecopper-2,2bicinchonic acid complex at 565 nfi.
have been using water-soluble bromoalkyltriphe-Levels of zinc were also measured in a HachDR-
nylphosphonium bromides as reagents. Also, sincd00 colorimeter, using the absorption of a cyano-
active metals such as iron or zinc are known tozinc—cyclohexanone complex at 610 nm. Concen-
reduce dissolved aqueous inorganic ions of lessrations as low as 0.02 mg dm (Cu) or 0.04 mg
dm—3 (Zn), with uncertainties of 1-5%, could be
* Correspondence to: J. S. Thayer, Department of Chemistry,N€asured. Concentrations of dissolved iron were
University of Cincinnati, Cincinnati, OH 45221-0172, USA. measured similarly, using a Hach DR-100 colori-

Received 8 October 1997; accepted 28 January 1998

© 1998 John Wiley & Sons, Ltd. CCC 0268-2605/98/080571-06 $17.50



572

J.S. THAYER

Time, sec xI0

6

Figure 1 Dissolutionof copperfoil into waterby |. Opencirclesarecalculatedpoints.

meter that measuredthe absorptionof a 1,10-
phenanthrolinecomplexat 500nm. Levels aslow
as 0.02mg dm™2 could be measuredwith un-
certaintiesof 1-5%. All analysesof mercury,tin
andlead,plusselectedanalyse®f copperandiron,
were performedby Little Bear Laboratories,Inc.
(LBL, RedLodge,MT, USA) using ICP spectro-
scopy. )
Calculationswere performedon an Apple I ™
microcomputerusinga CURFIT® programto fit
pointsto lines by the methodof leastsquaresThis
program also enabled calculation of average
uncertaintiesand coefficientsof determination.

OBSERVATIONS

Dissolution patterns involving
bromoalkylphosphonium bromides

Our earlierwork suggestedhat copperdissolution
followed a linear pattern over time® More
systematidnvestigationusing 3-bromobutyltrphe-
nylphosphoniunbromide(l) on copper,zinc, iron
and copper alloys generally showed an initially

© 1998JohnWiley & Sons,Ltd.

linear pattern of dissolution. Over long time
periods,however,measurec¢oncentrationsisually
fell appreciablybelow those predicted from the
initial linearity (Fig. 1). For copperand zinc, the
periodof linearity usuallylastedapproximatelyone
week. Becauseof ready oxidation, hydrolysisand
precipitation,the period of linearity for iron was
usually lessthan one day. Most of our measure-
mentshavebeenmadeduring this linear pattern.

Comparativestudiesusing the seriesof phos-
phonium bromides [(CgHs)sP(CH,).Br] "Br— (I,
l, 1IvV; n=1, 3, 4) showedthat rates of metal
dissolutionincreasedas the value of n increased
(Table 1). Experiments with KBr or simple
phosphonium bromides indicated that bromide
ion, at least at our concentrations, (1-5) x
103w, showedno enhancemenind evenrepres-
sion, of copperdissolutionrelative to pure water.
Thetwoisomerd andlV differedmarkedlyin their
reactivity towardsmetals (Table 2), with | being
considerablymoreactive.As aresult,| becamehe
reagenf choicefor mostinvestigationsThe salts
-1V showedno measurabléendencyto hydrolyze
over the experimentaltime periods (up to one
week).

To tie in our observation$or thesephosphonium

Appl. OrganometalChem.12, 571-576(1998)
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Figure 2 Dissolutionof copperfoil by (A) water;(B) aqueoud; (C) aqueous/.

bromidesto earlier work using bromoalkanesye
did a comparativestudy of their dissolvingability
on bronzepowder(Table 3). Compound showed
an enhancemenbf dissolvedcoppercomparable
with 4-bromo-1-buteneind markedly greaterthan

Table 1 Comparativedissolutiori' of copperby alkyltriphe-
nylphosphoniunbromides

Time (min)

Compound 1050 2570 6915
Water 7.1 10 22.8
KBr 6.1 6.3 7.7
[(CeHs)sPCHs] *Br~ 2.8 3.0

[(CeHs)sPCHyBr] "Br- 3.8 5.0

[(CeHs)sPCsH7 Br™ 4.7 7.9 16.1
[(CeHs)sP(CHy)sBr*1Br - 6.1 11 24.7
[(CeHs)sPCyHo] "Br~ 33 3.6 8.3
[(C6H5)3P(CH2)4BI’]+BF 12 20 51.2

bromobutaneln acomparativestudyonbrassausing
Il and the analogousn-propyltriphenylphospho-
nium bromide,lll causeddissolutionof both zinc
andcopperwhereaghe othercompoundlissolved
only zinc. Iron (SRM 365) dissolvedmore rapidly
in thepresencef | thanlV (Table4), althoughthe
differencewaslessthanfor copper.

