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Abstract: The specific rates of solvolysis of benzyl fluonofate have been measured in
several hydroxylic solvents at 25.0 °C. For metligsis, the solvent deuterium isotope
effect and activation parameters were determinedl activation parameters were also
determined for solvolyses in ethanol and 80% ethdfar several of the binary hydroxylic
solvents, measurement of product ratios allowedcsglty values to be determined. An
extended Grunwald—Winstein treatment of the dadadesensitivities to changes in solvent
nucleophilicity and ionizing power. Comparison wiheviously determined specific rates
for solvolysis of the chloroformate gave fluoringdarine rate ratios greater than unity. All
of the determinations made were consistent withaddition—elimination (association—
dissociation) mechanism, with addition rate-deterng.

Keywords: benzyl fluoroformate, addition—elimination, solvasbtope effect, Grunwald—
Winstein equation, product selectivity.

1. Introduction

Chloroformate esters with primary alkyl groups styze in most of the commonly studied solvents
by an addition—elimination mechanism with the additstep being rate-determining. Only in solvents
of very low nucleophilicity and very high ionizingower is an ionization mechanism observed. For
methyl chloroformate solvolysis [1] the ionizationechanism was observed only in 1,1,1,3,3,3-
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hexafluoro-2-propanol (HFIP)—water mixtures withledst 90% HFIP content. The ionization range
was larger for ethyl [2] and-propyl [3] chloroformates, and ionization was itatied with up to 50%
water content in HFIP—D and with up to 10% water content in 2,2,2-triflethanol (TFE)—KED
mixtures.

Incorporation of an aryl group into the methyl estesulted in the addition—elimination pathway
being followed for all commonly studied solvents fenitrobenzyl chloroformate [4] (Scheme 1), but
ionization being indicated in HFIP-B and TFE-HO mixtures for the parent benzyl chloroformate

[4].
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Scheme 1.

The ionization was accompanied by loss of carbarxide, such that the observed products
(Scheme 2) were benzyl chloride (decompositionk gdanzyl fluoroalkyl ether and benzyl alcohol
(solvent capture of the cation).

For solvolyses of the secondary isopropyl [5] aradamantyl [6] chloroformates, the ionization
pathway was dominant and only in ethanol and methamd their mixtures with 10% water was there
an appreciable addition—elimination component. Hue tertiary 1-adamantyl chloroformate, the
ionization pathway was dominant in all solvents amdly in 100% ethanol was a trace of the mixed
carbonate, presumably from an addition—eliminatieaction, detected [7]. For phenyl chloroformate
the addition—elimination pathway was observed dwerfull range of solvents [8].

Studies have been made of the replacement of obldsy fluorine for then-octyl [9] and 1-
adamantyl [10] esters. For tmeoctyl fluoroformate, the addition—elimination paty was observed
over the full range of solvents and tkeékc specific rate ratios were only slightly below drose
unity.

The present investigation involves a study of tldvayses of benzyl fluoroformate. The
corresponding chloroformate solvolyses divided,the usually studied solvents, into two almost
equally sized groups, with either ionization or iidd—elimination as the rate-determining step [4].

The dependence of the rates of solvolysis on sbiwecieophilicity (Nt) and solvent ionizing power
(Yc)) is intimately associated with the details of teaction mechanism. In particular, for attack at an
acyl carbon, very different values for the paramsetare observed dependent upon whether the
solvolyses follow the addition—elimination or thenization mechanism. The extended Grunwald—
Winstein equation used in these analyses can bressqu as in equation 1:

loglk/ko) =INT + mYx +¢C (1)
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In equation 1,] represents the sensitivity towards changes inNhevalue; m represents the
sensitivity towards changes in thg value;c is a constant (residual) term; akdndk, represent the
specific rates of solvolysis in the solvent undensideration and in the arbitrarily chosen standard
solvent [11] (80% ethanol), respectively.
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BzOCOCI —g5,,~ Bz—0-C=0 o ~ Bz
or BzOCOCI——= BZ'
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Scheme 2.

2. Results

The specific rates of solvolysis of benzyl fluonofmte have been determined, at 25.0 °C, in
methanol, ethanol, and TFE, and in binary aqueolyests with the other component being methanol,
ethanol, acetone, TFE, or HFIP. Determinationsevedso made in TFE—ethanol mixtures. In Table 1
are presented the 16 data points used in extendendw@ld-Winstein analyses, together with the
appropriateNt [12] andYc [13] values. A determination was also made in meth-d (MeOD). For
ethanol and 80% ethanol, specific rates were datedrat two additional temperatures, and activation
parameters were calculated.

