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SUMMARY 

The enthalpies of reaction of 17 alkyl halides with magnesium metal in 
diethyl ether were measured by use of a steady-state heat flow calorimeter_ Enthalpies 
of formation of the alkyl bromides were determined via the enthalpies of reaction of 
the alkylmagnesium bromides with hydrogen bromide. The carbon-magnesium 
bond dissociation energies in alkylmagnesium bromides increases in the order : tert- 
butyl, allyl, benzyl, set-butyl zz isopropyl, ethyl, isobutyl, n-butyl, methyl, and phenyl. 

INTRODUCTION 

Thermochemical data for organomagnesium compounds are scarce, although 
they should be useful in view of the versatility of the Grignard reagent. Carson and 
Skinner’ observed an enthalpy of reaction for methyl iodide and magnesium in ether 
of 65.4 kcal/mole by use of an adiabatic calorimeter in uacuo. Smith and Becker’ 
measured the enthalpy of reaction of magnesium bromide and magnesium iodide 
with diethylmagnesium and diphenyhnagnesium in ether (the Schlenk equilibrium). 
Recently Hull et ~1.~ determined the enthalpy of formation- of dicyclopentadienyl- 
magnesium. 

In the present investigation a simple reaction calorimetric arrangement has 
been developed which allows the measurement of the reaction of magnesium with 
alkyl halides with a reproducibility of 0.2-0.4°/0. A series of 17 alkyl halides was 
studied. The purpose of the investigation was to survey the effect of structure on the 
enthalpy of reaction and to study the variation of the bond dissociation energies of the 
carbon-magnesium bond. 

RESULTS AND DISCUSSION 

The principle of the calorimetric procedure was the addition of an alkyl halide 
to an excess of magnesium in ether at a constant rate. The temperature of the thermo- 
stat water surrounding the calorimeter was adjusted until a steady state was obtained 
in which the temperature of the calorimeter remained constant The flow of alkyi 
halide was then stopped, and from a regulated power supply the exact current which 
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maintained the temperature of the calorimeter was passed through a heating coil. 
From the relation between the feed rate of the halide and the equivalent electrical 
effect, the enthalpy of reaction was calculated. The precision of the determination of 
the electrical effect was 0.2-0.4x, but for reasons mentioned below the accuracy of 
the results is considered to be f 1%. 

The formation of Grignard reagents from magnesium and alkyl halide [eqn. 
(1) below] is accompanied by some “Wurtz” reaction, in which alkyl halide is con- 
verted directly into hydrocarbons and magnesium halide as shown in eqns. (2) and (3). 
The extent to which the side reactions have taken place is measured by comparing the 
halide ion titration of the Grignard reagent (after decomposition with water) with the 
base equivalent. The value of [(halide- base)/halide] x 100 is the percentage of the 
halide which has undergone the “Wurtz” reaction_ In order to be able to establish the 
true value of the enthalpy of reaction of(l), it is necessary to know both the extent and 
the true nature of the side reactions_ The three main schemes for the reaction of alkyl 
halides with magnesium in ether are the following: 

Very 

RX(liq) + Mg-+RMgX(sol) (1) 
RX(liq) +$Mg*$R-R&q) +QMgX,(sol) (2) 

RX(liq) +*Mg -$R( -H)(liq) ++R(+H)(liq) + MgX,(sol) (3) 

small amounts of other side products may occur in some cases. A detailed 
analysis of the hydrocarbon reaction products was not carried out in the present 
work since there is evidence4v5 indicating that reaction (3) is the predominant side 
reaction in the case of alkyl halides branched in the a-position, while reaction (2) 
prevails if the alkyl is primary or devoid of hydrogen in the B-position, and these 
generalizations were assumed to apply in the cases under study. 

The enthalpy of reaction of the side reactions of each alkyl bromide used was 
calculated from the known enthalpy of formation of the hydrocarbons in the liquid 
state, and the value - 133.6 kcal/mole for the enthalpy of formation of magnesium 
bromide in ether solution (the determination of this value is described below). 
Neither the small contributions of the enthalpy of solution of alkyl halides and hydro- 
carbons in ether nor the enthalpy of vaporization of the very small fraction of alkane 
present in the gas phase were taken into account. The enthalpy of reaction for -the 
isolated Grignard reagent formation [eqn. (l)] could now be calculated_ The values 
of AH, for reaction (l), (2), and (3) are given in Table 1. Except for tert-butylmagnesium 
bromide, the correction from AiYr~obs~ to AH,(l) is seen to be much less than 1%. 

The enthalpies of reaction measured in this way permit an estimate of the 
differences between the carbon-magnesium bond dissociation energies of various 
types of alkyhnagnesium bromides. 

