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The Mass Spectra of the Trimethyisilyl Derivatives of Glycerophosphoric 
Acids. Inter- and Intra-molecular Rearrangements of Siliconium Ions 
By D. J. Harvey," M. G. Horning, and Paul Vouros, Institute for Lipid Research, Baylor College of Medicine, 

The trimethylsilyl derivatives of several glycerophosphoric acids are taken as model compounds for an investigation 
of the fragmentation mechanisms producing the characteristic ions present in the mass spectra of trimethylsilyl 
derivatives of organic phosphates of this type. A considerable number of rearrangement ions formed by migration 
of hydrogen atoms and/or trimethylsilyl groups are observed. The presence of a fully substituted phosphonium 
system is thought to contribute to the stability of these ions. A close similarity between the migratory properties 
of hydrogen atoms and trimethylsilyl groups is apparent. The spectra of the trimethylsilyl derivatives of the diphos- 
phates exhibit ions produced by the interaction and rearrangement of intact trimethylsilyl phosphate groups. 
lon-molecule reactions involving the combination of a neutral molecular species with an abundant fragment ion 
containing a siliconium centre are also observed. These ion-molecule reactions provide additional information 
regarding the structure of some of the fragment ions. 

Houston, Texas 77025, U.S.A. 

THE analysis and characterization of many compounds of 
biological origin has been greatly facilitated by the 
introduction of the combined gas chromatograph-mass 
spectrometer and the consequent use of volatile and 
stable trimethylsilyl (Tms) derivatives. The early 
work on the gas-phase analysis of sugar phosphates 1*2 
and nucleotides was conducted predominantly by g.1.c. 
alone. Methods for the analysis of tristrimethylsilyl 
phosphate by g.l.c.* and by mass spectrometry 5 9 6  have 
been discussed in recent papers. Further work on the 
g.1.c. of Tms derivatives of sugar phosphates and 
nucleotides has been described by Eisenberg and Bolden,' 
and various mass spectrometric aspects of the analysis 
of nucleotides as their Tms derivatives have been investi- 
gated by McClo~key,~.~ Biemann,lo and Dolhun.ll The 
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mass spectral fragmentation of the Tms derivatives of 
sugar l2 and inositol phosphates l3 has been discussed by 
Sherman and his co-workers, and a recent paper discusses 
the mass spectrum of the Tms derivative of ethylene 
glycol phosphate.l* 

The mass spectra of these derivatives are complex and 
contain many rearrangement ions, some of which are 
formed by the intramolecular transfer of one or some- 
times two hydrogen atoms, Tms groups, or phosphate 
groups. In a recent study the presence of a considerable 
number of ions produced by ion-molecule reactions was 
also observed.l59l6 Most of these inter- and intra- 
molecular rearrangements can be rationalized in terms of 
the localization of the charge on a silicon atom and subse- 
quent bond formation between this silicon atom and an 
electronegative centre, usually an oxygen In 
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order to elucidate more fully the rearrangement reactions 
occurring with the Tms derivatives of the sugar phos- 
phates and, in particular, those reactions giving rise to 
the more characteristic phosphorus-containing ions, we 
chose as models a series of low molecular weight com- 
pounds of this type, namely the Tms derivatives of 
L-a-glycerophosphoric acid (Ia) , p-glycerophosphoric 
acid (IIa) 2-phosphoglyceric acid (IIIa), 3-phosphogly- 
ceric acid (IVa), glycerol 1,Qdiphosphate (Va), glycerol 
1,3-diphosphate (VIa) and 2,3-diphosphoglyceric acid 
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(VIIa). Perdeuterio-Tms derivatives (1c)-(VIIc) were 
prepared as described by McCloskey et aZ.,25 and mixed 
Tms and [2H,]Tms derivatives [(Id)-(VId) and (1e)- 
(VIe)] were obtained by exchange reactions. The 
elemental compositions of all ions discussed were con- 
firmed by high resolution measurements. Metastable 
transitions were observed in the low-resolution spectra 
and by metastable focusing 26 for most fragmentation 
reactions as indicated in the Schemes. 

Phosp~wrz.ls-contai?ziutg Ions in the Mass Spectra of the 
25 J .  A. McCloskey, R. N. Stillwell, and A. M. Lawson, Analyt. 

Chem., 1968, 40, 233. 

Tms Derivatives (Ib) and (IIb) of L-U- and P-GZycero- 
$hos+horic A cids.-The compositions of the principal 
ions in the mass spectra of compounds (Ib) and (IIb) are 
listed in Table 1. Most of the ions are common to both 
compounds, but notable differences in the relative 
intensities of some ions are evident. The high abundance 
of the ions at  m/e 387, 370, 357, and 256 in (Ib) and m / e  
389 and 243 in (IIb) reflects the structural differences 
between the isomers. 

Neither derivative shows a molecular ion at m/e 460. 
The fragment ion of highest mass is a t  m/e  445 ( M  - 15) 
(cf. the mass spectra of the Tms derivatives of sugar 
phosphates 12). The spectra of the mixed Tms and 
[2H,]Tms derivatives (Id and e) and (IId and e) revealed 
that ca. 75% of the ions at m/e 445 were produced by 
loss of Me from the two ether-type Tms groups, and 
only 25% by loss of Me from the phosphate Tms groups. 

