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Abstract -- erythro-1-Phenyl-1,2-dibromopropylphosphonic acid-is known to
decompose rapidly into the monomeric metaphosphate anion (P03),
1-phenyl-1-bromopropene, and bromide ion in protic or aprotic solvents in
the presence of a hindered tertiary amine. The present study compares the
behavior of this phosphonic acid in solution and in the gas phase. The
gas-phase thermolysis of the acid involves mainly the loss of bromine and
of the phosphoryl group, -P(0)(OR)(OR') (R = R*= H). The same type of
pathway is followed in the ionization/excitation processes (‘tationic
reactions™ that follow from electron impact in mass spectrometry. The
thermal and cationic reactions of the monomethyl and dimethyl esters of the
phosphoric acids (R = H, R'=CH; and R =R'= CH,, respectively, in
-P(0)(OR)(OR')) are entirely analogous to those of the free dibasic acid.

We have studied the behavior of erythro-1-phenyl-1,2-dibromopropylphosphonic acid, BPH,, and its
mono- and dimethyl esters, MBPH and DHBP, in the gas phase by the technique of electron-impact mass
Br Br BPH, R=R'=H spectrometry. We have focused attention on both

the reactions that precede and those that follow
C—C—CHy MBPH R=H,R=CHy ' oolons Tt p ;
ionization/excitation by electron impact, i.e., on

°=/<P\ H DMBP R= R'= CH, both purely thermal and "cationic" reactions. We
RO OR”

find that the gas-phase thermal and cationic
reactions of BPH,, MBPH, and DMBP are all very similar, and result mainly in the loss of bromine
atoms and of the phosphoryl group, -P(0)(OR)(OR'), from the molecule or the molecular
radical-cation.

The present study reveals the inherently different pathways that are available to molecules of
the type of the a,B-dibromoalkylphosphonic acid, BPH,, and its methyl esters, MBPH and DMBP, in the
gas phase and in solutions. Previous research has shown that the free acid, BPH,, undergoes rapid
loss of the monomeric metaphosphate anion in solution in aprotic solvents according to equation (1)
(R;N = diisopropylethyl amine).” Under the same experimental conditions, the monomethyl ester
decomposes into monomeric methyl metaphosphate, according to equation (2).1 The dimethyl ester
under similar conditions is stable. Other reactions of BPH,, MBPH, and related systems have been

described in the literature. 22
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EXPERIMENTAL

Haterials. Z-1-Phenyl-1-propenylphosphonic jacid (Schere I, 1, R=R =H),
31p =

8°1p 8.9 ppm’JPCCH
H3P04 = 0), was prepared by the method of Kenyon and Vst hei mer.

=39 Hz (in €DC1;; positive chenical shifts are to the lowfield side of
L% Bronination of 1in chloroform
at 0° gave erythro-i-phenyl-1,2-dibromopropylphosphonic acid (2, R= R = H np 186-187°C, from
CH3CN). Reaction of the acid with diaxomethane in ether/nethanol at 0° provided the dimethyl ester
(2, R=R =CHy) as an oil. The nonomethyl ester (2, R=CHy, R = H np 158-159°C, from CH,CN)
was obtained when an acetone solution of the diester and LiBr was kept at 25°C for 2 days, followed
by acidification of an aqueous solution of the salt.

HsxC iSpeotr . mass spectra were nmeasured on a CEC Mdel 21-110B instrunent
with electron energy of 70 eV and the source at 250°C, Samples were injected directly into the
source via probe, and the spectrum was scanned repeatedly as the probe tenperature was gradually
raised. In each case volatilization occurred alnmost solely during one or two such scans. Spectra
were recorded in digital formvia the AEl DS505 data system at a resolution of 10,000, sufficient
to allow unequivocal identification of elenental conpositions. Metastable scans, to define

deconposition paths, were made by focusing on a selected fragnent ion, decoupling the electric-
10

11

sector voltage from the ion-accelerating voltage, and scanning the latter to increasing val ues.
In view of the propensity of phosphate esters and related species to undergo thermal reactions,
we scrutinized the data closely for clues to identify products of such reactions. 1