The product ratio for several of the solvolyses wheermined by response-calibrated gas
chromatography. Determination was at 10 half-lies. 90% EtOH, 50% EtOH, 70% TFE, and 50%
TFE, it was shown that the products were formednmounts which remained essentially unchanged if
left for longer periods of time (20 to 40 half-Is)eprior to the gas chromatography analysis.

For the aqueous—alcohol solvents, selectivity \&a(8ewere calculated according to equation 2,

S = [benzylalkyl ether][H ,0] (2)
~ [benzylalcoho][ alcoho)

and for the reaction in TFE—ethanol, equation 3 wsesl. In both equations, the product
3)
S= [BzOCO ,CH ,CF;][EtOH |
~ [BzOCO,CH CH ,|[TFE]




Int. J. Mol. Sci2006 7 189

concentrations are divided by the concentratiothef component of the solvent producing them.
The selectivity values are presented in Table 2.cbmparisonS; values previously reported [4] for
the solvolyses of benzyl chloroformate are alsaltied.

Table 1.First-order rate coefficient&d) for the solvolysis of benzyl fluoroformate in pueind binary
solvents at 25.0 °C together with the appropriateent nucleophilicity Kit) and solvent ionizing
power (Yc)) values andk/kc values.

Solvent (%) 10° ke (579 ke/kel® N+° N
100% EtOH 0.612 + 0.063 1.19 0.37 —2.52
90% EtOH 7.66 +0.21 5.94 0.16 —0.94
80% EtOH 20.4+0'3 11.5 0.00 0.00
70% EtOH 31.4+0.3 14.6 ~0.20 0.78
100% MeOH 3.36 £+ 0.02 1.78 0.17 -1.17
90% MeOH 27.6+0.2 7.18 —0.01 ~0.18
90% Acetone 0.175 + 0.003 ~0.35 —2.22
80% Acetone 1.26 +0.02 5.89 —0.37 -0.83
70% Acetone 3.87 £ 0.02 9.16 —0.42 0.17
60% Acetone 8.88 + 0.02 11.6 —0.52 0.95
50% Acetone 19.3+0.2 ~0.70 1.73
70% TFE 3.07 £ 0.03 6.36 -1.98 2.96
50% TFE 11.6 +0.2 12.3 ~1.73 3.16
60T—40E 0.420 + 0.020 4.23 —0.94 0.63
40T—60F 0.758 + 0.024 3.46 —0.34 —0.48
20T—80F 0.965 + 0.026 2.47 0.08 ~1.42

®/olume/volume basis at 25.0 °C, except for TFESHixtures, which are on a weight/weight basis.
®Values relative to those for the correspondingalgkis of benzyl chloroformate (values from ref. 4)
“Values from ref. 12%alues from ref. 13°Also values of 1.17 + 0.01 at 35.0 °C and 1.62@10at
40.0 °C;AH%*95, 0f 11.4 + 0.1 kcal mot andAS g5, 0f —39.4 + 0.4 cal mot K™ 'Also values of
29.4 + 0.1 at 30.0 °C and 40.6 + 0.2 at 35 A8¥,g5 ,0f 12.1 + 0.3 kcal maot andAS g , 0f =30.3 +
1.2 cal mot* K™ %Value in 100% MeOD of 1.05 + 0.02, leading tkvaor/kveoo value of 3.19 + 0.04.
"T—E represents TFE—ethanol mixtures.
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Table 2. Percentages of the products present after thelgsis of benzyl fluoroformate (BzOCOF) in
a binary hydroxylic solvent at 25.0 °C and the gkted selectivity values.

Solvenf %BzOCO,CH,CF3 %BzOH %BzOCOEt s St
100% EtOH 4.1 95.9
90% EtOH 17.8 82.2 2.2 2.0
80% EtOH 25.7 74.3 2.8 2.7
70% EtOH 34.0 66.0 3.3 3.3
60% EtOH 41.2 58.8 3.4 3.7
50% EtOH 49.7 50.3 3.6 4.1
70% TFE 4.7 95.3 0.12 1.4
50% TFE 3.2 96.8 0.19 1.20
80T—20E 11.5 3.2 85.3 0.043
60T—40E 4.0 3.8 92.2 0.038

®/olume—-volume basis at 25.0 °C, except for TFE2Hhixtures, which are on a weight—weight basis.
PSelectivity values for aqueous alcohol mixturescel@ted using equation ZCorresponding
selectivity values for benzyl chloroformate (ref. @hese values are for the ionization pathway (see
ref. 4).°T—E represent TFE—ethanol mixturé€alculated using equation $orresponding value of
0.039 for the addition—elimination component toveatide solvolysis of 1-adamantyl fluoroformate at
50.0 °C (ref. 10).

