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ABSTRACT

The chromatography and mass spectrometry of a neht series of sÍlyl

derívatives of two classes of biologically irnportant compounds have been

studied: "sterically crowded Èrialkylsi-lyl" (SCTASi) ethers of nucleosides

and sËeroids. Such derivatives are of interest for t¡,¡o reasorls. Fírstly,

these new sílyl derivatives are valuable in synËheËic work for the

protecËÍon of hydro>ryl funct,íons. The Ínitial part of Èhis study was

performed ín conjuncÈion r^rith the applícatíon of SCTASi blockíng groups

to nucl-eic acíd synthesis. The separaËion and characterízaxíon of ísomerj-c

substituted si1yl derivatives of nucl-eosides r¡rere of particular interesË

in thís respect. Therefore, the techniques of "gas phase analytícal

che.rListryt', namely chemícal derivatization, liquid chromaËography (LC),

gas chromatography (GC), and mass spectrometry'(MS), hrere exaruined as

solutions Ëo Ëhe problem. Secondly, the SCTAS1 derivatíves are important

because they have considerable potential as analytical derivatíves for

the gas phase analyËícal chemÍstry of compounds of biological interesË.

Iherefore, Èhe second part. of the study investigaËed the chernistry of

stericall-y crowded trialkyisilyiation and the suiÊabÍ1ity of SCTASi derív-

aËíves of nucleosides and sËeroids for Ëhin layer chromaËography (TLC) 
'

high performance liquid chromaËography (HPLC), GC, anci electron-impact MS.

Three SCTASi groups were sËudied in detail, namely: teqt-butyl-

dinethylsilyl (TBDMSí), -cycþ- tetrameËhylene- Ëert-buÈylsilyi (TMTBSí),

and cyelo-tetramethyl-ene-iso-propylsilyl (TMIPSí). Other Ëypes of

proÉecting groups (trimethylsilyl (TMSi), acetyl (Ac), and trj-fluoro-

acetyl (TFA)) were also examined, not only for purposes of comparison but

for the preparaËion of "m'íxed derívaËÍves" whích were valuable for the

analysís of partial O-SCTASí derívaËives and for the elucidatÍon of MS

iií
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fragmenÈation mechanisms.

SCTASi derivatíves of compounds wíth primary and sÈerícally unhin-

dered secondary hydroxyls are easily prepared in quantiËatíve yÍeld under

nild reacËion conditions. Their hydrolytíc stabilíty allows easy handling'

the ísolaËíon of pure sËandards, and quanÊiËaËive analysis by LC. The low

polariËy of SCTAS1 ethers elíminates ÈaÍ-ling and non-quanËitaËíve elution

problems encor¡nËered in the LC of polar compounds and a11ows the use of

low polarÍty, volatile mobile phases. Isomeríc partially silylated deriv-

atives of nucleosides could be separated by TLC and HPLC nethods.

Most of the derivatives of nucleosides and steroíds dísplayed

suffícient volaËiIíty aad Ëhermal stabil-ity for quantitative GC analysis.

Isomeric substÍËuted nucleosíde derívaËives could be separaËed and methods

were developed for monitoring Ëhe formaËion and hydrolysís of SCTASi

derivatives of nucleosídes" For sËeroíds, it was found Ëhat SCTASi ethers

can gíve improved separatíons of ísomers and mixtures by GC.

The electron-ímpacL mass spectra of SCTASí derívatives of nucleosídes

and sÈeroids were examined in detaíl-. These specÈra are quiËe different

from Ëhose of the widely-used TMSi derívatíves because of the much greater

tendency of the SCTASi derivaÈives Ëo yíeld siliconium ions by elimination

of a bulky a1kyl radical from a si1yl group in the molecular ion. Subse-

quent fragmentaiions and "silíeonj-r¡n ion rearrangements" provide detailed

information on various struetural feaËures such as the sugar and base

moÍeties and isomeric substiËution ín nucleosides, and stereochemistry in

steroids.

The meËhods that were developed hrere Ëested with several applications

to syntheËic problems and the analysis of a mixture of steroid uretabolites.

av
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I. INTRODUCTION

This thesís will present the resulÈs of È!'ro separate but relat.ed

studíes3 the appl-Ícation of the techniques of "gas phase analytical

chemist,ry" to the developmenË and analysis of isomeric substituted

nucleoside derivatives of irnporËance in nucleic acíd synthesis; and the

development of new derivatíves for the chromatography and mass spectrometry

of biologícally important èompounds. These areas are relaËed through a

new series of derivatives: "sËerical-ly crowded tTial-kyl-silylrr (ScTASi)

ethers.

The research involved the followíng specific topics: (a) the

use of GC/MS to help synthesize a series of new sílylating reagents;

(b) Lhe development of chromatographic and mass spectral techníques for

Ëhe separation and characterization of ísomeric substituted nucleoside

derivatíves; (c) the applícation of these techníques to the study of the

reacËions of the new sÍlylatÍng reagents with dífferent functÍonal groups'

and the stability of the SCTASi derivatives under various condítions;

(d) the investígation of SCTASi derívatization for Ëhe analysís of

various biologícally important compounds by liquid ehromaËography, gas

chromatography, and mass spectrometry; and (e) the elucídaËion of the

unusual electron-impact índuced fragmentation behavior of SCTAS1

derívatíves.

The resulÈs from each of these areas qrere complementary and

should be of value in fuüure syntheËic and analyÈical studies.



A. Gas Phase AnalyËicai Chemístry

Few methods in organic analyÈícal chemistry have had as wide and

diverse applicatíon as gas ehromatography (GC) and mass specËroneÈry (MS)

(1-5). The field of biological chemistry is one area ín which they have

made a particularly sÈrong impact. Numerous reviews have díscussed Ëhe

exËensive applications of GC and MS ín bíochemístry, pharmacology, and

medicine (5-9), and to various classes of bíologically-ímPortant compounds

such as steroíds (10-13), õarbohydraËes (14), nucleic acid components (15),

amino acids and peptides (16-13), and other natural producËs, in general

(7 ,Lg r2O) . 
r:"i':"':;':::'

Furthermore, GC and MS are the key elenents of the rapidl-y

expanding fÍeld of "gas phase analyt.ícal chemisÈrY", ê term fírst cofned
:

by Horning, Brooks and VandenHeuvel- in 1968 (10). This field is a blend

of organic, physical-, and analytícal chemístry thaÈ has evolved in

response to the challenge of. anaLyzing biological- samples thaË contain

very complex míxtures of organic compounds, often at submicrogram l-evels.

It comprises the complete analytical- procedure, from sample isoLatíon

and preparatíon to Ëhe final- interpretation of data. The major technique" 
,,:,,..,....,

employed are chemical derivat.ization, thin layer, coh,¡mn and gas chromato- ,'"t':' '''r',
: ... :

graphy, and mass spectromet,ry. Figure 1 ill-ustrates theír relationshÍp ::'::::::':': ::. ..

in varíous possible anal-ytical schernes.