RESULTS
Table | shows the spectra of the three bronophosphonates. W have omitted peaks due to hydrocarbon
ions smaller than Call6+- and to naturally occurring heavy-isotopic ion contributions other than
those containing #Br as the only heavy isotope. The netastable peaks observed, coupled with ion
formulas inferred from high-resolution exact-mass neasurenments, furnished the data needed to
construct decomposition networks, which are displayed in Figures 1, 2 and 3. Reaction steps
denoted by solid arrows are supported by O estastable peaks; broken arrows identify steps deemed
probable but not so supported. In a few instances, energy resolution was not good enough to allow
a clear choice between two possible precursors. Thus, in DVBP, the fragment ions of masses 196/198
and 226 may derive from precursor of nass 305/307 or of 306/308 or both; and in MBPH, the fragnent
ion of mass 117 may derive from precursor of mass 211 or 212 or both. In each such case, we have
included both possibilities in the pertinent figure. Parentheses around an ion fornmula indicate
that no normal peak for that ion was detected; the probable formula in such a case is deduced from
the associated daughter-ion fornula(s) and the nomnal mass difference(s) between parent- and
daughter-ion masses.

The spectra can be interpreted in terns of two types of reactions: (i) purely thernal
deconpositions, and (ii) ionization/dissociation by electron inpact on the initial nolecules and
their thermal deconposition products. The dominant reaction paths, whether solely ionic or a mx
of thermal and ionic, are those that effect loss of the phosphoryl groups and bromine. None of the
spectra shows a nol ecul ar-ion peak. However, the DVBP and MBPH data define fragment-ion
conpositions and reaction paths that, together, leave little doubt that the bulk of the ion yield
arises from the respective parent compounds. Even in BPH, a O etastable scan of the C9H1003P+
(mass 197) peak identifies as a precursor C9H1103PBr+ (mass 277/279), which nost likely arises by
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loss of a bromine atom from the BPH, nolecular ion; hence sone BPH, apparently volatilized and
remai ned intact long enough to undergo ionization/dissociation by electron inpact. The nost
abundant products in all three spectra are Cg hydrocarbon ions.

To facilitate description of possible reactions, we show in Scheme | the three staggered
conformations, 2a, 2b and 2¢c, of the a,B-dihalophosphonates and the unsaturated conmpounds,
E-1-phenyl -1-bronmopropene, 3, and the Z-1-phenyl-2-bronopropenyl phosphonate derivatives, 4, that
would result from elinmination reactions via trans-coplanar transition states (E2 mechanisnm.
Evidently, the thermal and catiomic deconpositions occurring under the conditions of our
experiments need not conformto this concerted nechanism and, hence, product stereochenistry.
Mol ecul ar nmodel s suggest that conformers 2a, 2b and 2c are very crowded, and there seenms to be
consi derable steric hindrance to rotation around the single G C bond that is needed to interconvert

the conformers. It is virtually inpossible to rotate the phenyl ring around its CC bond in the
nodel s.
Scheme |
H B8r H
-/ \_/
/ \
(R'ONROIP=0 CH, CH,
7 3
Brzl

o .
] 2
{R'OHROIP g,l: Br
’

!

7
Br H CH,

o

(RONROP (‘ H q—_/cu,

Br  CH, Br (R'ONROIP=0 Br

Dimethyl phenyl di br omopr opyl phosphonate.  Figure 1 shows a proposed partial deconposition network
under electron inpact for DMVBP and associated thermal reaction products. The data show two wel |

defined primary processes in deconposition of the DVBP nolecular ion: |oss of a bronine atom and
|l oss of the phosphoryl radical. These same processes, and |osses of HBr and of the phosphoryl
group in conjunction with either a hydrogen or a bromine atom conprise a large part of the
secondary and tertiary reaction steps.

The data reveal also contributions from chemical species other than DVBP. Metastable scans of
the C,1H1503P+' (mass 226) and c9H93r+° (mass 196/198) peaks identify a common precursor of
mass 3061308, which we picture as the nolecular ion of dimethyl phenyl monobronopropyl phosphonat e;
the nolecule is nost probably formed by thermal loss of Br+ from DVBP foll owed by a hydrogen-
abstraction step. The weak ClOH1203P+ (mass 211) and cloﬂlsoaf' (mass 212) peaks probably
indicate a little MBPH (see below), possibly present as an inpurity from the synthesis. Additional
mol ecul ar species apparently present in the vapor in the ionization chamber are: (a) C,HgO3PBr,
mol wt 188/190, presumably di met hoxyphosphoryl brom de, possibly formed by coupling of a bromne
atom and a dinmethoxyphosphoryl radical; (b) €y Hy303P, Mol Wt 224, presumsbly forned by |oss of
2BBr from DVBP; and (c) HBr, mol wt 80/82, the presence of which supports the suggested reaction
path leading to (b) (see below).