3. Discussion

With the tertiary 1-adamantyl group incorporatetbithe haloformate esters, the chloroformate
reacted across the full range of solvents by arzahion mechanism incorporating loss of £&ahd
formation of products by capture of the 1-adamac#jion [7]. The tendency towards ionization was
considerably reduced for the solvolyses of therfiimrmate [10] and a change in mechanism to the
addition—elimination pathway occurred as one motedess ionizing and/or more nucleophilic
solvents. For example, in the standard solvent (8@%nol), more than 90% of the reaction proceeded
by the rate-determining addition to the acyl catdarthis region, the solvolyses parallel closdigge
of n-octyl fluoroformate, incorporating a primary allgidoup [9].

In the present study, we have extended the prevetudy [4] of the solvolyses of benzyl
chloroformate to the fluoroformate. The chlorofotenahowed a change in mechanism similar to that
observed for 1-adamantyl fluoroformate as one maerdss the usual range of solvents. Accordingly,
we would not be surprised if the expected move dway ionization and toward addition—elimination
led to the solvolyses of benzyl fluoroformate owar extensive range of solvents involving rate-
determining addition to the acyl carbon, followedébrelatively rapid expulsion of fluoride ion (g
Scheme 1).

The specific rates of solvolysis in 16 represemgasiolvents, at 25.0 °C, are reported in Tabled, an
in conjunction with the appropriatér andYc, values, a correlation analysis has been carriedising
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equation 1. The sensitivity valuek gnd m) and several goodness-of-fit parameters are regart

Table 3.

Table 3. Correlation8 of the specific rates of the solvolyses by theitamu-elimination mechanism
for benzyl fluoroformate, several other chlorofotenand fluoroformate esters, and benzoyl fluoride.

b

n |P m R l/m

PhocoOcCt 21 1.68 +£0.10 0.57 £ 0.06 0.12+0.41 0.973 2.95
MeOCOCF 19 1.59 £ 0.09 0.58 £ 0.05 0.16 £0.17 0.977 2.74
EtOCOCI 28 1.56 + 0.09 0.55 +£0.03 0.19+£0.24 0.967 2.84
PrOCOCY 22 1.57+0.12 0.56 £ 0.06 0.15+£0.08 0.947 2.79
p-NOzBZOCOC|1 19 1.61 +£0.09 0.46 £0.04 0.04 £0.22 0.975 3.50
BzOCOCF 15 1.95+0.16 0.57 £0.05 0.16 £0.15 0.966 3.42
OCtOCOF 19 1.67 £ 0.07 0.76 £ 0.03 —-0.08 £0.18 0.988 2.20
BzOCOF 16 1.57+£0.20 0.76 £ 0.08 -0.13+0.27 8.93 2.07

BzOCOF 13 1.43+£0.13 0.70 £ 0.05 -0.09+0.17 0.974 2.04
C5H5C0Fk 41 ‘ 1.58 £ 0.09 0.82 £ 0.05 —-0.09+£0.10 0.953 1.93

4Using equation 1°With associated standard errors, those associatdtie c values being the
standard errors of the estimaf€orrelation coefficient®values from ref. 8%values from ref. 1.
"Values from ref. 2%alues from ref. 3"Values from ref. 4'Values from ref. 9Omitting the three
TFE—ethanol data point8/alues from ref. 15.

