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The mass spectrometric behavior of eleven 1-(N-benzyloxycarbonyl(Cbz)amino)alkylphosphonate
diesters was studied under positive ion electrospray ionization (ESI) conditions. Their fragmenta-
tion pathways are depicted and supported by tandem mass spectrometry. Besides the common
eliminations of ether, benzyl alcohol, phosphite and an ether plus benzyl alcohol from molecular
ions, the title compounds show a tendency to undergo an interesting intramolecular benzyl rearran-
gement to yield benzylphosphonate ions. The fragmentation patterns do not depend on the substi-
tuent attached to the a-carbon atom. Copyright © 2003 John Wiley & Sons, Ltd.

Phosphonate esters are recognized as an important class of
enzyme inhibitors either as transition-state analogues' ™ or
as nonhydrolyzable phosphate surrogates.” They are also
widely used in the design of transition-state analogues as
haptens for the production of catalytic antibodies with ester-
ase or amidase ac’civi’ry.(”10 To date, a number of synthetic
methods for the preparation of 1-aminoalkylphosphonate
esters have been reported.'' ¢

The mass spectra of aminoalkylphosphonic acids have
been studied either by derivatization'’"' or by chemical
ionization (CI).* Yuan et al. investigated the electron impact
mass spectrometry (EI-MS) of diethyl and diisobutyl 1-(N-
benzyloxycarbonyl(Cbz)amino)arylphosphonates, and dis-
cussed their fragmentation patterns in detail.”! In Yuan’s
report,®! the main pathway of the fragmentation of these
compounds involves the cleavage of the C-P bond in
competition with debenzylation that is the predominant
process in all cases providing the fragmention at m/z 91 as the
base peak (Scheme 1). In addition to the fragments given in
Scheme 1, the fragment ions at /2 109 and 81 are also formed
for all diethyl phosphonate compounds with discernible
abundances. These may be due to the process showed in
Scheme 2. In the present paper, eleven dimethyl and diethyl
1-(N-Cbz-amino)alkylphosphonates were studied by posi-
tive ion electrospray ionization mass spectrometry in
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conjunction with tandem mass spectrometry (ESI-MS") and
they showed different fragmentation mechanisms from the

previous report.”!

MATERIALS AND METHODS

Dimethyl and diethyl 1-(N-Cbz-amino)alkylphosphonates
were prepared by the method described in the literature.'®
The mass spectra were acquired using a Bruker ESQUIRE-
LC™ EST ion trap spectrometer equipped with a gas nebuli-
zer probe, capable of analyzing ions up to m/z 6000. The
experiments were operated in positive mode as follows:
nitrogen was used as a drying gas at a flow rate of 4L/min;
nebulizer pressure 7 psi; capillary voltage 4 kV; heated capil-
lary temperature 300°C. The samples dissolved in methanol
were ionized by ESI and continuously infused into the ESI
chamber at a flow rate of 4 pL/min using a Cole-Parmer
74900 syringe pump (Cole-Parmer Instrument Company).
The scan range of the ions is m/z 50—-500 and cutoff mass 50
was used during ion accumulation. The ions of the mass-to-
charge (m/z) ratio of interest were isolated and fragmented by
collision with helium to obtain MS" spectra. The fragmenta-
tion amplitude values were 0.5-1.0 V and the fragmentation
time was 40 ms. All of the sodium adduct ions were yielded
from endogenous sources.

RESULTS AND DISCUSSION

The mass spectra can be arranged into two different groups
according to the substituent alkoxyl groups attached to the
phosphorus atom (Schemes 3 and 6). The most important
fragment ions of dimethyl and diethyl 1-(N-Cbz-amino)alk-
ylphosphonates are listed in Tables 1 and 2, respectively.
The peaks are arranged in columns according to their compo-
sitions or to the nature of the fragments lost. Both dimethyl
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Scheme 1. EI-MS fragmentation pathways of diethyl and diisobutyl 1-(N-Cbz-amino)arylpho-

sphonates.
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Scheme 2. Another EI-MS fragmentation pathway of diethyl 1-(N-Cbz-amino)arylphosphonates.
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Scheme 3. Dimethyl 1-(N-Cbz-amino)alkylphosphonates 1-5.

and diethyl 1-(N-Cbz-amino)alkylphosphonates gave mole-
cular ion sodium adducts with high intensity and had a ten-
dency to form fragment ion sodium adducts in tandem mass
spectra. We tried to increase the abundance of protonated
ions (IM+H]") by adding acetic acid to the methanolic solu-
tion of compound 1. However, even when the concentration
of acetic acid was increased up to 50%, the relative intensity of
the [M+H]" ion was only 0.03%.