Most ínportant in this scheme are GC and MS, where all operaËions

are perforned in the gas phase. Gas chromatography is one of the most l 
"effectÍve methods for analyzíng organic mixtures. In addition to fast,

high-resoluËion separations, íË can provide boÈh qual-itative and

quantit.ative ÍnformaÈion, is suitabl-e for trace analysis, and is an ideal

method for introducing samples to a mass spectromeÈer. Mass specËrometry
'.: ..ra :ll.:'_-J-
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Figure l.
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Ís the final- and uost powerful- step in gas phase analytical- schemes.

Itíth submicrogram quanËities, Ít is possíble Ëo dete:míne molecular

weighËs (and the elemental- composiËions, wíth precise mass measurenents),

províde identificatíon by "fingerprintrr t,echnÍques, elucidate the

sÈructures of new substances, and even perform quanËítative anal-yses.

The oËher steps in gas phase anal-ytical chemistry are designed

prínarily to optinize analysís by GC/MS. For example, in the analysis

of very complex mixtures, more than one chrornat.ographic procedure is

valuable--espeeÍally the combinaÈíon of a high-capacÍty, l-ow-resolutíon

technique such as column chromatography, followed by a low-capacíty'

high-resolution method such as GC. SeparaÈion of míxtures into specífÍc

classes of compounds by l-iquid chromaÈography prÍor Ëo gas phase analysís

not on1-y simplifies GC/MS, but also yields funcÈional group information.

High perfonnance líquid chromatography (HPLC) (21) is a rapidly

developing nethod Ëhat r.rill- fit well into the gas phase analytical

chemisËry seheme, especíally when combined HPLC/MS systens are wel-l

established. There are oËher ancillary techníques also available.

Possibly the most importanÈ of these is the application of modern computer

technology to the processing of the vast amounts of data produced by a

typical anal-ysís

Chemical derívatization Ís an essentíal sÈep ín the application of

gas phase analysis to most compounds of biological lnterest. Such

compounds are usually nonvolaËíle and thermally labíle due to inter-

molecular hydrogen-bonding and reactive funcÈional groups. DerÍvatization

eliminaËes hydrogen-bondÍng and protects acLive sites. The types of

derivatives used have been termed t'nonclassÍcaltt (10), since Ëhe prime

features desired are volatility, thernal stabilÍty, and freedom from
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adsorption. The classícal requirements of color, eâse of crystallízaiion,

and sharp meltíng point. a.re not ímporËant ín gas phase analysis. Several

revíer¿s have dealt wiËh derívatízation for GC (22) and GC/MS (L2,L3,23,24)"

The most commonly used derivatsíves are listed Ín Tal¡le I.

Althorrgh the most importanË functíon of deriva tízatíon ís to

enhance volatílíty and thermal sËabílity, a consíd.erable effort has

been devoted to the developmenË of ner^r derívatíves that í-mparË other

useful properËies and, in general, improve the compatíbilíty of various

chromatographic and mass spectral techníques. Such desirable properties

ínclude (a) simple, fast, quantítative preparat,ion rviËh control-l-able

functional group selectivíty, (b) hydrolytíc stabÍlíLy, (c) better

separatíons in GC, (d) structural informaËion from GC retentíon behavíor,

(e) greater strucÈural and stereochemical Ínformat,ion by MS, and

(f) improved deÈectabílity rvith GC detectors or with GC/MS selected íon

recording (SIR) Ëechniques.

Silylation (23), the substitution of a trialkylsilyl group fcr

a labí1e hydrogen, has proven to be one of the most effectíve methods

for derívaËízing a rnríde varÍety of compounds. Trimethylsilyl (TMSí)

derívatives of compounds wíth hydroxyl, amine, and carboxyl funct,ions

are readíly prepared and have many of the valuable features lísted above.

Their formation can permít Ëhe volatilization of hígh molecular weight

polyhydroxy compounds, stabílize thermally labile funcËions, and improve

both chromaËographic and mass spectral- behavior. A stríking exampl.e of

trimethylsilyJ-ation leadíng to a better sepaïat-íon írr GC is gíven in

Figure 2. The underivatized steroid epÍmers, 3cl-hydroxy-5o-androstan-17-

one (androsËerone) and 3$-hydroxy-5u-androstan-17-one (epiandrosterone),

cannot be separaËed on most GC columns but are easil1- resolved as TMSi



TABLE I.

Derívatíves most commonly used ín gas phase analytical chemisÈry.

Reactíng DerivaËive
Functíonal Group Reaction Name AbbreviaÊion Group Structure

Carboxyls

Hydroxyl-s
Amínes

Ilydroxyls
Carboxyls
Amínes

KeÈones

c'is-Dio1s

--CH,

o
il

--c{H3

o
il

--c{Fs

cH^
lo

--1i{H3
cHa

)qt'HHt

)î-í
o.u/

I
R

(R = Me, n-Bu, Ph)

{acewration

I rrrrr,roroacetylation

Methyl-ation

Tr iure thyls il-y1at ion 1T{Si

Methoxylation

Boronatlon
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Figure 2. TrinethylsilylaËion for Ímproved separaËion of epímerlc
steroids by GC with nonselective sÈationary phases: (a) the epimers,
3g-hydroxy-5o,-androstan-l-7-one (AnoH) and 3ß-hydroxy-5o,-androstan-17-one
(EpiAnOH) are noË separated rüith a lm X 2urm-ID, 102 OV-l- column at 230o.,

(b) the TMSi derivatives, on the other hand, are well separaËed under the
same condiÈions.
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derívatives on a short, nonselecÈlve column. Important aspects of

improved rn.ass spectral- behavior include sËructurally ínformaÈive

fragmentations and sËereochemical-ly-dependent rearrangements.

Trírnethylsilylation can also be useful for certain separations in thin

layer and column chromatography, where the hydrocarbon-l-ike pol-ariËy ';,,:,::::''.-.-::-:.: ::'

of the sily1 ether allows greater nobilíty (25-30). One of the

disadvantages of TMSi derívatÍves is the ease of hydrolysís of certain

classes (TMSi eËhers of primary alcohols and phenol-s, TMSi esters, and .' ,. 
,

TMSi amides). For this reason, most derivaÈives musË be proËected from 
' I:::::': :¡:

, ...t . ar.- . r'it,

atnospheric moisture. :.::.:::: r.

Several- alÈernatÍve silyl derivatÍves have been investígated for

gas phase anal-ysis, includíng: dfnethylsilyl (31-33) for lower molecular

weighÈ and retention time; ha1-omethyldínethylsílyl (3I,34-44) for electron-

capÈure detectíon, SIR and MS; fluorocarbonsilyl (45-48) for electron

capture detection and MS of steroids; tri-¿-a1kyl-si1y1 (alkyl = EÈ, s-Pr,

Ê-Bu, n-Hex) (49r50) for improved separation of complex mixtures; and

dimethylalkylsilyl(alkyI = Et, g-Pr) (51) for GC/MS of steroíds.

PerdeuteriotrímeËhy1-sil-yl (TMSi-dg) groups have proven valuabl-e in the

interpretationofmassspectra1fragmentatíonsofTMSiderivatíves(52,53)

Still, despite thís variety of avaÍlable derívaËives, other compl-ementary l, ,

or more powerful derivatÍves are rrrorth investigatíng.