In experimentsto determinethe effect of foil

Table 2 Comparative dissolutim® of copper by three
butyltriphenylphosphaam bromides

Time

(min)
Compound 1100 2525 3985 5755
Water 45 53 63 79
[(CeHs)sPCyHo] "Br~ 35 38 69 75
[(C6H5)3P(CH2)4Br]+BF 9.4 12.0 19.0 27.0

[(CeHs5)sPCH.CH,CHBICHs] *Br~ 37.0 64.0 99.0 117.0

a Concentrationunits arepmol dm™2 (um). Eight portions of
copperfoil (131.97+ 1.02mg) were treatedwith 0.100 dm®
wateror 3.68x 10 3M aqueouseagent.

© 1998JohnWiley & Sons,Ltd.

@ Concentrationunits arepmol dm~2 (um). Four portions of
copper foil (54.224 0.10mg) were treated with 0.150 dm®
wateror 3.18x 10~ 3M aqueouseagent.
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Table 3 Metal contentof bronzepowderafter treatmentwith
agueousromoalkylcompoundd

Sn

Cu
System (mgg ™) (mgg ™) (mgg * Cu)
Blank 894 81 90.6

873 91 104
Water 965 81 83.9
Water/CHCH,CH,CH,Br 999 85 85.1
Water/CH = CHCH,CH,Br 909 85 93.5
Water/ 859 83 96.6

Table 4 Dissolutionof iron? from SRM 365

Concentration

Time (min) Water \% |

50 1.65 1.65 5.37
97 1.45 4.48 8.6
135 3.94 10.4 16.5
179 5.19 14.0 16.8
237 5.35 23.1 25.6
287 6.45 30.5 33.1
19,980333 10.6 39.6 40.7

@130mg of bronzepowdenwastreatedwith 0.150dm® wateror

aqueousnixture for oneweek. The solidswerethenanalyzed
by Little Bear Laboratories.Duplicate measurementsvere
madefor the blank (untreatecoowder).

substratesizeon the extentof dissolutionwe found

that therewas only a slight increasein extent of

dissolutionwith increasingmassof foil (Table5).

Often (but not always consistently)at any given

samplingtime, the concentratiorof dissolvedmetal

increasedinearly with the massof foil substrate
(Table6).

Dissolution by aqueous
organometals

Wheniron or coppermetal substratesveretreated
with aqueous methylmercuric acetate (V), tri-

methylleadacetate(VI) or tri(n-butyl)tin acetate
(VII), the metal substrate showed substantial
dissolution, often at rates comparablewith or

exceedingthe phosphoniumsalts (Fig. 2). For V

and VI, reactionswere first-orderwith respectto

the dissolvedorganometalfor VII, low solubility,

combined with opalescencein solution, made
accuratereadingsvery difficult to obtain; none-
thelesssubstantiatlissolutionoccurred.Treatment
of a solution of V with variousmetalsresultedin

decreasedoncentration(Table7).

@ Concentration units arepmol dm™ (um). Portlons of
205.72+ 0. O4mg SRM 365weretreatedwith 0.050dm® water
or 2.42x 10~*M aqueouseagent.

DISCUSSION

The carbon-brominebond in the seriesl-IV can
reactwith zerovalentmetals,causingthemto be
oxidizedanddissolvein water.We havepreviously
proposeda mechanisminvolving adsorption of
halidesonto metalsurfacesfollowed by reactionto
givedissolution'**3A similarmechanisnhasbeen
proposedor thedechlorinatiorof chlorocarbondgy
metals’ Organic halides are known to bond to
metalsthroughthe halogenatom? andunsaturated
alkyl bromldesmayalsobondthroughthecarbon—
carbonmultiple bond? The presenceof a triphe-
nylphosphoniuntation mustaffect the attachment
of the bromoalkyl group to a metal surface,but
thereis at presentinsufficientevidenceto indicate
how this might occur.