The most characteristic phosphorus-containing frag- 
ment ions in the mass spectra of Tms derivatives of 
organic phosphates of this type occur a t  m/e 387 (a ) ,  
315 (b ) ,  299 (c), 243 (a) ,  227 ( e ) ,  and 211 (f). Suggested 
structures and formation pathways are shown in Schemes 
1 and 2. Ions (a)-(e) are rearrangement ions formed by 
processes involving transfer of one or two hydrogen 
atoms or Tms groups to the phosphate system. Ion (f) 
is the fragmentation product of several of these rearrange- 
ment ions. Ions (a ) ,  (b) ,  and (a) can be described by the 
general structure (i), in which each phosphate oxygen 
atom carries a substituent. These observations are 
similar to those reported previously for trialkyl phos- 
phates.27 Analogous structures can be drawn for ions 
(c), (e),'and (f) by invoking a ring structure involving 
bonding between a siliconium centre and the fourth 
oxygen atom of the phosphate group (see Scheme 1). 

The high abundance of ions of this general structure is 
probably due to resonance stabilization. The suggested 
transformations represent further examples of the similar 
behaviour of hydrogen atoms and Tms groups in the 
mass spectrometer. 

The ion at  m/e 387 (a) is produced from the molecular 
ion by the intramolecular transfer of two Tms groups 
to the phosphate system. 
have previously reported this ion to be produced from 
Tms derivatives of phosphates, and it is often very 
abundant in the spectra of the Tins derivatives of hexose 
monophosphates.12 I t  also occurs as an ion-molecule 
reaction product in the mass spectrum of tristrimethyl- 
sil ylphosphat e. 28 

Sherman l2 and McCloskey 

26 P. Schulze and -4. L. Burlingame, J .  Chem. Phys., 1968, 49, 

27 F. W. McLafferty, Analyt. Chem., 1956, 28, 313. 
28 Unpublished results from this laboratory. 

4870. 
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TABLE 1 

Compositions of the principal ions 

mle 
626 
61 1 
697 
54 1 
639 
623 
522 
509 
474 
467 
466 
469 
46 1 
446 
444 
48 1 
429 

416 
389 
387 
386 
384 
373 
370 
369 
367 
356 
341 
328 
316 
314 
299 
297 
285 
283 

269 
268 
266 
253 
243 
241 
227 
225 
218 
217 

21 1 
207 
206 
203 
196 
193 
149 
147 
135 
133 
129 

116 
103 
101 
89 
76 
73 
59 
45 

Composition 

C2H,0Si 
C,H,Si 
C,H,Si 
CH,Si 

C3Hg]Tms 

m / e  
67 1 
653 
639 
683 
584 
563 
668 
646 
610 
503 
602 
492 
484 
478 
480 
464 
465 
462 
448 
422 
423 b 
412 
41 1 
403 
397 
393 
384 
379 
366 
366 
342 
341 
323 
312 
303 
303 
298 
287 
286 
274 
268 
261 
256 
242 
243 
236 
236 
232 
223 
222 
223 
218 
201 
205 
161 
162 
141 
142 
138 
135 
126 
112 
107 
95 
81 
82 
66 
48 

Shi& 
45 
42 
42 
42 
45 
30 
36 
36 
36 
36 
36 
33 
33 
33 
36 
33 
36 
33 
33 
33 
36 
27 
27 
30 
27 
24 
27 
24 
24 
27 
27 
27 
24 
16 
18 
20 
16 
18 
18 
18 
15 
18 
16 
15 
18 
18 
18 
15 
12 
16 
18 
16 
6 

12 
12 
16 
6 
9 

9 : I  
9 
6 
6 
6 
9 
6 
3 

Relative intensity L (%) 

‘(Ib) 

25 

1.5 

1.6 
4 
9.5 

6.5 
24.6 

98 

6.5 
8 

18 
6 

100 

11 
3 

2.5 

17 
1.6 
8 
6 
8 
8 

12.6 
2 

32 
11 
5 
5 
5 
6.6 
9 

55 
8 

30 
26 
12 
38 
36 
35 
51 

313 
27 
40 

(IIb) 

11 

0.5 

1 
5.5 
1-6 

2.5 
1 

3.6 

1.5 
0.6 

15 
1 

48 

5.6 
1.6 

1.6 

2 
100 

9.5 
2.6 
6 
5.5 

25 
7 
1 
2.5 
1-5 
3 
4 

28 
3 

13 
31 
1.5 

19 
8 
1 

13 
124 

8 
12 

(IIIbj 

1 

90 

19 
5 

2 
3.6 

15 
47 

10 

67 
6.6 

12 
1-6 

78 
6 

100 

14 
5 

3.6 

2.5 
4 

13 
9 

49 
39 
17 
2 
1 
6 
6-6 

12 
67 
9 

31 
4 

16 
14 
16 
2 

31 
280 

14 
29 

0.5 

43 

6 

3 
13 
44 

2.6 

4 
89 

8 
3.6 

57 
4 

100 

11 
4 

3 

3 
4 
1 

87 
11 

37.5 
50 
17 
2.5 
1 
7 
7 

10 
96 
9 

31.5 
4 

18 
6 

39.6 
3 

36 
268 
23.6 
36 

(Vb) 

12 
1.6 

2.6 

0.6 

11.6 

2.6 
10.5 

29 

5 
3 
2.6 
1 

49 
8.6 

100 

14 

37 
3.5 

5.6 
19 
1 

10.6 
11 

0.5 

35 
9.5 
1 

3.5 
4 
3 

18 
6 

16 
18 
0.6 
3.6 
2 
0.5 
9 

98 
4 
9 

VIb) 

12 
0.6; 