B' Nucleic Acid synthesis 
t:

Three key discoverÍes stinulated a tremendous interest Ín the ' : ::':'.r'::"

chemÍstry and biochemÍsÈry of nucl-eic acÍds (54,55): the demonstratioo

by Avery ín 1944 (56) of the genetic role of nucleic acids, the

elucidation of the naÈure of the internucleotíde linkage in L952 by Todd 
,.,.,r:,::: -
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and coworkers (57), ând the determination of t?re double helical strucËure

of DNA by l,{atson and Crick in 1953 (SA¡ . A great ef f ort h¿s been devoted

to the development of chemícal methods for the synthesis of oligonucleotides

of predeterrnined sequence. This area ís sËill ín a developíng sËage,

as evidenced by Ëhe amount of li-terature on thís subject.

One main concern ín olÍgonucl-eotide synthesis is Ëhe availabil-ity

of protective groups (59,60) whích can block specífíc hydroxyls of

diiferent nucleosí<ie units to allow formaËíon of the appropriate

ínternucleotide 3tr5t-phosphate linkage. Scheme I illustrates a typical

synthesis. The followíng features are desírable for blockíng groups:

(a) A reagent system wíth high selecËivity iä reactíon with different

types of hydroxyls (3t and 5t in deoxynucleosicies; 2t,3r and 5r in

ribonucleosides) .

(b) Easy introductj-on under: rela.tively míld condítions.

(c) Stability under a varíeËy of synËhetic condítícns such as

phosphorylation, acylaËí-on, and acidic or basic medium.

(d) Facile removal under míld condítíons thaÊ, do noË affect oËher

blockíng goups or other parts of the rnolecule.

(e) Lípophilicity to facíliËate reacËions ín aprotic solvenËs and

puríficatíons by techniques such as thín layer chromatography.

The trímethylsilyl group has a number of these features (easy

ínËroducËion and removal, and lípophilicity), and has found many

synthetic applicatíons (61). However, it does not offer sufficíenË

stability or selectívity for work in many areas such as nucleic acid

synthesÍs.

RecenÈly, anotlier trialkylsílyl group, namely terÈ,-butyldimethyl-

silyl (TBDlfSi), has found wíde applicatíon ín synthesis. It was fírs¡:
Ì;:,:1.:.ì.'. ìr.:r,
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Scheme 1

Synthesis of a dinucleoside monophosphaÈe rrríÈh the natural
3r-5' phosphate linkage from partíally protected nucleoside
units.

Blocking Group

Removal

PhosphorylaÈion

R = blocking group (e.g., aceËyl, trityl-, etc.)
B = base (uracil, thymine, adenine, cytosine, guaníne; see

Schene 3)

XrY = H for 2t-deoxynucleosÍdes
X = ORr,, Y = OH for ribonucleosides

Coupling



11

used in the isolaËion of keÈone enolates ín 1968 (62), but did not

receive aËtenÈion until Coreyrs classic applícation Èo hydroxyl protecËion

in prosÈaglandin synthesis in L972 (63). The TBDMSi group has a number

of valuable feaËures: a varieËy of alcohols can be silylated under mild

conditíons with a reagent mixture of chlorosilane (TBDMSíCI, lM) and

inidazol-e (2M) in N,N-dímeËhylformamide (DIß); the derivatives are sËable

Ëowards mild aqueous or alcoholic base, and under condít.ions of acylatíon

(e.g., acetic anhydride/pyridine), hydrogenolysis, and mild chemical-

oxidation and redueËion; the TBDMSi group can be easily and quanËíÈativel-y

removed rÀrith tetra-n-butylammonÍum fl-uoríde ín tetrahydrofuran or under

acidic conditions; and Ëhe derívatives are frequenÈly crystal-líne solids

$rith sharp melting points and possess good chromatographic behavior.

Following Coreyrs paper, Ogilvíe (64165) demonsËrated that the

TBDMSi group was suitable for oligonucleotide synthesÍs. Not only was

it stable to phosphorylatíon condítions, but ít was possible to sel-ectivel-y

proËecË different types of hydroxyls ín polyhydroxy compounds. The laËter

observation is due Èo the fact that the steric environment of a hydroxyl

greatly influences íts rate of reacËion r,¡ith the sterically crowded

TBDMSi reagenÈ, and under compeÈitive (partial) sil-yl-aÈion conditions,

high yields of specifically proËeeted derÍvaÈives are possíble. Thusr.

silylatíon of thymidíne with 1.1 equivalents of TBDMSi reagent gives

primarily the S!-TBDMSi ether (Step a, Scheme 2).- FurËhermore, it rúas

observed by this author, Ogilvie and coworkers (66-69) that sel-ectíve

desilyl-ation of fu1-ly protected derívatives under acídic condiÈions yields

the more stable secondary alcohol derivatives. Thus, the 3',5r-bis-TBDMSi

ether of thynidine when treaÈed in 80% aqueous acetic acÍd, gives the

3r'TBDMsi-derivative in good yield (Step c, Schene 2).
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Synthesis of partial
selective silylation

Scheme 2

O-TBDMSi derívaÈives of th¡rm.idine

and desílylation.
by

a

1.1 equÍv.
TBDMSicl (l}f ) /rûr (2M)
in DMF @37", z}ln

2.L
ThynÍdíne

excess
rBDMsicl (1M) /Irn (2¡t)
ín DMF @37", 10mín

2.2
5' -o-TBDMSî-thyuidine

(902 yield)

2.4
3' -o -T BDMili- r hym id lne

(60% yiel-d)

Þ

80ä ÃcoH/nZO
G22o, gh

c

2.3
3 I ,5 rbis-o-TB¡ilFi-thymidine

(LOÙZ yíeld)
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The TBDMSi group has now been applied in the synthesis of a variety

of compounds: prostaglandins (63 r7O-72), carbohydraËes (73r74), sÈeroíds

(75-78), nucleosides (64-69,79), and oËher natural producÈs (80-82).

C. Sterically Crowded Trialkylsilyl Derívatives
, ,, .:,.

The success of TBDMSi d.erivatives in nucleic acíd synthesis led to

a search by Ogílvíe and coworkers for other suítable sílyl blocking

groups. Of parËicular ínterest !üas the development of a series of 
.:.,,,,.,:

complementary silyl groups of varying hydrolyËic stability that would iìi':::'ji

allow versatile synËhetÍc schemes. Four new silyl groups, ín addítion l, 
,,i

i ': l

to TBDMSi, have been investigaËed (66-69). The enËire series is given in

Table II, in order of Íncreased st.eríc crowding and hence decreased

susceptibility to nucleophilic attack. These groups have been called

"sterically crowded trialkylsilyl" (SCTASi) groups. The synthesís of the

chlorosilane reagenËs and their reacËions with deoxynucl-eosides form i

I

Èhe main subject of another doctoral thesís (83). 
i

Since these sÍlyl groups promised to be of major significance in
:

Ëhe nucleoside and nucleotide fíeld, it was important to develop good

techníques for the analysis of synËhetic derívatives. In particul-ar, it ,1.,',,

was desirable to have methods for: (a) det.erminíng the purity of isomeríc ,',','
t,,.': t,'

substituted derívatives; (b) characterizíng Èhe derivatives ín terms of

structure; and (c) rnonitoring the progress of silylatíon and desilylation

reactions for the purpose of optimizing reactíon conditions and yíelds, as
-r' : r:.:

r¿ell as to study mechanistíc aspects. i'1" ''

The conventional techníques of liquid chromatography and NMR, IR,

and W spectroscopies have played Ínportant roles in the study of

nucleosídic uaterials (84), but do have some limítations. Although gas

phase anal-ysis has a nr¡mber of advantages (i.e., rapid, quanÈitative i;,'',','
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TABLE II. Sterically crowded ÈríalkylsiIyl protectíng groups.