From the reaction schemes 

DWW AHr(Rw 

R-(g) + Wd - RBr(g) - RBr(liq) 

it follows that: 

AH: [R(g)] = p(R-Br) - A&‘[Br@] + A@ [RBr(liq)] + AK(RBr) 
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From the equations 

D(R-Br) AHdRhf~Br) 

Wd + -WsWg) M RMgBr(g) c------- RMgBr(liq) 

it follows that 

AHF[R-(g)] = AH: [RBr(liq)] + AH,( 1) 

+ AH.,(RMgBr) - AH: pMgBr(g)] + L)(R-MgBr) 

For the purpose of calculating the difference in the bond dissociation energy 
on going from one alkyl to another, all terms which are invariant with R can be 
ignored and the following expression for the bond dissociation energy is arrived at : 

D(R-MgBr) =D(R-Br) -AH,(l) + AH,(RMgBr) - AH,(RBr) + Constant 

The difference between the enthalpies of vaporization of RBr and RMgBr, 
although unknown and presumably inaccessible, may be expected to be relatively 
constant, and thus the value of D(R-Br) -AH,(i) should be useful for calculating the 
increments in the bond dissociation energies of alkylmagnesium bromides when 
changing from one R to another. The values of D (R-BrbAH, (1) for various R groups 
are given in Table 1. 

From the values of D(R-Br) -AH,(l) it can be concluded that the R-MgBr 
bond strength is constant for the various primary alkyl groups such as ethyl, butyl, and 
isobutyL For methyl and phenyl the value is 11-12 kcal/mole higher, and for isopro- 
pyl, set-butyl, and tert-butyl it is lower by 5, 5, and 15 kcal/mole respectively. The 
carbon-magnesium bond dissociation energy for R = tert-butyl is thus lower than for 
benzyl and ally1 even though these groups form bonds to magnesium which are 
8 kcal/mole weaker than the bonds formed with primary alkyls. 

Whether steric or electronic factors are the cause of the low bond energy in 
tert-butyl and see-butylmagnesium bromide remains undecided. No serious increase 
in steric inhibition should result, however, on going from methyl- to ethylmagnesium 
bromide and thus the large decrease in bond energy in this case may be due to the 
electron-donating ability of the x-methyl group. Increased electron density at the 
carbon attached to magnesium undoubtedly accounts for the indicated decrease in 
bond strength in p-methylphenylmagnesium bromide as compared with that in 
phenyl- or pchlorophenylmagnesium bromide. The extremely low bond dissociation 
energy in tert-butylmagnesium bromide is not surprising since both electronic and 
steric factors operate to weaken the bond. 

The correction of the values of AHr(obsj for the heat produced in the side reac- 
tions (2) and (3) as mentioned above, required the determination of the enthalpy of 
formation of magnesium bromide when dissolved in diethyl ether. This was attempted 
in three different ways. The direct attack of bromine on magnesium in ether was car- 
ried out in the calorimeter and an enthalpy of reaction of - 133.3 kcal/mole was 
measured. However, since hydrogen gas was also produced it was concluded that 
side-reactions were taking place. Next measurement of the enthalpy of reaction of 
Grignard reagents with bromine was examined; this reaction combined with the 
formation reaction (1) is equivalent to the formation of magnesium bromide from 
magnesium and bromine : 
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Rx(liq)&g --RMgBr(so1) (1) 

RMgBr(so1) + Br,(liq) + RBr (liq) + MgBr,(sol) 
-. 

(4) 

Several Grignard reagents were treated with bromine (Table l), and the sums of 
AH,(l) + AH,@) were compared An average valueof - 133.7 k&/mole was found, but 
since some values deviated by 2-3% and the results were not very reproducible, it was 
again concluded that side-reactions occur and that AH,(4) may be used only as a crude 
check of the values obtained for AH,(l). 

The best value for the enthalpy of formation of magnesium bromide was finally 
obtained by determining the enthalpy of reaction of hydrogen bromide with alkyli 
magnesiuni bromide: - - 

I 
RMgBr(s) + HBr(g) + RH(liq) + MgBrz(s) (5) 

The calorimetric procedure was similar to that used in the determination of AH,(l), a 
constant stream of HBr being passed into the calorimeter containing the Grignard 
reagent. Knowledge of AHr(5), together with the known enthalpy of formation of the 
hydrocarbons, allowed the calculation of the enthalpy of formation of the alkyl 
bromide according to the equation : 

AH: @Br(liq)] = - AH,( 1) - AH,(5) + AH: mH(liq)] 

+ AH: [MgBr,(s)] - AH: [HBr(g)] 