8.6 
2 

0.6 

6.5 

1.5 
7 

12 

63 
9 
3 

11 
26 
8 

100 

12 

50 
2.5 

1 
2 
8 
3.6 
9 

11 

29 
9 
1 

6 
4 
3 

16 
6 

13 
13 
2 
2 
6.6 
1 

24 
136 
7 

11 

(VIIb)’ 
1 

23.6 

1.6 
2 

1 

1.6 

1 
5 

4 

6.5 
30 
8 
8 
5.5 
6.6 

19.5 
2 

7 
1 

30 
14 

100 
36 

9 

6.5 
7 
1 

11 
8 
1 

20 
14.6 
2 

8 
48 
8 
2 

5.5 
5 
3 

26 
6 

17 
6 
1 
1.6 
1.5 
1 

17 
132 

4 
12.5 

a This refers to the structure eiven in the text. Shift to 422 in [IIIbl (see text). 
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The peak at  m/e 299 is the base peak in the spectrum 

of the derivative (Ib) and has been observed in all the 
spectra of compounds of this type.*s9J2 Structure (c) 
(Scheme 1) has been suggested12 for this ion. Meta- 
stable focusing indicated various fragmentation path- 
ways leading to its formation. The ions observed to 
fragment to give (c) were m/e 315 (loss of CH,), 387 (loss 
of SiMe,), 445 (probably by a process analogous to the 
formation of m/e 147 in the fragmentation of Tms deriva- 
tives of diols 29JO), 328, 341, 357, and 370. 
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One of the ions produced from the fragmentation of 
m/e 299 is the ion a t  m/e 283, for which structure (h) is 

29 G. H. Draffan, R. N. Stillwell, and J. A. McCloskey, Oyg. 
Mass Sfiectrornetrv. 1968. 1. 669. 
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suggested on the basis of deuterium labelling experi- 
ments. This ion has apparently lost a hydrogen atom 
from a Tms group and therefore most probably has the 
bicyclic structure shown in Scheme 1. 

TmsO-CH-CH CH-OTms 
J l  

f H  
\?, 

TmsO - kL 0 
I 
OTms 

M+, m / e  460 

OH 
I 

I 
OTm s 

TmsO-Pt OH + TmsO-iH-CH=CH-OTms 

The third characteristic phosphorus-containing ion 
occurs a t  m/e 315 (b).  Metastable focusing indicated 
that several ions fragment to give ( b ) ;  notably the ions 
at  m/e 370 ( M  - go), 445 ( M  - 15), and 460 (M+).  

Ion (d) (m/e 243) is common to the mass spectra of all 
Tms derivatives of sugar phosphates and n~cleotides.~ 
A structure for this ion is suggested in Scheme 2, and 
metastable focusing indicated that fragmentation of the 
ions at  m/e 357, 370 ( M  - go), 445 ( M  - 15), and 460 
(M+) contributes to its abundance. The higher abund- 
ance of ion (d)  in the mass spectrum of the Tms derivative 
of 8-glycerophosphoric acid ( l O O ~ o )  than in that of the 
a-isomer (8%) is probably best explained by a mechanism 
of the type depicted in Scheme 2. The greater stability 
of the expelled neutral radical (i) over the corresponding 
radical produced from the L-a-isomer (Ib) presumably 
contributes to the formation of ion (d)  in the spectrum 
of the 8-isomer (IIb). When the spectrum of com- 
pound (IIb) was recorded at  15 eV, ion (d)  was found to 
carry 41% of the total ion current as against 13-50/0 at 
70 eV, a further indication that it is predominantly 
formed as a primary fragment of the molecular ion. 

Ion (d) (m/e 243) yields the ion at nz/e 227 ( e )  by the 
loss of methane, as supported by evidence from meta- 
stable transitions. Subsequent elimination of a molecule 
of methane from (e) (m/e 227) is observed in the spectra 
of both derivatives (Ib) and (IIb) and leads to m / e  211 (f). 
A prominent metastable transition in the low resolution 
spectrum of (IIb) and a smaller one in the spectrum of 

a. S. Sloan, D. J .  Harvey, and P. Vouros, Org. Mass Spectro- 
metrv. 1971. 5. 789. 
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the cyclic structure ( k )  is not as favourable as with the 
ct-isomer (I b) . 

Ion ( k )  fragments by the elimination of methane to 
give the ion of m/e 341. Deuterium labelling experi- 
ments indicate the loss of Me from a Tms group accom- 
panied by a hydrogen atom from the C, chain. In the 

(Ib) indicates formation of ion (f) directly from m/e 243 
by the elimination of the elements of two molecules of 
methane in an apparently concerted manner. 

Metastable focusing supported these transitions and 
also indicated alternative sources of both ions (e) and (f). 
One of these fragmentations involves the elimination of 
the elements of tetramethylsilane from m/e 315 and 
m/e 299 to give (e) and (f), respectively. The elimin- 
ation of Me,Si from m / e  299 to form m/e 211 is apparently 
more favourable than the corresponding elimination from 
m/e 387 to form Pn/e 299. This is evident from the 
spectra of the partially labelled Tms analogues (Id and e) 
and (IId and e). 

The characteristic ion at  m / e  357 differs from the 
previously discussed ions (a ) - ( f )  in that in addition to 
the phosphate system it contains a C, side chain. It is 
highly abundant in the mass spectrum of the a-isomer 
(Ib) (98y0), but is only a minor peak in that of the 
p-isomer (IIb) (3.5%). Deuterium labelling and the 
consequent shift of this peak by 27 a.m.u. to m/e 384 in 
the spectra of compounds (Ic) and (IIc) is consistent 
with the expected loss of a TmsO*CH,* radical, charac- 
teristic of compounds of this type.31 The higher 
abundance of ion ( k )  (mle 357) in the spectrum of (Ib) 
than in that of the p-isomer (IIb) can be accounted for by 
the occurrence of the process depicted in Scheme 3, a 

+. 