Structure Name of Group Abbrevíation

Y
-s¡---

^

methyL-d í-Ég c-propy1 s Í l-y1- MDIPSí

cyclo-tetrameËhylene-iso-propylsil-y1 TMIPSí

Èer t-butyldinethyl-s íly1 TBDMSi

tri- iso-propyl,s il-y1- TIPSi

cycl-o-Ëetramethyl-ene-t ert-butylsiLyl TlfTBSi

.-..\, rL
ur,-..

I
S¡--.
I

{

Increasíng steric bulk of sÍly1 group and íncreasíng hydrolytic
stabÍlity of derivative.

i t .:-i ¿. i:
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determinations on small samples, along with precise structural information

and idenËification) Ít has not found wídespread applicatíon in nucleic

acíd synthesis. Thís is in part due Ëo the fact that many synthetÍc

derÍvatives are not suiÈable for direct analysis by GC and MS.

ForËunately, the new SCTASi groups impart properËies Èo the nucleo-

sídes which make them guite amenable to gas phase analysis. Therefore,

Chapter III of this thesís examines the separation, analysís, and

characËerization of SCTASi derivatives of nucleosides by the techniques

of gas phase analytícal chemístry, and Chapter IV presents the detail-ed

interpretation of mass specÈra.

Scheme 2 l:.as already illustrated the types of silyl derivatíves

of the 2r-deoxynucleoside series that are of concern. The partially

protecÈed derivatives (such as 5t-O-TBDMsi-thymidine, 2.2, and 3t-O-

TBDMsi-Ëhymidine, 2.4) are Ëhe essenÈíal units for olígonucleotide

synËhesis. Fu1-ly protected derivätives (such as 3'r5r bis-O-TBDMSí-

thymidine, 2.3), although produced as side-products in partÍal sÍlylation

reactions, are al-so valuable as syntheÈic íntermediates (as ín the

preparation of 2.4). In addítion, they are useful as "analyticalrl

derívatives, an aspect which will be díscussed in Chapter V.

The entire series of deoxynucleoside derivaËíves examined by

chromatography and MS are outlined in Scheme 3; Èhe complete names and

numbers of indívidual derivatives appear in Tables III and VIII (Chapter

III). Derívatives are numbered according to the parent compounds

(I = thymidine, II = uridine, etc.) wiÈh subscripËs represenÈing the 5f-

and 3r-O-substíÈuents, Y and Z respectively. Y and Z are designated by

l-etters for various substituent groups (= = H, b = TBDMSi, .9 = TIfIBSÍ,

d = TMIPSi, etc.). Thus, Ibc represents Ëhe compound 5'-O-TBDMSi-3r-O-
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Scheme 3. SËructural designaËion of 2t-deoxynucleoside derivatÍves.

Base (B)

lÈl2

I

Compound
Number

Parent
Compound

(YrZ = H)

ct-r3
Ty, Thynidine

Tfyz Deoxyuridine

TÍTyz Deoxycytídíne

IYyz Deoxyguanosine

SubstiËuents (YrZrQ)

a=II

1"tb = ËBu-Si--
I
cH3

(rBDMSi)

H

X.1

" = Ççr" (rì'rrBsi)

(rMSí)

. = Çirr, (m,,si)

ÇH¡
I

e = CHc-Sí--,l
cH3

CDel'f = CDc-Si--'l
cDg

o
llg = CH3-c--

o
lrh = CD3-C--

o
lri = CF3-C--

(dTMSi)

(Ac)

(dAc)

(rFA)Vy"q DeoxyadenosÍne
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IMTBsi-Ëhymidine. In Ëhe case of deoxyadenosíne, a few derivatives rirere

further substiËuted at the N6 posit.ion of the base.and ar:e numbexed \lyzq

(where Q is the N6 substÍËuent).

Only three SCTASi groups are discussed in Ëhis thesis: TBDMSí,

TlfIBSi, and TMIPSi. Theír behavior represerits that of the entire series

of SCTASi groups, and Ëhese three are essenÈial for the ínterpretaËion

of mass spectra. SubstíËuenËs (g) to (i) were employed in this study

for analytical derivatization Ëo improve the chromatographic and mass

spectral properties of partial- SCTASÍ derívatíves.

Most of the SCTASi derivatives were prepared and characterized (by

convenÈional techníques: NMR, IR, IIV, melt.ing poínË, and elemenËal analysis)

by K.K.Ogílvie and coworkers (64-69) and E.A.Thompson (83).

The ribonucleoside series of derívatíves have not been examined

in as much deËaÍl as the deoxy series. This ís partl-y due Èo the facË that

the synthetic work ís still incompleLe, and parËIy due to the number of

partial derívaËives available. Scheme 4 ill-usÈrates Èhe compounds

Ínvestigated. Most of the work has been perforned on TBDMS1 derivatives

of uridÍne (VI), which have been synthesized and characËerízed by

K.L.Sadana (85). As shor¿n ín Scheme 5 there are seven such derivatives

possíble: three mono-silyl and three bis-silyl partial derívatives, and

one fu1-1y proËected compound.

Scheme 5. TBDMSi-urídlne derivat,ives.

Y(5') Z(3, ) rü(2')
Vlbaa TBDMSí .H H
Vlaba H TBDMSi H
Vlaab H H TBDMSÍ
Vlbba TBDMSi TBDMSi H
Vlbab TBDMSi H TBDMSi
Vlabb H TBDMSi IBDMSi
Vlbbb ÎBDI"ISÍ TBDMSi TBDMSi

, .4,
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Scheme 4. Structural designation of ribonucleoside derivatives.

:.:'i. ...:.r...r- r.......... . ., . ..:.i..,..

10r()

Base (B)
Compound

Number

YTyzw

Parent
Compound

(Y,zrlü = H)

Uridíne

YTTyzw 5-Methyluridine

VIIIyrrq Adenosine

S_ubstituents (Y, Z,l,I, Q)

a=H

b = TBDMSi

T}ITBSí

TMIPSi

e = TMSí

c=

d=

g=Ac

i=TFA
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D. New Analytícal Derivatives

WiÈh the applicatíon of gas phase analytical chemistry to syntheÈic

nucleosíde derivatives, iË became apparent ËhaÈ SCTASi eËher derivatives

had certain useful properties which suggested their use as analytical

derivatives. They possess some of the valuable feaËures of nonclassical-,

as well as classical, derivaËives: hydrolytic and Ëhermal stability,

crystalliníty and sharp noelting poinËs, volatiliËy, and good TLC, GC,

and MS behavíor. Therefore, some of Ëhe resulÈs in Chapters III and IV

that illustrate the value of these derivatives for chromatography and MS

of nucleosides, are discussed further ín Chapter V from an analyËíca1-

viewpoint. Also presented in that Chapter are the results of an

ínvestigation into the application of SCTASi derivatives to Èhe gas phase

analysis of another class of bÍologically imporÈant compounds: steroíds.