With incorporation of all 16 of the standard sysserthe correlation coefficient of 0.93B-{est
value of 44) is rather low and an inspection of phat shows that, as is frequently the case [1#, t
TFE—ethanol points lie somewhat below the plot (Fegl). Omission of these three points does not
appreciably change theandm values (Figure 2), but it does lead to a conshlieramprovement in the
correlation coefficient, to 0.974{test value of 90). The entries presented in T8bler comparison
show that thé andm values are very similar to those previously obsérforn-octyl fluoroformate [9]
and benzoyl fluoride [15]. These three solvolysagehan/m ratio which is very close to two in value.
A direct logarithmic comparison of the specificamf solvolysis of benzyl fluoroformate with those
for n-octyl fluoroformate in 14 solvents (no values fioe n-octyl ester in 70% and 50% acetone) gave

an acceptable correlation, with a slope of 0.95@50intercept of 0.10 = 0.06, correlation coeéii
of 0.986, and af-test value of 415.
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Figure 1. The plot of log(k/k) vs. (1.57N + 0.76Yc)) for the solvolyses of benzyl fluoroformate in

pure and binary solvents at 25.0 °C. In the kegytabols, only components other than water are

indicated.
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Figure 2. The plot of log(k/k) vs. (1.43N + 0.70Yg)) for the solvolyses of benzyl fluoroformate in
pure and binary solvents at 25.0 °C. The three Et&anol systems are omitted from the correlation.
In the key to symbols, only components other thateware indicated.
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Data from the correlations of several chloroformegters, in the region where they solvolyze by the
addition—elimination mechanism, are also includedable 3. For the fluoroformates, threvalues are
appreciably higher, by some 30%—-40%. Accordinghg Itm ratio is higher for the chloroformates,
with values ranging from 2.7-3.5.

The highem values for the solvolyses of fluoroformates, ligiato chloroformates, may reflect the
influence of the high electronegativity of fluorinehis can lead to the need for increased interasti
with the solvent, in the process moving fiieelectrons of the carbonyl group away from the ril®
and onto the oxygen (Scheme 1). Such interactiansirovolve increased solvation of the developing
anionic center (highem values). Another way of describing this situatienin terms of a later
transition state for the rate-determining addistep.

For methanolysis, the solvent deuterium isotopecefkveor/kveon) Was determined (Table 1). The
value of 3.19 + 0.14 at 25.0 °C is higher thantf@ methanolysis gf-nitrobenzyl chloroformate (2.42
+ 0.03) [4] or for the ethanolysis of a seriepafa-substituted phenyl chloroformates, where values in
the range of 2.1-2.4 were obtained [16]. The higladwue gives further support for the proposal that
bond formation is more advanced at the transititaiesfor addition to fluoroformates than for
chloroformates.

For solvolyses in ethanol and 80% ethanol, actvaparameters were determined (Table 1). The
appreciably negative entropy of activation valués-29.4 and —30.3 cal mdlK™, respectively, are
consistent with the bimolecular character of theppsed rate-determining addition.

Product studies were based on determinations byclgasnatography at 10 half lives, estimated
from the specific rates of Table 1. The values lieethunchanged for up to at least 20 half livese Th
percentage compositions and the selectivity vatadsulated using equation 2 or 3 (as appropriate) a
reported in Table 2. The 4.1% of alcohol after eblsis in 100% ethanol is similar to the 2.7% found
after ethanolysis of 1-adamantyl chloroformatedidgl the 3.3% found after ethanolysis of 1-adamantyl
fluoroformate [10]. As previously proposed [7, 1fis probably results from reaction of the sulistra
with moisture during manipulation. In the calcubais of selectivities using equation 2, this amasint
deducted from the percentages of benzyl alcohokredt into the equation, with percentage-
composition ratios being used to represent the mnate of products.

For solvolyses in aqueous ethanol, the selectirdtyes increase steadily from a value of 2.2 in 90%
ethanol to 3.6 in 50% ethanol. These values areamably similar to those observed in the
corresponding solvolyses of benzyl chloroformate0+42.1). Since the benzyl esters of both
chloroformic and fluoroformic acids give these danratios, it can be taken as a strong indicattia
they both solvolyze by the same mechanism, whichbeleeve to be addition—elimination, with the
addition step being rate determining.

In contrast, for solvolyses in 70% and 50% TFE, rétes of 0.12 and 0.19 for the fluoroformate
are considerably lower than the solvolysis—decortipos values of 1.04 and 1.20 for the
chloroformate, consistent with the addition—elintioa pathway remaining dominant for the
fluoroformate but, as previously proposed [4], ¢heoroformate having switched over to the ionizatio
pathway (Scheme 2).