Tms 0 
TmsO-CH2-CH-CH2-O- P P-OTms .-> # 

i 1 
OTms OTms 

( k )  m / e  357 
m / e  460 

Me 
I 

t 
0 
I I  
I 

Tt O-Si-Me 

* TmsO- cH-CH2-O-P-OTms TmsO-CH=CH-O;P-O < -CH4 
I I  
I 
OTm s OTms 

(d m/e 341 

Me 

CH i, 
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TmsO-P-OTms II 

I 

Tm s 0 - C Hz-CH- C Hz- 0 - S i 

( n )  m / e  445 
\Me 

j/ H20 -CH\ 

Me OH Me OTms 

HCSCH H C E C H  

I 1  
I I  

TmsO-Si-O-P+-OTms I I HO-Si-O-PLOTms 

Me OTms 
I 1  
Me OTms 

lo) m / e  389 I p ) m / e  389 

-\ 

( q )  m / e  373 

i -Me@ 1 

(11 m / e  285 
SCHEME 4 

OTms 
OTms 

( I ' )  m / e  341 (0 m / e  341 

SCHEME 3 

mechanism which is similar to that proposed by 
Sherman.12 Although the Tms derivative of p-glycero- 
phosphoric acid has two groups which could in principle 
be eliminated as TmsO*CH,* radicals, anchimeric assist- 
ance of the elimination by the phosphate group to give 

spectra of the partially labelled analogues (Id and e) 
and (IId and e) two peaks were observed for the m/e 
341 ion, indicating that methyl loss occurs from all 
three Tms groups to give ions formulated here as ( I )  and 
(m).  An alternative cyclic structure (Z') involving bond- 
ing between the siliconium centre and the free phosphate 
oxygen atom may also be suggested for m/e 341. Loss 

31 D. C. DeJongh, T. Radford, J. D. Hribar, S. Hanessian, 
M. Bieber, G. Dawson, and C. C. Sweeley, J .  Amev. Cherrt. SOC., 
1969, 91, 1728. 
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of Me from the phosphate Tms groups to  give ion (m) 
accounted for only about 30% of m/e 341. 

A rearrangement ion, much more abundant in the 
spectrum of the Tms derivative (IIb) of p-glycerophos- 
phoric acid than in its a-isomer (Ib), is seen at m/e 389. 
It is related to the M - 15 ion (m/e 445) by the appro- 
priate metastable transition. Deuterium labelling re- 
sults and high resolution data suggest the structure (0) 
or ( p )  for this ion (Scheme 4). The spectra of the par- 
tially labelled analogues (Id and e) and (IId and e) indicate 
that mle 389 has been formed exclusively from the M - 
15 ion that was produced by the elimination of Me 
from the ether-type Tms group. The first stage of the 
fragmentation of (n) to form m/e 389 is postulated as 
involving the transfer of the trimethylsilyl phosphate 
group to the siliconium centre of (n) as shown in Scheme 
4. This is followed by hydrogen (from the C3 chain) and 
Tms migrations to give (0) or (9) depending on the site 
of attachment of the migrating groups. The elimination 
of the elements of acetylene and formaldehyde as neutral 
species probably provides the driving force for this re- 
action. 

The ion at m/e 389 eliminates CH, to give (q) (ntle 373), 
as supported by evidence from metastable transitions. 
Deuterium labelling experiments show that only three 
deuterium atoms are lost during this fragmentation and 
therefore the fourth hydrogen atom must be the one 
attached to the phosphate oxygen atom of (0) [or the 
silicon oxygen of ($)I. The ion of m/e 373 is thus visual- 
ized as having the cyclic structure (4). The latter ion 
fragments to give an ion at  m/e 285 of molecular com- 
position C,H1,05PSi3 formulated as the bicyclic structure 
(Y). The observed 18 a.m.u. shift of m/e 285 in the 
spectra of the perdeuterio-analogues (Ic) and (IIc) 
supports the structure suggested for (7)  which involves 
the loss of Me,Si from (4). In addition to the fragmenta- 
tion route m/e 373 ---+ m/e 285, metastable focusing 
provided evidence for the occurrence of two more de- 
composition pathways to give ion ( r ) ,  namely the frag- 
mentations of mle 445 and m/e 357. 

The mass spectrum of the Tms derivative of L-a- 
glycerophosphoric acid (Ib) shows a moderately abundant 
(17%) phosphorus-containing ion at  m/e 256 related 
by a metastable transition to the molecular ion. This 
ion is absent in the spectrum of the p-isomer (IIb). 
An accurate mass measurement gives the composition 
C,H,,0,PSi2 for this ion and deuterium labelling of the 
Tms groups (Ic-e) reveals that eighteen of these hydro- 
gen atoms originate from the phosphate Tms groups. 
The structure of m/e 256 may thus be written as (s), and 
Scheme 5 shows a mechanism for its formation from the 
molecular ion. The absence of (s) from the spectrum 
of the p-isomer (IIb) may be explained by the fact that 
in the latter compound formation of (s) would involve a 
double hydrogen atom transfer in addition to a rearrange- 
ment to produce the proposed stable neutral species (t)  
of Scheme 5. 

A metastable transition in the low resolution spec- 
trum of (Ib) indicates that ion (u) (mle 241) is fornied by 

loss of Me from ion (s) (Scheme 5). The shift of ion (M) 
by 15 a.m.u. to m/e 256 in the spectrum of (Ic) shows 
that the methyl radical is expelled exclusively from a 
Tms group. An interesting fragmentation of (u) is the 
elimination of C,H, to give ion (f) (mle 211). 