The results of this work have been reported Ín a number of

conference proceedings (68, 86-88) and publications (66,67,69,89-93).

Other report,s are in preparation. Recently, several- papers have

demonstrated the use of TBDMSi derÍvatives for GC, MS, and SIR of

prosËaglandins (l+¡, sËeroids (95-97), carbohydrares (73,98,99), and

fatty aeíds (100). The resulËs, where comparable, are in good agreement

wiËh Èhose reported in this Èhesis and serve Ëo indicate the inÈense

inËerest. in this area of research.
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II. EXPERIMENTAL

A. Liquid Chrornatography

Thin layer chromatography R, values r¡rere measured on strips of

Eastman Chromagram sheets (No. 6060, sílica gel with fluoreseenË indícator) '.. 
,,,,',.'',',.,

with a solvent migraÈion distance of 10 cm. Large scale separatíons were

performed by thick layer chromatography using 5 X 20 cn glass plates

coaËed wiih a 250 U layer of silica gel GF ("Prekotes'r from ApplÍed ,',,.,',
la t, 

,., .,,,t.

scíence Labs rnc., sËate college, Pennsylvania). These pl-ates were 
1.,,,,,,,,1:,r,,

acËivaËed for 30 min at 11-0" prior to use. Reactíon míxËures could be -':' :

applied directly, 'unless this involved large amounts, ín which case

DMF or pyridine was first removed þ Vry and the residue was dissolved 
,

inasma11amounÈofdiethy1etherordich1oromeËhaneforapp1icatíon.

A nítrogen stream was used for dryíng applied spots or bands. Developing

solvent sysËems employed \¡rere as follows: -A=dÍethyl etheri B= eÈhyl l

acetatei 9= chloroform/ethanol (8:2, v/v); D = diethyl ether/hexane 
:

i

(2:I, v/v); and E=cyclohexane/ethyl acetate (9:1, v/v). Visualization i

was achieved wiÈh a IIV lamp for nucleosides or with iodine vapor for 
lrr,.,ì,-.i.i,

steroids. Compounds were eluted from Prekote plates wiËh diethyl ether. ,.., 
,

':-I ._ :

This elution soluÈion could be anaLyzed direct.ly by GC/MS, or a few .r ,' ,',"'''
'. .: . .:

microliters could be evaporated in a solid probe sample tube for dírect

MS analysis.

Sephadex LH-20 column ehromat.ography of sil-ylated steroids was ,: :., I
l.,if:.',:':'::ir,:

perforned by a method simÍlar to that of Kel-ly and Taylor (97). Up to

200 Ul of silylaËion reaction mixtures üras applied to the top of a

0.5 X 6 cm column of Sephadex LH-20 (Pharmacia AB, Uppsal-a, Sweden)

swollen ín heptane/ethyl acetate (3:1, v/v) and then eluted with 10 rnl 
i,.,i:,:,,,,,,
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of the same solvent.. Fractíons (1 nl) were collected and evaporaÈed to

dryness. Silylated steroids eluted T,rithin the first 2 ml as deternined

by TLC or GC analysis.

High perfonnance liquid chromatography was performed on a Spectra-

Physics Model 3500 instrument r¿ith a 10 Ul volume valve injector and a

IIV absorpËion monÍÈor (À = 280 nm). The column was 250 uun X 3 nm-ID

packed \,rith 5U Spherisorb Silica. Ethyl acetate was used as mobile phase

wi-th flow rates from 0.4 to 3.2 mUmin.

B. Gas Chromatography
..

Gas chromatography was performed on two different ínstruments.

The first r¡/as a Hewlett-Packard model 57114 gas chromatograph equÍpped for

dual flame ionízation detecËion (FID). The off-column ínjecËors and Èhe

detectors had glass ínserts and were at 25O" and 300", respecÈively.

Columns A and B (glass, lm X 2urn-ID X 6rnrn-OD) were packed wíth 102 OV-l-

and 10% OV-17, respectívely, on 80/100 mesh Gas Chrom Q (Applied Science

Labs Inc.). Column C was 3.75n X 2.4nrn-ID (glass) packed üriËh 102 OV-l

on 80/100 mesh Gas Chrom Q. All coluurn tubing was treaÈed with 52

dinethyldichlorosilane/toluene, washed with methanol, and dried prior to

packíng. Columns rrrere routinely treated ín situ with injecËions of Sil-yl-8

(Pierce Chernical Co.) to block any active sites. Nitrogen carrier gas

flow rat,es rnlere 30 rnl/nin and the column oven vras operated isothermall-y.

In order Ëo collect effluent for further studies (TLC, MS, derivatizatfon

and reinjecËion, etc.), a column could be connected to an effluenË

splitÈer between the detector and a collecËor in the ratio 1:4. The

design of thís splitter/collector system is given in Fígure 3. For mass

sPectrometry of the effluenËs, the glass capillary Èrap could be fitted

into Ëhe solid probe of the MS. ,rl:;: ìj.,:
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Figure 3. Cross-secÈional view of the spliÈter/collector system

developed for the Hewlett-Packard GC. The column effluenË ís splíË ín
a Lz4 ratío between the flame ionization detector (FID) and collector
by a stainless steel (ss) splitter. The collector unit is designed to
maintaín a constant temperature up Ëo the point of collection by a
combinaÈion of insulation, heaÈing wire, and air flow from the coltrmn

oven. High resolution is preserved by a low dead vol-ume and efficient
glass traps.

1 = coh¡mn oven r¿all I 2 = column oven; I = column (1/4t'-oo X 2rnm-

ID); 4 = Swagelok reducer union (L/4"-Lll6",ss); 5 = Swagelok union Èee

(I/L6",ss) i 6,7 = capillary Ëubing (1/16"-oD X 0.0l"-ID,ss) of 1-engths

20cm and 5cm, respecÈively; I = glass collector housíng i 9 = drilled
Teflon cyIínder; 10 = asbesÈos insulation; q = Variac voltage regulator
and NÍchrome heating wire; 12 = aír flow maintained by house vacuum;

_Þ = 91""s trap with dÍmensions of a = 3rm, b = lomn, c = 2nm; 14 =
poínt of collectíon' (can be cooled by a stream of liquÍd nítrogen vapor);
15 = 20m secËíon for inserËíon inËo solid probe of FinnÍgan MS.
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It should be noted that, although the analysis of complex mixtures

is best accomplished with longer coh¡mns with lower percentage liquid

phase loadings (L to 3%), temperaËure progranaing, and combined GC/MS, thís

r¿ork utilized short L0'Á liquid phase columns in order Ëo achíeve fast

analyses of simple míxËures, the measurement of isothermal retention

indíces, and semi-preparative isolatíon of effluents.