The only netaphosphate species indicated in this spectrum is CH,0P0,, the neutral product forned
Wi th c9H9+ (meass 117) fromthe MBPH fragment ion C10H1203P+ (mass 211).
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Pheny! di br omopr opyl phosphonic_acid. Figure 2 shows a proposed partial deconposition network under

electron inpact for BPH, and associated thermal reaction products.
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Except for a small peak at mass 540 the spectrum obtained from BPH shows nothing at mass val ues
beyond the pronminent grouping at 196/197/198. Precise-nass neasurenents on these peaks identify
the major contributing ions as containing phosphorus but no bromine, accompanied by ions retaining
one bromine atom but free of phosphorus. Formation of the corresponding neutral nolecules from
BPH, by thermal processes is pictured in equations (3)-(5).

Met astabl e scans of the peaks of masses 196 and 198 reveal precursors of masses 374, 376, and
378. These masses can be accounted for by loss of H,0 from the three possible conbinations of two
units each of mass 196 or 198. W therefore assign them to anhydrides -- i.e., pyrophosphonates --
of the phosphorus-containing species of masses 196 and 198, as shown in equations (6)-(8).

CgHsC o Co CH, 3 The four netastable peaks observed in these
~2HBr 0=PI(OHI, scans are very weak, suggesting that cationic
5. mol wt 196 deconpositions of 7,8, and 9 nmake only a small
contribution to the ion yields at 196 and 198.
BPH, - 2Br' _  CHsC= CHCH, @ Probably the bulk of CoHg0,P' (mass 196) and
0=P(OH), C9H1103P+' (mass 198) are the nolecular ions of
- Br; HoPOy 6, mol wt 198 thermal deconposition products which arise,
respectively, by loss of 2HBr and 2Br- from BPH,
CgH5CBr = CHCHy i6) as shown in equations (3)-(5). Possible
3. mol wt 196/188 mechani sms for these reactions will be suggested
in the Discussion section. The C5H9Br+' that also
o C')H ?H appears at masses 196 and 198 nay arise by thernal
25 — ce“sﬁ"ﬁ“O—:‘—ﬁcsHs {6} | oss of Bre and (H0),P0+ from BPH, to yield
f o 0 ﬁ 1-propenyl bromide 3 (Schenme 1), followed by
HC CHy ionization. The data do not permit a distinction
7. mol wt 374 between this sequence and an alternative one in
OoH OH whi ch Bre and (HO),PO- are |ost successively from
545 PO C;H_r,c—ll'~0—l|’—ccsH5 @ the nolecular ion of BPH,.
° 8 3 oH The conpound of nol wt 540 may be the cyclic
"‘;zc "3“3 triphosphonate 10 derived from the
8, mol wt 376 | - propenyl phosphonic acid 6, as shown in
equation (9). Exact-mass neasurement supports the
“wo ‘,’" ?" conposi tion C27H2705P3+' and hence is consistent
26 —20, CeHeC —P — 0 — P —CGgHs 8 with this structure.
"‘f ° 0 et Metastable scans of the HBr' peaks at
HsC CHy masses 80/82 reveal no precursors. As in previous
9, mol wt 378 wor k, 1 we take this negative finding as evidence
that the ion formed via electron inpact on HBr
30 CH3HC O 0 CHCH, derived froma thermal reaction, such as +(’3).
s cs“sc"'l’/o\"—ccs”s 9) In Figure 2, the formation of CgHgO,P
:P/O (mass 196) and Cgl ;0,"  (mass 198) by
i CCHs deconposition of the nolecular ions of the
CHCH, symetrical allenephosphonic anhydride 7, the
10, mol wt 540 N

m xed al | enepropenyl phosphoni ¢ anhydride 8, and
the symmetrical propenyl phosphonic anhydride 9 inplies loss as neutral products of three-coordinate
phosphorus conpounds, derived from phosphonates in the same way that metaphosphates are derived
from orthophosphates. Sinilarly, the loss of netaphosphoric acid as a neutral product is inplicit
in the deconposition step C9H1003P+ (mass 197) = CgHg+ (mass 117).