'Tm SO - C H -a- C H 2- 0 - P- OT rns 
I I 
OTms OTms 

El: m / e  A60 

CHjO-P-OTms 4- 
I 
OTms 

(5)  m / e  256 

#i-c% 
TmsO 

Si 
MeO' '0' ' ~ e  

TmsO-CH=CH-OTms 

t - ( t )  m / e  211 
-C2H6 

( u )  m / e  241 
SCHEME 5 

Several other phosphorus-containing ions of lower rel- 
ative abundance are also present in the mass spectra of 
(Ib) and (IIb) (m/e 225, 269, 328, 415, 417, and 429). 
Their elemental compositions are given in Table 1. 
On the basis of their a.m.u. shifts upon deuterium label- 
ling, structures (v) and (w) can be written for mle 328 and 
( x )  for m/e 225. 

0 0 
iI ll 

I I 
T msO- P - CH2- OTms TmsO - P-0 -CH2-Tms 

OTms OTms 

( v l  m / e  328 ( w  1 

TmsO 
\ +  

/ p = o  
TmsO 

( x )  m / e  225 

Phosphorus-containing Ions in the Mass Spectra of the 
Tms Derivatives (IIIb) and (IVb) of 2- and 3-Phs- 
Phoglyceric Acids.-The mass spectra of (IIIb) and (IVb) 
and the mechanisms producing the major ions are gener- 
ally similar to those of the glycerophosphoric acids (Ib) 
and (IIb). Unlike the spectra of (Ib) and (IIb), those 
of (IIIb) and (IVb) contain molecular ions of low 
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abundance at m/e 474. The M - 15 (m/e 459) ions are 
again produced predominantly by elimination of Me 
from Tms groups not attached to a phosphate system. 

The most significant differences between the mass 
spectra of the derivatives (IIIb) and (IVb) are the 
relatively high abundances of the ions ( k )  (m/e 357) in 
(IVb) and ( y )  (m/e 369) in (IIIb). The mechanism of 
formation of m/e 357 is similar to that described in 

0 
>C-C=CH* 

TmsO' 
Me I 

I 
OTms 

/ 
Me 

(y 1 m / e  369 

Scheme 3. The ion at m/e 369 in the spectrum of (IIIb) 
is derived from the M - 15 ion (m/e 459) by the loss of 
trimethylsilanol, as indicated by the metastable ion at 
m/e 296.6. The spectra of the [2H,]Tms and partially 
labelled analogues (IIId) and (IIIe) show that the 
methyl loss from the molecular ion is from a phosphate 
Tms group and that the eliminated trimethylsilanol 
contains the ether-type and not an ester Tms group. 
Structure (y) is therefore suggested for this ion. 

A further difference between the spectra of (IIIb) and 
(IVb) is the presence of a moderately abundant ion at 
m/e 444 (2) in the spectrum of (IIIb), probably produced 
by a McLafferty-type rearrangement, involving a Tms 
transfer (Scheme 6). No ion at nz/e 444 was observed in 
the spectrum of (Ivb). Loss of Me from ion (2) produces 
the low intensity peak at m/e 429. 

TmsO 
\ 

TmsO, 40t 

7=YH -CH2O 
71 y e 3  

C H d O  - 
TmsO 0 0' 'c' 

1 H2 

ll 
I 

I I  
TmsO-P-OTms TmsO- P-OTms 

0 
0 

rY+, m/e 474 ( z l  m / e  444 
SCHEME 6 

The ion at m/e 387, as previously discussed, is thought 
to have the structure (a) and to contain all four Tms 
groups attached to the phosphate system. In the spectra 
of the C2H9]Tms analogues of (Ib), (IIb), and (IVb) this 
ion was observed to shift by 36 a.m.u. In the case of 
(IIIb), however, a shift of only 35 a.m.u. was observed, 
indicating an exchange between the carboxylic Tms 
hydrogen atoms and those of the C3 chain. 

P~sphorus-co72tairtirtg Ions in the Mass Spectra of the 
Tms Derivatives (Vb) and (VIb) of Glycerol 1,2- and 
1,3-Dij5hosj&ates.-Most of the prominent fragment ions 
are identical with those in the spectra of the mono- 
phosphates. The ion compositions are given in Table 1. 

Notable are the characteristic phosphorus-containing 
rearrangement ions (a)-( f ) .  

Ions of m/e 541, 526, 466, and 451 produced by the 
migration of an intact trimethylsilyl phosphate group 
are present. The elemental composition of the ion at 
m/e 451 is C,,H~O,P,Si,, and the shift by 33 a.m.u. in 
the spectra of the labelled analogues shows that both 
phosphate systems are present ; structure (cc) is suggested 
for this ion. In compounds (Vb) and (VIb) metastable 
focusing showed that (cc) was related to both the M - 
15 ion (m/e 597) and to the ion of low abundance at m/e 
466 (bb) as shown in Scheme 7. 
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- C H2=CH-OTms I -CHzO 

m / e  597 

Me 
0-Si-Me I 

P +I 1 
0 0  
11 11 7'- -6H3 

TmsO- P-0 - P- OTms + TmsO- P-0- P-0 
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TmsO- P-0 - P- OTms + TmsO- P-0- P-0 * I I  
TmsO OTms 

I 1  
TrnsO OTms 

I b b )  m/e  466  (cc) m / e  451 
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A rearrangement ion, more abundant in the spectrum 
of the Tms derivative of glycerol 1,2-diphosphate (Vb) 
than in that of the 1,3-isomer (VIb) is observed at m/e 
541. The mass spectra of the labelled analogues 
(Vc-e) show that a methyl group is lost exclusively from 
a trimethylsilyl phosphate system during the formation 
of this ion. A very prominent metastable ion at m/e 
490-2 relates m/e 541 to the M - 15 ion at m/e 597. 
Two probable structures [(ee) and ($)I for this ion are 
shown in Scheme 8, and these may be considered as the 
phosphate analogues of the rearrangement ion m/e 
389. The ion of m/e 541 fragments further by loss of 
methane to give a low abundance ion at m/e 525. 