The second GC was a Varian model 1700 equipped with FID, as well

as an ínterface Èo a Finnigan 1015 mass spectrometer. The interface

(described in Figure 4) allowed símultaneous GC/FID/MS. An off-column

glass-lined ínjector rnras maintained at 225" and the FID and separat.or

\¡rere at 250" . Column D (10% OV-l, identícal to column A) r,¡as operated

T.rith helíum carrier gas at 40 rnl/nin and with temperature programring.

The Hewlet.t-Packard GC r¿as used for quanËitative studies and

peak areas Trere measured by either Ëriangulation (for resulËs in

Chapter III) or disc integration (for results in Chapter V).

Kovatrs retentíon indices (I) (101) were calculated wiËh a program

developed for the Her¡lett-Packard 9l-004 calculaËor (see AppendÍx).

This perfonns a 1Ínear ínterpolation of the plot of retention time

(measured for a mixÈure of ¿-alkanes and the compound of interest, at a

particular temperaÈure) versus carbon number x 100. The I values

reported have a precÍsíon of +5 units. SeparaÈion factors (retentíon

Ëine ratios; always ) 1) of isomeric derivatÍves r¡rere measured at

ËemperaÈures which gave reasonable retentÍori times.

C. Mass SpectromeÈry

Three different types of instrr¡ments Tirere employed. A Fínnigan

1015 RF-quadrupol-e mass spectrometer r¡as,used for most compounds sÍnce 1t

provided fasË analyses on very sma1l samples. SolÍds, Èrapped effl-uents :: :1 .
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Figure 4. Gc/flD/Ms-interface developed for coupling the Varian 1700

GC Ëo a Fi-nnigan 1015 MS with simulËaneous flame ionizatíon detectíon.
i{hen the micro-valve is open, Ëhe column effluent is split in a 1:4 ratio
between FID and MS, respecËively; when iË is closed, the MS is isolated
to prevent introducËion of solvenÈ or other componenLs, or for indepen-

dent operation of the GC/FID and MS.

1 = column oven; 2 = deËector oven; 3 = columr.1, 4 = splitter (same

construction as in Fígure 3) ; 5 = FID; 6 = high-temperaËure micro-vaLve
(Precision Sampling Corp., Baton Rouge, Louisiana); 7 = glass capíllary
tubing (pressure d.rop restrictor) ; 8 = I^Iatson-Biemann glass friË carrier
gas separator; 9 = rough vacuum for He removal; 10 = heated manifol-d to
MS; 11- = MS ion source.
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from the GC, or evaporated TLC eluates rvere íntroduced with the

solid probe ín1et system. Only mild heatíng was required for most samples.

The analysis of míxtures of sílylatíng reagenËs was accomplished by

combined GC/MS using Ëhe interface described in Figure 4. The electron

energy r¿as 70eV and the íonizatíon chamber was maint-aíned at. 200".

Special care $ras Ëaken that spectra rnrere scanned only when a constant rate

of evaporation had been achíeved ( or at peak maxima in GC/MS) in order t,o

avoid distortion due to concentratíon changes. The instrumenË htas care-

fully tuned for "unít resoluËion'r (Alt = 1, or where the resolution is

equal Ëo Èhe mass of Ëhe íon transmitted) and optinum sensítívity aÈ

high rnass since the spectra are very sensítive to quadrupole operating

condítions (102). The seríous effect of tuníng on the appearance of a

specÈrum is íllustraËed in Figure 5. The reproducible tuníng of the

quadrupole system was assisted by using 2t,3',5ttris-O-TBDMSi-uridine

(Vlbbb) as a standard. Fígure 6 íllustrates that the condíËions selected

gave a spectrum on the quadrupole instrument, after correctíon for mass

discriminaËion (vidg ínfra), that was quite símilar to the one produced on

a Hitachi RMU-6D magnetíc MS. In addition, this Ëuning is close to that

proposed by Eichelberger et al. (102) r¡ho used decafluorotriphenylphosphine

as a standard (Figure 7).

TheoreËically and experímentally, the transmission of a quadrupole

mass fílter is inversely proportional to the resolution provided that

resolution ís greater than about 70 to 80 (l-03-105). In order to compare

the abundance of fragnent ions of different mass from different compounds,

and to give a speetruJtr similar to that on a magnetíc instrument, correctíon

for this mass discríminaËion hras achieved by multíplyíng the intensity of

each ion by its mass before the spectrum Ìras normaLized (Figure 6).
'.rì:r'
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The second instrument r^ras a Hitachi-Perkín Elmer RMU-6D single-

focusing 8" radíus magnetic sector MS. All samples r^rere introduced with

the dírect insertion probe. A total ion monitor r¡ras used to d.etermine when

the rate of sample evaporat.ion r^ras constant. SpecËra ürere recorded at

50eV or 20eV with a nominal accelerating poÈenËial of 950V and with the ,.,

ionÍzation chamber at 2000. Although this instrr¡merit required more sample

for a good specËrum, it provided metastable peaks and higher resolution

than the quadrupol-e.
:'. 

t.

The mass spectra produced by the above instruments !'rere measured 
_,, ,

manually from the oscíllographic chart record, keypunched, and plotted ,:

with the computer program given in the Appendix. Metastable peaks were

matched according Ëo the equation, m* = mdz/mp (where mp = parênÈ íon

mass, m¿ = daughter íon mass), by a computer program símilar to that

reported by Lin (106).

The third insËrurnent vras the CEC-1108 double-focusing MS of the

Upjohn Company (Kalamazoo, Michigan) (107). Its high-resoluËion ouËput

was in the form of a photographic plate and an offline plate reader and

compuËer data acquisition system provided exact mass values for all
.,...

signíficant peaks above m/ e 70 in the mass specÈra. On1-y compounds '"
,.:-,

Iba, Iab, Ibb, and VIbbb !üere run on thís systen. ','
.,'

D. Reagent.s

ReagenÈ grade pyridine (PïR) was distilled frorn ¿-toluenesulfonyl-
t.,,

chloride, redistilled from calcium hydride, and sÈored over Linde :

molecular sieve. Reagent grade N,N-dimethylformarnide (DMF) was refluxed

over cal-ciun hydride, followed by distillatíon and storage over Linde

molecular sieve. Reagent grade tetrahydrofuran (THF) eluted through aû 
,.:.i.:

activated alumina column r¿as refluxed with powdered LíAJ-H4, then distilled li¡ì
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frorn LíAIH4 and stored over molecular síeve. Triethyiamíne (TEA) was

distilled from calcíum hydríde and sÈored over molecular sieve. n-Alkanes

(n-CZO to n-C4g) were purchased from Applíed Science Labs (State College,

Pennsylvania). DecafluoroÈriphenylphosphine r\7as obtained from PCR Inc.

(Gainesvílle, Florída). Nucleosides and sËeroids r^7ere conrnercial samples

(Sigma Chemícal Company, St.Louís, Míssouri) except for the cyclopropano-

steroíd meËabolites, which were obt-ained from Dr. J.F.Templeton, Facult.y

of Pharmacy, Universí-uy of Manítoba.