The enthalpy of formation of set-butyl bromide has been determined accurately and 
with consistency by different methods’, and must be considered known within 
+0.3 kcal/mole. Since the reaction of Grignard reagents. with hydrogen bromide is 
probably free of any side reactions, the value - 37.2 kc&/mole for AH: [set-butyl 
bromide&q)] was taken as the basis for the determination of the enthalpy of forma- 
tion of magnesium bromide in ether solution, which by means of the equation above 
was found to bc - 133.6 + 1 kcal/mole. By use of this value the enthalpies of formation 
of 9 other alkyl bromides were determined, and with a few exceptions satisfactory 
agreement with literature’ values was obtained, as shown in Table 1. The accuracy of 
the determinations is probably of the order of + 1 kcal/mole. No corrections were 
made for the heat of mixing of alkyl halides and of hydrocarbons with ether, nor for 
the temperature difference between the calorimeter and the added reactant. It was 
estimated that these corrections would not exceed 0.3-0.4 kcal/mole. 

EXPERIMENTAL 

Materials 
Sublimed magnesium (“Specpure” Johnson, -Matthey Chemicals Ltd.) was 

used Commercial alkyl halides were fractionally distilled and checked for purity by 
NMR and GLC. Impurities were < 1.0%. Ether was freshly-distilled from lithium 
aluminum hydride. 

Appara<us 
The calorimeter consisted of a jacketed 500 ml flask with magnetic stirrer and 
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a 39.65 Q Constantan heating coil made from 0.1 mm cotton insulated Constantan 
wire wound around a 1.5 mm polyethylene tube and sealed with “Arai;!;r:t* epoxy 
resin. The calorimeter was closed with a B 29 standard-taper rubber-sealeo adaptor 
which fitted the Beckman thermometer and the leads for the heating coil vacuum-tight 
to the flask. The adaptor had a glass capillary inlet for the halide (respectively bromine 
or hydrogen brodide). On the inside a piece of 1.5 mm polyethylene tubing led to the 
bottom of the flask and on the outside the capillary was connected to the motor 
burette by means of a glass capillary_ The pure alkyl halide was contained in a 20 ml 
“Methrom” piston burette which was driven by a synchronous motor and delivered 
20 ml/180 min, ~1.8517 pl/sec. 

Procedure 
The calorimeter, containing a Teflon stirring bar and 15 g magnesium, was 

closed with a rubber stopper, evacuated, and filled with 300 ml absolute diethyl ether. 
It was then heated to 35’, and the rubber stopper was replaced with the B 29 adaptor 
containing the Beckman thermometer, heating coil, and feeding tube. The calorimeter 
assembly was placed in the plastic tank of the water thermostat over the magnetic 
stirring motor, which was then started. After 30-60 minutes the reaction had reached 
its equilibrium rate and the water thermostat was regulated until the reading of the 
Beckman thermometer was constant within +0.005°. The adjustment required from 
30 to 90 minutes. After obtaining the steady state the flow of halide was stopped and 
the heating coil was connected to a regulated DC power supply which had a lO-turn 
regulating potentiometer covering the range 5-21 V. The reading of the Beckman 
thermometer was kept constant by regulating the voltage, which was read to 0.01 V 
by means of a calibrated “Takeda-Riken” TR 6834 digital voltmeter. The regulation 
required 30-60 minutes and the electrical effect in cal/sec was calculated from the 
voltage and the resistance in the heating coil (39.65 Q) and in the leads (0.06 Q). 

The molarity of the halide was found from the density at the working tem- 
perature, and the molecular weight and the molarity multiplied by the burette 
displacement per set gave the rate of addition_ The thermal effect divided by the rate 
of addition gave the heat of reaction of the liquid alkyl halide with magnesium in 
diethyl ether containing 0.3-0.6 M alkylmagnesium halide. The heat of dilution of 
0.6 M Grignard reagent is insignificant. 

Since methyl bromide boils at 3.6q it was kept in an ampoule at 0” and was 
displaced through an inlet and an outlet capillary by mercury from the piston burette. 
The liquid methyl bromide passed through a 2 m stainless steel capillary heating coil 
which was placed in the thermostat water. In order to derive the heat of reaction of 
liquid methyl bromide, the heat of vaporization (5.5 kcal/mole) was subtracted from 
the value obtained for gaseous methyl bromide. 

For addition of liquid bromine a piston burette with 5 ml displacement/l80 
min was used. For addition of HBr a cylinder was placed in ice water and fitted with a 
glass capillary which was filled with compressed glass fibres. A stream of 17 pmol/sec 
was obtained which was constant within +O.lo/o for 30-60 min. The exact value was 
found by leading the HBr stream into water for 100 set and titrating with sodium 
hydroxide. The determination was made before and after each experiment_ 
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