Elimination of the trimethylsilyl phosphate system 
from the molecular ion is a more favourable process in 
these compounds than in the monophosphate derivatives. 
It results in the ions at m/e 371, 370, 355, and 283. 
Formation of the ion at m/e 370 has involved the elimin- 
ation of bistrimethylsilyl hydrogen phosphate, a process 
analogous to the elimination of trimethylsilanol from 
trimethylsilyl ethers. This is followed by the loss of 
Me to give m/e 355, as supported by a metastable transi- 
tion. 
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The ion at  m/e 283 is produced by the elimination of 
tristrimethylsilyl phosphate from the M - 15 ion. 
The spectra of the labelled analogues indicate the presence 
of the intact C,H, chain. Selective labelling with 
[,H,]Tms groups on the phosphate system [(Vd) and 

0 
I I  

TmsO-CH2-CH-CH2-O-P-OTms 
I -  I 

0 
01 I ,Me 

T r n s O - - I = m  +si 
I ‘ Me 
OTms 

( d d )  m/e 597 

4 
Me OTms 

i I  I 
0 Me OH 
II I I 
I I I I l l  

TrnsO-P-0-Si-O-P*-OTms or HO-P-O-Si-O-p-OTms 

TmsO M e  OTms T ~ O  Me O T ~ S  

fee)  m / e  541 ( f f )  m/e 541 

m/e 525 
SCHEME 8 

(VId)] produced a shift of only 9 a.m.u. in m/e 283. 
This indicates that three phosphate Tms groups have 
been eliminated in this rearrangement and that the 
initial loss of Me occurred from the ether-type Tms 
groups. A reasonable structure for m/e 283 (gg) and a 
mechanism for its formation are depicted in Scheme 9. 

TmsO P-o-cH~-cH-cH~-?I-P-oT~~ 
I ‘I OTms 

%/Me2 

m/e 597 

0 1 
II 
I 

TmsO-P-O-CH2-CH-CH2 
\ I  
0 0 

I 
Si+ 

/ \  
Me Me 

[gg) m/e 2 8 3  
SCHEME 9 

Elimination of one trimethylsilyl phosphate group, 
along with a methylene group from the C, chain (the 
phosphate analogue of the TmsOCH,. radical frequently 

eliminated from the Tms derivatives of primary 
alcohols 32) is seen in the spectrum of (VIb), yielding the 
ion at m/e 357. This ion probably has a structure 
similar to that of the ion observed at the same mass in 
the spectra of the monophosphate derivatives. The 
corresponding elimination of a TmsO*CH,* radical from 
(Vb) occurs to only a limited extent to give a minor peak 
at  m/e 509. 

From the mass spectra of the partially labelled ana- 
logues (Vd and e) and (VId and e) information can be 
obtained regarding the identity of the Tms groups which 
migrate to produce the characteristic phosphorus- 
containing ions at m/e 387 (a) ,  315 (b ) ,  and 299 (c). 
Approximately half of the abundance of ion (a) is due 
to the ion in which both Tms groups from one tri- 
methylsilyl phosphate system have migrated to the 
other charged phosphate species. The remainder of the 
ion at m/e 387 contains three phosphate and one ether- 
type Tms groups. A similar situation is seen for the 
peak at  m/e 299, the predominant component of this 
ion having been produced by migration of a phosphate 
Tms group. A different situation is apparent with ion 
(b)  (m/e 315); here the major contribution is due to the 
ion produced by the migration of the ether-type Tms 
group, this ion being nearly twice as abundant as the 
ion containing three phosphate Tms groups. 

Phosphorus-containing Ions in the Spectrum of the 
Tms Derivative (VIIb) of 2,3-DilphosphogZyceric Acid- 
A feature of this spectrum is the appearance of several 
ions produced by the elimination of tristrimethylsilyl 
phosphate. This seems to reflect a greater tendency 
for the carboxylic Tms ester group to migrate to the 
phosphate system as compared with the Tms ether 
groups in (Vb) and (VIb). Unfortunately, it was not 
possible to prepare selectively labelled analogues of this 
compound as all the Tms groups were replaceable under 
the labelling conditions employed. 

The elimination of tristrimethylsilyl phosphate initiates 
the production of three moderately intense peaks at mie 
297, 268, and 253. Evidence from metastable ions and 
from the labelled analogues shows that the first ion is 
formed from m/e 312 by loss of a methyl group. The 
second ion (m/e 268) probably arises from m/e 312 by the 
loss of CO,, and subsequent loss of CH,* from m/e 268 
produces m/e 253. 