Dimethyl 1-(N-Cbz-amino)alkylphosphonates

All of the compounds 1-5 show similar fragmentation path-
ways under positive ion ESI conditions. There are four domi-
nant fragmentation patterns in the spectra of these five
compounds (Scheme 4). One is the cleavage of the C-P
bond to generate a pair of complementary ions, the dimethyl-
phosphite sodium adduct [HP(O)(OMe),+Nal* at m/z 133

Copyright © 2003 John Wiley & Sons, Ltd.

and [M+Na—110]" in which the two components competed
for the Na™ cation. Isocyanate derivative [M+Na-108]" ions
could be obtained from [M+Na]* through the elimination of
a benzyl alcohol. By subsequent expulsion of the dimethyl
ether, [M+Na-154]" species were observed in the further
isolation and fragmentation of the [M+Na-108]" ion (MS>
experiment). Another process to yield [M+Na-154]" ions is
due to the loss of both benzyl alcohol and dimethyl ether
simultaneously from [M-+Na]™.

The most interesting ion is the common ion of all five
compounds 1-5 at m/z 223, whose formation could be
explained by an intramolecular benzyl migration. The
study of the rearrangements of organic cations in the gas
phase has been an active field of research for more than five
decades.” *® Benzyl group migration from the urethane
moiety to nitrogen in CID of protonated Cbz-protected amino
acids during FAB-MS has been verified.”” For Cbz-blocked
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Table 1. Fragment ions observed in the tandem mass spectra of sodium adducts of compounds 1-5

Precursor ions

Fragment ions and relative intensity percentage (in parentheses)

Compounds M+Na™ M+Nat-108 M+Nat—110 M+Nat—154 PhCH,P(O)(OMe),+Na*  HP(O)(OMe),+Na*
1 338 (100) 230 (92) 228 (27) 184 (29) 223 (26) 133 (11)
2 372 (12) 264 (92) 262 (52) 218 (100) 223 (21) 133 (16)
3 402 (30) 294 (28) 292 (100) 248 (33) 223 (3) N/A
4 406 (33) 298 (100) 296 (48) 252 (94) 223 (40) 133 (34)
5 452 (81) 344 (97) 342 (100) 298 (85) 223 (48) 133 (21)
Table 2. Fragment ions observed in tandem mass spectra of sodium adducts of compounds 6—11
Precursor
ions Fragment ions and relative intensity percentage (in parentheses)
PhCH,P(O) HP(O)

Compounds M+Na®™ M+Na™-28 M+Na"-74 M+Na"-108 M+Na™-138 M+Na"—-182 M+H"-182 (OEt),+Nat (OEt);+Na™

6 366 (28) 338 (80) 292 (61) 258 (100) 228 (15) 184 (72) 162 (22) 251 (19) 161 (17)

7 400 (34)  372(83) 326 (44) 292 (100) 262 (29) 218 (79) 196 (27) 251 (13) 161 (21)

8 414 33) 386 (13) 340 (8) 306 (100) 276 (5) 232 (33) 210 (1) 251 (3) 161 (1)

9 430 (53) 402 (16) 356 (16) 322 (87) 292 (100) 248 (60) 226 (16) 251 (4) 161 (2)
10 434 (36) 406 (100) 360 (37) 326 (85) 296 (23) 252 (54) 230 (20) 251 (18) 161 (41)
11 480 (77) 452 (100) 406 (36) 372 (60) 342 (22) 298 (43) 276 (23) 251 (38) 161 (51)

dipeptides, two competing pathways with the migration of
the benzyl group of the urethane either to the terminal or to
the amidic nitrogen have been documented.?® The mechan-
ism has been proposed as a four-membered ring transition
state or as a seven-membered cyclic transition state. In the
former, N-terminal nitrogen attacks the benzylic carbon as a
nucleophile, and, in the latter, an amide nitrogen plays the
same role.?” % Recently, a novel gas-phase substituted benzyl
rearrangement from a imidazole nitrogen to a amine nitrogen
atom in a farnesyl tranferase inhibitor has been reported and
a intramolecular nucleophilic displacement mechanism was

proposed for the rearrangement.”” More recently, a benzyl
transference from oxygen to the amidic nitrogen atom of a
growth hormone secretagogue has also been reported by
Qin;*° this phenomenon was explained in terms of the
proposed ion-neutral-complex mechanism. The studies by
Mandelbaum’s group on protonated dibenzyl derivatives
containing benzyl-oxygen, —sulfur and —nitrogen bonds
demonstrated that the extent of the benzyl rearrangement
process from a heteroatom to a aromatic carbon atom
strongly depends on the nature of the benzyl-heteroatom
bonds,*" which appear to decrease in the order O > S > N. It
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Scheme 4. Fragmentation patterns of sodium adducts of compounds 1-5.
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Scheme 5. Proposed rearrangement fragmentation of compounds 1-11. (a)
Six-membered ring transition state and (b) seven-membered ring transition state.
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Scheme 6. Diethyl 1-(N-Cbz-amino)alkylphosphonates 6—11.

could be explained in terms of the energies of the benzyl-
XH™ bond heterolytic cleavages, which have been shown to
increase in the order O < S < N.*!