The reagents N-trirnethylsílyl imidazole (TMSíIm), Trí-Sí1 Z (L.2l"I

TMSíIn in PYR), bís-trimethylsilyl trífluoroacetamide (with I% trimethyl-

chlorosilane) (BSTFA), acetyl imidazole (Aclrn), trifluoroacetyl imidazole

(TFAIn), and trifloroacetic anhydríde (TFAA) were obtained from Pierce

Chemical Co. (Rockford, Illínois). Reagent grade aceËic anhydride (AcAnh)

r¡as distilled from phthalic anhydride and stored in the dark. Acetíc

anhydrÍde-d6 Og%D) was purchased from Stohler Isotope Chemícals and

N,O-bis-trimethylsilylacetarnide-d1g (esA-d1g) was purchased from Merck,

Sharpe and Dohme (Montreal, Canada).

SCTASi reagents

tert-BuËyldimeËhylchlorosílane (TBDMS1CI), m.p . L2L-L25o, üras

prepared acco::ding to Ëhe method of Sommer and Taylor (fOB); it is also

available commercially from hlíllow Brooks Labs (I^Iaukesha, I^Iisconsín).

The mass spectrum is given ín Figure llc. gycþ-Tetramethylene-iso-

propylchlorosilane (TMIPSiCI), b.p . 165-175o, and cyclo-tetramethylene-

tert-butylchlorosilane (TMTBSiCI), b.p. L82-L84", r,rere prepared by reacting

íso-p.opyllithiuin and tert-butyllíthium (Alpha Products, VenËron Corp.,

Danvers, Mass.), respectively, under nitrogen with freshly distilled

cycl-q-tetrameËhylenedíchlorosilane (PCR Inc., Gaínesville, Florida),
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b.p. 138-139', dissolved in pentane containing L07" THE, fol-lowed by

fract.ional distillaËíon. The preparatíon of Ëhese and oÈher chlorosilane

reagents is described in detail in the líterature (69,83). The mass

specÈra of TMIBSiCI and TMIPSiCI are given in Figures l1a and llb

respectively.

terÈ-BuËyJ-nethyldichlorosilane (TBMSiC12) was prepared by reacËing

1 equiv. tert-butyllithíun úrith 1 equiv. meËhyltríchlorosilane (PCR Inc.)

in pentane. AfÈer filËratíon and evaporation of periÈane, the white solid

produet. was used wíthout further purification. The major signifícant

peaks ín the mass specËrum arez m/e L7O/L72/L74, È; m/e L55/L57/159,

1l,t-cg3)+ ; ml e L35 / 13 7, (M-cl) * ; ^/ " LL3 / LLs / Ll7, (M-c4H g)+ ; ml e 93 / 95,

C2H6SiC1+; mle 63/65; mle 57; mle 56; mle 4L.

N-tert-butyldimethylsilylimidazole (TBDMSíIur) was prepared by

refluxing TBDMSiCI (7.5e, 0.05 nole) wiÈh inidazoLe (3.4e, 0.05 mole) in

TEA (150 ml) under nit,rogen for 3h. The precipítate of TEA-HCI- rras

filtered off under nitrogen and the filtrate was fracÈionally dístilled

to give a clear, viscous liquid, b.p. 150-155" at 77 torr. GC analysís

showed the purity to be approximately 957". The mass spectrum is given

in Figure 1-2a. RecenËly, a simÍlar preparation has been reported in the

l-iËerature (109): b.p. 82.5-83.50 at 0.9 torr.

N,O-bis-tert-butyldimethylsilylaceËamíde (TBDMSi2Ae) was prepared

by refluxing TBDMSiCI (15.09, 0.10 urole) and acetamide (1.29, 0.02 nole)

in TEA (100ml) under nítrogen for 3h. The precipitate of TEA-HCI- ¡sas

filtered off under nítrogen and the filtrate was fraetionally dístílled

to give a clear liquid, b.p. l-35" at 35 torr. GC analysis showed the

puriËy to be approxímaxely 957,. The mass spectrum is given ín Fígure 12b.

There has been some debaËe ori the sËructure of bis-siIyl derivatives of
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amides (110). This reagent was assigned a.s the N,O-bis-si-lyl derívative:

,SiMe^tBul¿
I

Ms-C\
\t-SiMertBu

on the basis of the temperature dependence of its NMR spectrum in the

líght of the earlíer studies. At 40", the NMR specËrun shorved ô,0.01 and

0.17ppm, Ëwc 6 proton sínglets (two SiMe2 groups); ôr0.84ppm, 18 proton

singlet (two coincídent t-Bu groups); ô,1.90ppm, 3 proton singleÈ (CH3CO).

WiËh íncreasíng temperature the two SíMe2 resonances collapsed to a síngle

resonance. The coalescence temperature, Tc, stas not precisely determined

but was estímated to be 90110". AË thís ternperature, the value of Av",

extrapolated from the slow exchange values, \Á/as close to 9.0 Hz. Thus,

from k" = riÂv"/ {T and, k" = (kTc/h)exp(-Ae*/RTq), rhe free energy of

ac.tívat,ion, Ag*, for the exchange of silyl groups was est.ímated to be

L9.2!0.5 kcal/mole. (Av" ís the chernícal shift difference at the

coalescence temperature, k" ís the rate constant., and ín the Eyring

equation for the rate constant the transmíssion coeffícíent. has been

taken as unity, for consístency wiËh the earlier work (110).) Comparison

of this value of AG* i¿ith the values for other amides, sËrongly supports

the struct.ure given above, sinee this value is in the range expecËed for

NrO-bís-sílyl amides, and is several kcal/rnole higher than values

obtaíned for l{,N-bís-silyl amides (l-f0). The preparaËion of thís reagent

has been described recently (109): b.p. LL7.5-118.5o at B torr, wi-th an

idenEical NMR speeÈrun at 40o.

GC/MS of SCTASi reagenrs

In the synthesís of the above reagents (and other chlorosilanes now
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reported in the IiÈerature (69,83)) GC/MS proved invaluable for optinizing

yÍelds, detecting side-producËs, and confirmíng product identities. The

chromatographic and mass specÈral properËies of these reagents have not,

as yet, been discussed in the literature. Therefore they are presented

brÍefly in thís section. Chronatograms ín Figures 8 to 10 illustrate the

chromatographic behavior of various reagents and theír rnass spectra are

given in Fígures 11 and l-2.

Figure 9 demonstraÈes Ëhe value of GC/MS in analyzíng reagenË

preparat.ions. In this example, a synthesis of TMIPSiCI was determíned to

be a failure due to an impure batch of iso-propyllithÍum (from a commercial

source). Fractional distíllatíon did noË purify the TMIPS1CI sufficiently.

GC was also used to ensure Èhat the appropriate amount of alkylliÈhíun

was added ín Ëhese reactions. Thus, in Èhis chromatogram a peak

representing unreacËed starting maËerial is still present.