As an alternative to the migration of a Tms group 
to a trimethylsilyl phosphate system and the sub- 
sequent elimination of tristrimethylsilyl phosphate, 
a hydrogen atom may migrate, resulting in the 
elimination of bistrimethylsilyl hydrogen phosphate. 
Loss of this species from the molecular ion of (VIIb) 
produces an ion at  m/e 384. The ion at m/e 385 repre- 
sents a similar loss but without concomitant hydrogen 
transfer. The ion at  m/e 384 further fragments by loss 
of Me to give the ion at  m/e 369, as supported by the 
presence of a metastable ion at  m/e 354.6. 

32 H. Budzikiewicz. C. Djerassi, and D. H. Williams, ‘Mass 
Spectrometry of Organic Compounds,’ Holden-Day, San 
Francisco, 1967, pp. 4 7 1 4 7 7 .  
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The migration and interaction of intact Tms phosphate 

groups is reflected by the presence in low abundance of 
the two related ions at  m / e  467 and m / e  539. Formation 
of these has involved the migration of a hydrogen atom 
and a Tms group, respectively, to a rearranged phosphate 
system containing the pyrophosphate group. The 
structures suggested are (Mi) and (ii) and they may be 
regarded as the pyrophosphate analogues of the ions 

0 OH 0 OTms 
II I II I 

I I  I I  
TmsO - P- 0 - P+- OTm s TmsO - P -0 - P+- OTms 

OTms OTms OTms OTms 

( h A ) m / e  467 ( i i )  m / e  539 

observed at  m/e 315 (b )  and 387 (a) in the orthophosphate 
series. The loss of methane from (hh) probably gives 
rise to the ion at  m / e  451 (cc). 

Other Characteristic Silicon-containing Iows.-The mass 
spectra of the acid derivatives (IIIb) and (IVb) con- 
tained an ion of mass 217 with an empirical formula of 
C,H,,O,Si,, apparently produced by elimination of the 
trimethylsilyl phosphate group accompanied by the loss 
of a methyl radical. The remaining ions appearing in 
the low mass region of these spectra are mainly silicon- 
containing fragments, many of which have been re- 
ported previously as fragment ions of most Tms deriva- 
t i v e ~ . ~ ~  

/ Me 
Me 
i 

I \ 
Me 

Me-Si-O+=Si 

Me 

( j j ) m / e  147 

The frequently reported rearrangement ion, m / e  147 
( j j ) ,  has multiple sources, the major one being the M - 
15 ion as shown by the presence of the appropriate 
metastable ion. The spectra of the partially labelled 
analogues (Id)-(VId) and (1e)-(VIe) show that all the 
Tms groups can be involved in the formation of (J”) and 
that the initial methyl loss to form a siliconium ion centre 
can take place from any of the Tms groups. In these 
spectra peaks due to ions of structure ( j j )  are observed 
at m / e  147, 153, 156, and 162 and contain 0, 2, 3, and 5 
perdeuteriomethyl groups, respectively. In compounds 
(Ib) and (IIb) approximately 60% of the ions of structure 
( j j )  originate from the ether-type Tms groups and about 
20% are formed from the Tms phosphate groups. The 
remaining 20% contain Tms groups from both sources. 

Two ions are seen at  m/e 129, the most abundant hav- 
ing the structure (kk )  as indicated by a shift of 9 rather 
than 6 a.m.u. in the spectra of the [2H,]Tms analogues. 
About 10% of the intensity of the peak at mle 129 is due 
to ion (11), a structure reported previou~ly.~J~ 

lon-Molecule Reactions.-An outstanding feature of 
the spectra of these compounds is the presence of a 
large number of relatively abundant ions produced by 
ion-molecule rea~t i0ns . l~~  l 6  These were first observed 

a t  M + 1 and M + 73 when the spectra were recorded 
under normal electron-impact conditions. A shift of 
M + 1 by 36 rather than by 37 a.m.u. in the spectra of 
the [2H,]Tms derivatives indicates that the additional 
hydrogen atom comes from the C,  chain and not from a 
Tms group. 

Me, ,Me 
o/si.o+ 
I II 

HC\ ,CH 
‘li 

1 kk 1 m i e  129 

((0 m / e  129 

At higher pressures, several other ions resulting from 
ion-molecule reaction were observed.16 All of the ions 
appearing a t  masses higher than that of the molecular 
ion were apparently the result of the combination of the 
neutral molecular species with one of its abundant 
fragment ions containing a positively charged silicon 
centre. Table 2 lists the ions which have been observed 

TABLE 2 
Relative intensities a of the ion-molecule reaction 

products in the spectra of (1b)-(IVb) 

Frag- 

1 461 2-8 461 0.27 476 0.8 476 0.6 
73 633 4.1 633 0.11 647 1.16 647 0.92 

147 607 0.13 607 0.003 621 0.076 621 0-066 

701 0.06 227 687 0.03 687 

299 769 0.27 769 0.004 773 0.01 773 0-026 

843 0.01 843 0.006 369 

469 933 0.006 933 

(313) (124) (280) (268) 

(96) 

(8) (9.5) (13) (87) 

(66) 

(100) (48) (100) (100) 

(57) 
(28) 701 

(67) (4) 

( 90) (43) 
5 Percentage of the base peak, excluding the wz/e 73 ion. 

8 The values given for any one particular compound are those 
obtained with the highest ion source pressure used. Because 
of their dependence on the operating conditions of the instru- 
ment, they cannot be used for comparisons between individual 
compounds. e The figures in parentheses are the relative 
intensities of the reacting fragment ions. 

to  combine with the neutral molecular species for four 
of the compounds under discussion. In later experi- 
ments33 it was shown that bond formation probably 
took place between the silicon centre and an electro- 
negative site, usually an oxygen atom, in the neutral 
molecule reg .  structure (mm)]. The ease with which 
these phosphates form ion-molecule addition complexes, 
undoubtedly reflects, as discussed earlier, the increased 
stability of the resulting substituted phosphonium cation 
compared with that of the free phosphate ion. 