The solvolyses in TFE—ethanol mixtures very muatofgroduct formation involving attack by the
considerably more nucleophilic ethanol, wilvalues (equation 3) of 0.043 in 80TFE—20E and ®.03
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in 60TFE—40E. Since, for 1-adamantyl fluoroformdtee 60TFE—40E solvolysis is primarily within
the addition—elimination region, it was possibl8][fo apply equation 3. Th&value of 0.039 reported
is essentially identical to that of the presentigtu

The consideration of fluoride/chloride ratidg/kc;) in nucleophilic substitution reactions has long
been recognized as a useful tool in studying thetien mechanism [17]. This is especially so when
the attack is at an acyl carbon. ForlSeaction, a value as low as 1@vas observed in 4NN
dimethylamino)benzoyl halide solvolyses [18] aridwa value of 1.310* was also observed for acetyl
halide solvolyses in 75% acetone [17]. These vataiect an appreciable ground-state stabilization
for the fluoride [19] and the need to break a gjroarbon—fluorine bond in the rate determining step
In contrast, if the addition step is rate-determgnivalues of close to unity (and frequently abiye
reflecting a large electron deficiency at the castbaarbon of a haloformate incorporating fluorine
[15], are frequently observed. This situation hexeently been discussed in a consideration-ottyl
haloformate solvolyses [9], whekg'kc) specific rate ratios of 0.6 to 15 were observed.

Due to the previous study of benzyl chloroformakifivolving 14 of the 16 solvent compositions
of the present study, a wide rangekgkc values are available. These vary from a low ofid.100%
ethanol (similar to the 0.6 faroctyl haloformates) to a high of 14.6 in 70% etblgisimilar to the 15
for n-octyl haloformates in 60% ethanol). The values7#% TFE and 50% TFE (6.36 and 12.3) are
quite high despite there being an appreciable aitm component for the chloride [4], which wilble
to the experimentdd, value being higher than the value required foomsaeration of thé/kc, ratio
for the addition—elimination pathway and a low \&alfor this ratio. One can roughly extrapolate to a
value of about 4 for thke-/kc, ratio in 80% TFE, a value somewhat less than #heevof 10.2 obtained
[9] for the solvolyses afi-octyl haloformates, giving some support to thisdiction.

3. Conclusions

Whereas the solvolyses of benzyl chloroformate shodichotomy of behavior as the solvent is
varied, with addition—elimination dominating in onegion, and the ionization (solvolysis—
decomposition) mechanism dominating in the other, the corresponding solvolyses of benzyl
fluoroformate, the addition—elimination mechaniswitlj the addition step being rate determining)
dominates over the full range of solvent compositio

This view is supported by an analysis in termshef@éxtended Grunwald—Winstein equation, which
leads to an acceptable correlation across thedulje of solvents with andm values (equation 1)
essentially identical to those reported earlier riarctyl fluoroformate and for benzoyl fluoride. In
methanol, the solvent deuterium isotope effectoimewhat larger than that previously observed for
solvolyses of a variety of chloroformate estersued with somewhat highen values, this suggests
a later transition state for the solvolyses of flneroformates, with enhancement of the solvatién o
the incipient anionic oxygen.

The observation in all cases lgfkc values above unity (1.2 to 15) strongly suppdnts groposal
that the addition step of an addition—eliminationgess is rate determining and the carbon—halogen
bond is broken onlgfter the rate determining step (as shown in Scheme 1).
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4. Experimental

Benzyl fluoroformate was prepared from the alcofial the 1-chloroethyl benzyl carbonate, as
described earlier [20]. This original report delked the benzyl fluoroformate as being isolated(#66
yield after a subsequent distillation. Consisteithwhis observation, we found the initial prodttoe
contaminated with amounts of benzyl fluoride of top35%. However, under the conditions of the
solvolyses, this was an inert component and theargration of benzyl fluoride (as determined by gas
chromatography) remained essentially unchanged iovexcess of 20 half lives for the solvolyses of
the benzyl fluoroformate. Solvents were purifiegpesviously described [7].

The kinetic procedures were as described earl@?2[], using a substrate concentration of about
1.510° M and with 5 mL aliquots removed for titration. Tinéinity titers were fully consistent with
the amounts of benzyl fluoride indicated by gasotatography.

The percentages of products formed during the saee were determined by response-calibrated
GLPC, as previously described [7, 10, 22], usingheomatopac C—R3A column. Typical retention
times (in min) were: benzyl 2,2,2-trifluoroethylrbanate, 16.7; benzyl alcohol, 22.9; benzyl ethyl
carbonate, 32.4. The benzyl fluoride had a mucletawtention time of 2.7 min.
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