There are two possible molecular structures for the ion
at m/z 223. One is the dimethyl benzylphosphonate sodium
adduct [PhCH,P(O)(OMe),+Nal ", which might be formed
by undergoing an intramolecular six-membered ring rear-
rangement and fragmentation (Scheme 5a). Another possible
isomer which had the same elemental composition is
the benzyl dimethyl phosphite sodium adduct [PhCH,
OP(OMe),+Nal* (Scheme 5b), which is formed by benzyl
transfer to the oxygen atom through a seven-membered
cyclic transition state. We tried to identify the structure of the
ion at m/z 223 by comparison of fragmentation pathways of
the ion at m/z 223 with the mass spectra of authentic samples
of dimethyl benzylphosphonate and benzyl dimethyl phos-
phite. Unfortunately, the fragment ion peaks in further MS of
the ion at m/z 223 were too low to be distinguished from the
noise; we could not identify its structure through comparing
its fragmentation with the MS/MS spectra of the authentic
synthetic compounds. However, based on general organic
chemistry knowledge, the six-membered ring transition state
is more favorable than the seven-membered one, so we
assumed that the ion at m/z 223 is a dimethyl benzylpho-
sphonate ion formed through Scheme 5a. The AM1 semi-
empirical calculations for heats of formation of dimethyl

Copyright © 2003 John Wiley & Sons, Ltd.

benzylphosphonate (—172.61 kcal/mol) and benzyl dimethyl
phosphite (—160.75kcal/mol) give alternative evidence to
support the structure of dimethyl benzylphosphonate. The
third piece of indirect evidence is that gained in our group’s
studies on the ESI-MS of aminoacylbenzylamines; elimina-
tion of formamide was observed and attributed to a trans-
ference of the benzyl group from amidic nitrogen to the
N-terminal amino group. It was found that this kind of
rearrangement preferred five- and six- (not seven-) mem-
bered ring transition states.’” The generality of this rearran-
gement is also supported by the observation of a fragmention
at m/z 251 for compounds 6-11 (see Table 2).

MS/MS spectra of the [M+H]" ion of compound 1 show
some differences from the corresponding [M+Nal" ions.
The ions at m/z 206, 200 and 162 for compounds 1 are
[M+H-110]", the protonated dimethyl benzylphospho-
nate ion, and [M+H—-154]", respectively. However, isocya-
nate fragment ions [M+H—108]" and [HP(O)(OMe),+H]™
were not observed from protonated molecular ions, while, in
the MS/MS of [M+Nal*, these two ions have discernible
intensities.

Diethyl 1-(N-Cbz-amino)alkylphosphonates

Fragment ions originating from the sodium adducts of
compounds 6-11 were determined by MS/MS or MS® and
are summarized in Table 2. Scheme 7 shows the main

Rapid Commun. Mass Spectrom. 2003; 17: 1449-1454
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Scheme 7. Fragmentation patterns of sodium adducts of compounds 6—-11.

fragmentation pathways of these compounds. The C—P bond
dissociates to generate the diethylphosphite sodium adduct
at mfz 161 and its complementary sodium adduct ion
[M+Na—138]". The ions [M+Na—108]" are produced from
[M+Na]" through the loss of a benzyl alcohol, and can
further expulse an ethylene to yield [M+Na—136]" species.
As shown in Scheme 7, [M+Na—74]" results from [M+Na] ™
by the loss of a diethyl ether. It can also be obtained by first
eliminating an ethylene to produce [M-+Na—28]", subse-
quently undergoing an ethanol elimination process. The frag-
mentation of the [M+Na—74]" ions produces [M+Na—182]*
by loss of a benzyl alcohol, which was supported by the
results from ESI-MS/MS/MS. It is interesting to note that
only protonated ions ((M-+H-182]") could be observed for
compounds 6-11.

Similarly to compounds 1-5, an intramolecular six-
membered ring rearrangement and fragmentation process
of compounds 6-11 yields an ion at m/z 251, to which the
structure [PhCH,P(O)(OEt),+Nal™ is assigned.

In conclusion, eleven 1-(N-Cbz-amino)alkylphosphonate
diesters were studied using positive ion electrospray ioniza-
tion mass spectrometry. Their fragmentation pathways were
rationalized and supported by tandem mass spectrometry.
Besides the eliminations of ether, benzyl alcohol, phosphite
and an ether plus benzyl alcohol from molecular ions,
benzylphosphonate ions originating from an intramolecular
benzyl rearrangement were observed. The fragmentation
patterns do not depend on the substituent attached to the

Copyright © 2003 John Wiley & Sons, Ltd.

a-carbon atom, demonstrating that the substitution on the
o-C plays a minor role in the fragmentation pathways.
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