From these observations, it is possible to draw tenta- 
tive conclusions about the structures of both the silicon- 
ium fragment ions and the ion-molecule reaction 

33 D. J. Harvey, M. G. Horning, and P. Vouros, Org. Mass 
Spectrometry, 197 1, 5, 599. 
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products. Since the latter are most probably produced 
by bond formation between a silicon atom and an electro- 
negative site in the neutral molecular species,= ions such 
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R1 0 - P'- OTms ,Me I R 2 =  TmsO-Si- M + 147 
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as m/e 147 are thought to exhibit charge localization on 
the silicon atom (nn) rather than on the oxygen atom ( j j ) .  

/Me 
Me 
1 

Me- Si-0- Si + 

Me 
I \ Me 

tnn)  m/e 147 

This accords fully with previous observations on the 
reluctance of silicon to form double bonds 34 in the solid 
phase, but it is possible that some double-bond character 
of the linkage between the oxygen atom and the silicon- 
ium centre contributes to the stability and high abund- 
ance of this and similar ions. 

The ions at m/e 299, 227, and 211 can be written as 
fully substituted phosphonium cations by invoking bond 
formation between the silicon from which a methyl group 
was eliminated and the phosphonyl oxygen atom [e.g. 
(00)  for mle 2991. The cyclic form is considerably stabil- 
ized by resonance. Valency considerations necessitate 
the adoption of a cyclic structure for m/e 211 (f). In 
addition, no ion-molecule reaction products correspond- 
ing to the addition of this ion have been detected. 
Hence, in this case, charge localization on the silicon 
atom is unlikely, and the existence of the resonance- 
stabilized structure (f) containing two four-membered 
rings is assumed. 

Although these four-membered rings are thought to 
contribute to the overall structure of several other ions, 
most of the fragments for which this type of structure 
can be written are observed to take part in ion-molecule 
additions ( e g .  m/e 299). As these cyclic structures 
require charge delocalization, it is apparent that the 
open structure must also have a real existence, as the 
requirement for an ion of this type to take part in an 
ion-molecule reaction is thought to be charge localization 
on silicon.33 Both open [e.g. (c)] and cyclic [e.g. (oo)] 
forms, therefore, most probably represent extreme struc- 

34 C .  Eaborn, ' Organosilicon Compounds,' Butterworth, 
London, 1960, pp. 113-114. 

tures contributing to the overall composition of these 
ions. 
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Two fragmentations (Scheme 10) of these ion-molecule 
reaction products were observed by metastable focusing ; 
both involved a hydrogen atom transfer to give a fully 
substituted phosphonium cation and were not simple 
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The M + 73 ion ($$) was observed 
transfer of a hydrogen atom to give 

mle 315 (b). The source of the migrating hydrogen atom 
has not been determined, but it is most likely that this is 
a non-specific migration analogous to those observed for 
Tms groups.32 The second fragmentation is analogous 
and involves the M + 147 ion. Formation of the 
fragment ion m/e 389 has been discussed previously as 
having involved three migrations from the M - 15 ion. 
Of the two structures (0) and ($) suggested for this ion 
the fragmentation from the M + 147 ion (44) provides 
the only evidence that structure (0) contributes to the 
abundance of m / e  389. 

EXPERIMENTAL 

Compounds (Ia) and (1Va)-(VIIa) (as their cyclohexyl- 
ammonium salts) and compounds (IIa) and (IIIa) (as their 
sodium salts) were obtained from commercial suppliers. 
Samples (1 mg) of these were converted into their Tms 
derivatives by heating with trifluorobistrimethylsilylacet- 
amide (BSTFA) (0- 1 ml) and chlorotrimethylsilane (TMCS) 
(0.05 ml) in acetonitrile (0.1 ml) at 80' for 30 min in a 
sealed tube. [2H,]Tms derivatives were prepared by heating 
the sample (0.01 mg) with [2Hl,]bistrimethylsilylacetamide 
[aHl,]BSA) and L2H9]TMCS. 

The derivatives containing [2H,]Tms groups on the 
phosphate system (Id)-(VId) were prepared as follows. 
The g.1.c. column of an LKB 9000 mass spectrometer was 
saturated with a 20: 1 mixture of [2H1,]BSA and [2Hg]- 
TMCS. The sample (1 ml) of the Tms derivative was 
injected on to the column, followed after about 30 s by 10 pl 
of the [2Hls]BSA-[2H,]TMCS mixture. Spectra were 
recorded as usual. The labelled analogues (1e)-(VIe) were 
obtained from the perdeuterio-Tms derivatives by injecting 



them on to a column saturated with BSA-TMCS and then 
injecting 10 p1 of a BSA-TMCS mixture. 

Low resolution spectra were recorded with an LKB 9000 
mass spectrometer; the samples (1 pl) were introduced 
via the g.1.c. inlet (9 f t  1% SE30 column at  1 6 0 O ) .  Spectra 
were recorded at  70, 20, and 15 eV with an accelerating 
voltage of 3.5 kV and an ion-source temperature of 270". 
Ion-molecule reaction products were observed by injecting 
large samples (up to 4 pl, 16 pg). 

High resolution and metastable focusing data were 

J.C.S. Perkin I 
obtained with a CEC 21-llOB mass spectrometer. Samples 
were introduced v ia  the g.1.c. inlet. 

The complete spectra have been submitted to Archives 
of Mass Spectral Data. 
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