Mononet hyl  phenyl di br omopr opyl phosphonate.  The data on this ester are sunmarized in Figure 3. As
in the case of the phosphoacetoins, 1 the spectrum of the monomethyl ester exhibits the nost
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Figure 3. D ition of hyl phenyidib yiphosph
electron impact.
s MBPH molecularion. b F tar ions of other species.

conplex overall chemstry of the three BPs. |t shows DVBP, suggesting, by analogy with nononethyl
phosphoacetoin, a disproportionation, which may occur via a dimeric internediate as pictured in
equation (10), al though we are not able to confirmthe acconpanying fornation of BPH,. W take
\'c/ \(I:/ CyoH1403PBr, Nl Wt 292/294, and Cy,H;g04PBr,
1 o | OCH;3 : hyl
JMBPH Hop”  Spo = mol wt 306/308, to be the nmononethyl and dimethy
/A I monobr onophosphonat es, probably arising, as
HO OCH3; © ) .
| | noy described above, by loss of a bromine atom from

~NA”

o ;/,o \E/ QOCH, DMBP + BPH, MBPH and DMBP, respectively, followed by hydrogen

~

| A abstraction. CyoHy103P, nOI wt 210, is apparently

0 CH0 OH the homologue of C,,H;50;P and CgHgOsP in the
spectra obtained from DVBP and BPH,, respectively, and is presumably formed by loss of 2HBr from
MBPH, this reaction is also the probable source of the HBr observed.

The el emental conposition of the 020H2405P2+' ion, mass 406, is equivalent to that of
2C10H1303P+‘, mass 212, less H,0. Hence it would seem nost readily accounted for as the nolecul ar
ion of a pyrophosphonate arising by condensation/dehydration of two nolecules that in turn form by
loss of 2Bre from MBPH.  |f so, the observed intensity at mass 212 is nost likely due in part to
the nolecular ion of this debrom nation product and only in part to a fragnent ion from a sequence
in which loss of the two bromine atons follows ionization of MBPH as shown in the figure. The
conposition C,H;04P, mol wt 126, denotes dimethyl phosphate. |f the disproportionation alluded to
above proceeds via the suggested MBPH dimer, this dimer would seemto be a potential precursor as
wel | of the dimethyl phosphate. The dimer may also be a precursor of CH;Br, which, |ike dimethyl
phosphate, we find only in the spectrum of MBPH.

A series of normal nmass spectra interspersed as controls among the netastable scans reveal ed
pronounced changes in the spectrum acconpanied by an increase in vapor pressure, at a probe tem
perature of about 200°C. Intensity at 305/307, attributed to DVBP, renmined essentially constant,
but that at 291/293, attributed to MBPH, dropped sharply, and new peaks grew in at 274/276/278,
with an isotopic intensity profile matching that expected for a dibronmo conpound. The apparent
brom ne content and nolecular weight are plausibly attributed to 1-phenyl-1,2-dibronopropene,
corresponding to thermal loss from MBPH of the phosphoryl radical plus a hydrogen atom presumably
as nononet hyl phosphite. In accord with this suggestion, the spectrum obtained from MBPH, unlike
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those from DMBP and BPH,, contains a peak for CH5P03+' (mass 96), the composition of which
corresponds to the nolecular ion of nononethyl phosphite.

The network of Figure 3 shows two ionic reaction steps in which netaphosphate species are
elimnated as neutral products, namely, the loss of HOPO, from CgHyo03PBr,+ (mass 355/357/359) to
produce CgHgBr2+ (mass 275/277/279), and the | oss of CH30P0, from Cl(,H1203P+ (mass 211) to produce
CoHgt (mass 117). The latter appears to be a precise counterpart of the loss of HOPO, from
c91-110031>+ (mass 197) to produce (391{9+ (mass 117) in the deconposition of BPH,, as shown in
Figure 2.

DI SCUSSI ON
The relative contributions of thermal and cationic reactions range from predoninantly thermal in
the acid BPH, to predominantly cationic in the neutral ester DMBP. The greater conplexity of the
spectrum of the nonomethyl ester MBPH reflects its intermediate position on this scale. In the

bronmophosphonates, as well as in the phosphoacet oi ns, 1

the presence or absence of acidic hydrogens
deternmines the tenperature at which the conpounds volatilize and also the pathways by which they
react at a given tenperature.