Kinetic data for chlorocarbon—ibn systems
indicatethat the rate of reactionis first-orderwith
respectto the concentrationof chlorocarbonand
also apparently first-order with respect to the
quantity of metal available for reduction’ Our
observationsare similar: the formation of product
(dissolved metal) obeys first-order kinetics, and
there appearsto be first-order dependenceon

Table 5 Effect of massuponmetaldissolutionfrom foils reactingwith 3-bromobutyltriphenylphosphoniuttromide

Massof foil [Metal]
Metal foil  Reactiontime (s) 1 (M) Range(mg) High/low Range(m) High/low
Copper 4.33x 10° 2.64x 1073 118.93-36.17 3.29 (1.25-1.08)x 10°* 1.16
5.17x 10° 1.15x 1073 38.10-3.26 11.7 (3.15-1.86)x 10* 1.69
7.75% 10° 1.30x 102 360.14-94.20 3.82 (5.81-4.67)x 10°° 1.24
Zinc 9.28x 10* 3.93x 107* 204.41-20.76 9.85 (10.5-2.13x 10°° 4.93
Lead 8.40x 10* 1.02x 103 296.14-15.92 18.6 (4.63-1.88)x 10°° 2.46
Brass 2.42x 10°° 1.02x 1073 329.04-26.14 12.6 (7.95-2.68)x 10°° 2.97

© 1998JohnWiley & Sons,Ltd.
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Table 6 Dissolutionof zinc® asa function of zinc foil mass

Reactiontime (min)

Massof foil (mg) 38 121 350 1547
20.76 7.5 11.0 12.0 21.3
33.59 7.3 110 13.0 36.1
50.20 8.4 13.0 17.0 38.2
80.27 8.7 13.0 18.5 47.6

131.09 9.8 16.0 229 86.8

204.41 11 17.1 30.9 105

& Concentration units areum (umol dm™%), Portions of
0.254mm zinc foil weretreatedwith 0.020dm® portionsof a
3.93x 10 “M solutionof I. Eachsetof concentrationshowed
a linear relationshipbetweerfoil massanddissolved[Zn].

reactionrate for the quantity of metal substrateas
well. The moreactivezinc andiron dissolvefaster
than copper,as would be expected,and alloys of
coppershow more rapid loss of the more active
component,again as expected® The enhanced
activity of | relativeto IV apparentlyarisesfrom
the secondarycarbonatomof |. Othereffectsmay
also contributeto the markedvariationin reaction
rates observedfor different bromoalkyltriphenyl-
phosphoniumsalts. These systemsare currently
beinginvestigatedn moredetail.
Thedissolutionof coppelby V, orthedissolution
of iron by V, VI or VII, may occur through
oxidationof the substratemetal.Copperfoil treated
with V showeda light-gray sheenand analysis
(LBL) indicatedthe presencenf metallic mercury.
The alkylmetal speciesmay be adsorbedonto the

[(C¢Hs);PCH,CH,CH(Br)CH;] 'Br’

[(C¢Hs);PCH,CH,CH,Br]'Br~

Table 7 Loweringof dissolvedmethylmercuricacetatdevels
by treatmentwith zerovalentmetals

Hg concentration

Metal (mgdm~3) M x 10° Lowering (%)
Control 3.6 1.8 —
Sn 3.2 1.6 11
Cu 2.3 1.15 36
Pb 2.1 1.05 42
zn 0.80 0.40 78
Fe 0.33 0.165 91

20.035dm?® portionsof 1.79x 10> M CHzHgCH50, [77.56%
Hg] solution were treated with 1.145+ 0.014umol metal
powderat ambienttemperaturegor 90.4h (= 3.254x 10° s).
Analysesweredoneby Little BearLaboratories.

surfaceof the metal,with transferof analkyl group
and/or electron. Treatmentof natural or waste
waterswith metalssuch as iron could provide a
useful means for removing toxic organometal
speciesaswell aschlorocarbon$.

CONCLUSIONS

The use of water-soluble organometal(loid)sas
reagentsfor reaction with zerovalentmetals in

water may well provide a modelfor investigating
correspondingnteractionsof haloalkylspeciesand
metals.Sincethesecanform solutionsof accurately
known concentrationsand sincea variety of both

[(C¢H5);PCH,Br] ' Br~
1

[(C¢Hs);PCH,CH,CH,CH,Br] Br~

I IV
0 0 1
CH,;HgOCCH; (CH;);PbOCCH; (C4Hg);SnOCCH;
\% VI VII

© 1998JohnWiley & Sons,Ltd.
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metal substratesndreagentanay be employed,a
large number of combinationsbecomepossible,
with a correspondingexpansionof knowledge.
Similar considerationsapply to the interactions
betweendissolvedtoxic organometals&nd zerova-
lent metals.We arecurrentlyactively investigating
thesevarioussystems.
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