In terms of their origins, the products of thermal reactions fall into two categories:
(a) those formed by reaction sequences or concerted processes initiated by loss of a bromne atom
a phosphoryl radical, HBr, or a phosphite; and (b) those formed in processes that involve
dimerization, trimerization, or disproportionation. The diners in the (b) category may be
pyr ophosphonat es or oxyphosphoranes with 5-coordi nate phosphorus. In cationic reaction paths, the
main primary steps are loss of a bromine atom and |oss of a phosphoryl radical. These are
followed, for the nost part, by further |osses of one or the other of these same species, free or
in conbination with a hydrogen atom If we limt-ourselves to consideration of unimolecular
events, the thermal and cationic reactions of the BPs parallel each other closely.

W have identified a few reaction steps, both thermal and cationic, that give rise to
met aphosphat e-type products, but such processes seemto play no morethan a small part in the
entire reaction networks. In this respect, these reactions differ sharply from reactions of BPH,
and MBPH in basic solutions. In solution, acidic groups on the BP phosphorus atom are subject to
deprotonation to form anions, which then dissociate readily to yield netaphosphate species, as
shown in equations (1) and (2). In contrast, the neutral nolecules and their corresponding
radi cal -cations whose behavior we have now exami ned react by pathways dictated by different driving
forces.

In the gas-phase thermal reactions the primry bond scission occurs at a carbon-bronine bond or,
to a lesser extent, a carbon-phosphorus bond, as shown in Scheme Il. In both cases, we assume a

Scheme 1I. Thermal Reactions
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homolytic cleavage of the bond with formation of a resonance-stabilized benzyl radical. The
driving force for the subsequent |oss of a second bromine atom or phosphoryl radical seems to be
associated with the formation of a styrene derivative or an a-bromocarbene. An interaction between
the carbenoid center and the a-bronp substituent, which is represented as a neutral cyclic three-
centered bronane or brrmimme,12 may function to stabilize the carbene and to facilitate the

i nterconversion between carbenes and styrene structures. A second type of thermal reaction, also
depicted in Schene |1, is the primary loss of HBr. The product is, presumably,

E- 1- phenyl - 2- br onopr opyl phosphoni ¢ acid or the corresponding nethyl ester, E-4, an isomer of the
olefin, 2-4, that would be obtained in a base-catalyzed dehydrobronination in solution (Scheme I).
The postul ated gas-phase cationic reactions are shown in Scheme [Il. Again, the primary bond
scission occurs at a carbon-bronmine bond and, to a |lesser extent, at the carbon-phosphorus bond.

Scheme i, Cationic Reacti
.
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0=P H 0=p M 0=F H H PRODUCTS

Nowthe internediate is a carbocation represented in its usual cyclic and acyclic resonance
structures. These steps are assumed to be heterolytic. The subsequent loss of a second bromine
atom or a phosphoryl radical would produce the radical-cations corresponding to the styrene
derivatives shown in Scheme |I. Scheme Il also suggests reasonable sites for charge |ocalization
in the BP nolecular ion. Charge localization in a nonbonding orbital of either bromine atomis
presumed to trigger the loss of that atom The respective carbon-bromine bond cleavages result in
the resonance-stabilized carbocation < bromoniumion, in which the distinction between the two
sites considered for the initial ionization has vanished. Charge localization in a non-bonding
orbital of the doubly bonded phosphoryl oxygen would set the stage for the formation of the
observed bronostyrene radical-cation via successive |osses of the phosphoryl radical and a bronine
atom Finally, charge localization is also possible in an alkoxy (or hydroxy) group attached to
phosphorus, as also shown in Scheme II11. The products to be expected from deconposition of a

mol ecular ion fitting this description would logically involve the cleavage of a phosphorus-oxygen
or a carbon-oxygen bond. Such products do not appear in any of the spectra.

I'n conclusion, the observed |oss of a phosphoryl radical in thermal, as well as cationic,
deconposition of the a,B-dibromopropylphosphonates suggests that such a radical, rather than a
mononeri ¢ netaphosphate species, may also be the intermediate in the formation of phosphoryl ated
products when BPH, and MBPH in solution are heated in a sealed tube. 2
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