IÈ should be noted that it ís very iuporÈant, espeeial-l-y for

analytical derivatization work, to ensure Ëhat there are no ímpurities

with Si-Cl bonds in the chlorosilane reagents. In a reaction, these

would lead to non-quantitative yields of the desired derivative

(particularLy if. the impurity chlorosilane was less sËerically crowded

than the reagent and therefore could react fasÈer wiËh substrates). I^Iith

GC/MS it is quite easy t,o spoÈ such ímpurities due to the characteristíc

Cl-35/37 doublets in the mass spectra.

Di-tert-butylt,etramethylene-dÍsiloxane (Figures 1O (peak 3) and

13b) ís a side-produet commonly observed in the synthesis of TBDMSiIn

and TBDMSL2Ae, and in the reactíons of all TBDMSi reagents.

N-TBDMsÍ-acetamide (Figures I0(peak 2) and 13a) is a product i.n the

reacÈions of TBDMSi2Ac.
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Figure 8. Gas chromatogram of a good preparaËion of cyclo-teËra-
meÈhy1-ene-tert-butylchlorosilane (TlfTBSiCl, t), indicaËing complete reaction
of cyclo-tetramethylenedichlorosilane (retention time = 2 mÍn) and l-ow

concenÈraËíons of side-products (not identified, but mass specËra indí-
cated thaÈ no chlorines were present). CondiËions: column D GAi¿ OV-l-);

temperature program: 60o for 2 mÍn, then 10"/mÍ:n 60-220"; helium carrier
gas at 40 nl/min.
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Figure 9. Gas chromatogram of a very poor preparation of cyclo-tetra*
meËhylene-_i_go-propylchlor:osilane (TMIPSiCI, 2) due to an ímpure batch of

ise-propyllithíum, as well as incomplete conversion of cyclo-tetramethyl-
enedichlorosílane (_!1. Same conditions as in Figure B. Tentative iden-
titíes of other peaks assigned by GC reËentíon tíme and mass spectra:
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Figure 10. Gas chromatogram of a mixËure of TBDMSí reagents and sone

side-producËs that occurred in their preparatÍon. Same conditíons as

FÍgure 8. Peak indentities: I = TBDMSíCI; 2 = N-TBDMsí-acetamide; 3 =

di-tert-butyltetrameËhy1-disíloxane; 4 = TBDMSiIn; ! = TBDMSi2Ac.
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f . prffeig!.ion_g!élglyticaf lerivaqives

DerívaL|zations were performed J-n dry, t.eflon-líned septum-capped

víals (usually 0.3 ml scre\"r-top "Reacti-Vía1s" from Píerce Cheinicai Co.).

If required, vials could be inserted into a cont.rolled-temperature

aluminum block.for reactíons aË temperatures other than ambienË.

One to 20 ¡rmoles of substrate hras weíghed ínto the víals and reagent

added so Èhat Ëhe resultant substrate concenËration was from 0.01 to

0.1 M with a reagent,/substrate ratío, between 10 and 100. Vials were

then shakerr to díssolve substrates.

Acetylat.ions and trifluoroacetylatíons vrere executed with reagent

systems of AcAnh/PYR (1:2,v/v) and TFAIn/PYR (1.5M), respecrively.

Acetyl-d3 derívatives 'hrere prepared with AcAnh-d6/PYR (L:2,v/v). Reacrions

ü7erecomp1etewithin30minaÈÏoomËempeÏatureasconfírnedbyTLCorGC
I

analyses, and could be analyzed directly by GC/MS. However, for quantit-

ative studíes involving acetylations, it v¡as found that príor to GC analysís

it was best to evaporate an aliquot of the reaction mixture in vacuo I

( to remove reagent and aceËic acid side-product) and Ëhen dissolve the

resídue in a solvent such as dichloromeËhane.
.:

Most trímethylsilylaËions \¡rere executed wiËh the reagent Tïi-Sil Z

:"'"
(1.2M TMSírm in PYR). Primary and secondary hydroxyls (but not amínes :

and enoli zabLe ketones) hrere converted to TMSi ethers rvithin 10 min at

room Èemperature (determíned by GC). Nro-per-trimethylsílylations (e.g.,

for deoxyaclenosine, adenosine, and theír O-SCTASí derivatives) were ;i.
accomplíshed wi-rh BSTFA/PYR (5:1,v/v) ar 90" for th. TMsi4-urídine

(Vleeee) \,zas pr:epared by reacting uridine with neat BSTFA at 90o for 2i¡.

For the eomplete silylation of 5þpregnane-3o,,L7arZ}u-triol, the reagent

TMSirm (neat) was userl with overnight reaction at B0o. TMSÍ-d9 derívatives 
i:i.u

ürere prepared wírh BSA-d13/PYR (1.5M). '

'
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For SCTASí derivatizatíons, Ëhe following reagents rÀrere prepared,

using Èhe appropriate chlorosilane (TBDMS1C1,TÌ,ÍIPSíCI, or TlflBSiCl), and

stored in teflon-lined, septum-capped hypo-vials (Pierce Chemical Co.):

A = lM chlorosilane and 2YI i:midazole in DMF

B = lM chlorosilane and 2YL imidazole in PYR

C = lM chlorosilane Ín PYR

D = lM TBDMSiIn in PYR

E = lM TBDMSi^Ac in PYR
z

Reactions of these reagenËs with various substraEes are discussed Ín

detail from an analytícal víewpoínL in Chapter V, and from a synthetíc

viewpoint in the literature (69,83). Silylations of prímary and steríc-

ally unhindered secondary hydroxyls with Reagents A and B were usually

complete within an hour at room ÈempeïaËure. Reagent A was used for most

silylatíons, although it gave a precipitate of Ëhe derivatives of some

st,eroids. This could be redíssolved by adding dichloromeÈhane to the

reacÈion soluËíon before analysis by GC/MS. Reagent B retaíned the

derivatives in solution and was generally more suitable for quantitaLíve

GC of sËeroids.

All the partíal O-SCTASí derivatives of nucleosídes (and a few

fully-O-silylated derívaËíves) were prepared by Drs. K.K.Ogilvíe,

E.A.Thonpson, and K.L.Sadana and are described in the literature (64-69,

83 ,85)

5 
| -O-TBDMSi-2 | 

, 3 '-leqq-butylmethylsilyldioxy-urídíne (X) was

prepared by reacting 5'-O-TBDMSi-uridine(Vlbaa) with lM tert-butyl-

meÈhyldichlorosilane in THF/TEA(S:1rv/v) for one hour at room temperature,

followed by direct GCIMS anal-ysis.

SCTASi derivatives of steroids isolated for use as standards

i': .i.ì.:': :. : :
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r47ere prepared by larger scale reactíons using magnetic sËírring and dry

conditíons. DerivaËÍves that precipitated from Reagent A were isolated

by fíltration, followed by a neÈhanol wash. Purífication could be achíeved

by TLC, recrystaLLízations, and/or vacuum sublímaËions. Other eompounds

that did noÈ precipitate during reaction could be isolated by evaporatíon

of DMF or PYR, followed by extractíon with hexane and purificaËion by the

above techniques. Sephadex LH-?O column chromatography was also useful

for removing DMF or PYR, in addítion to ímidazole and iËs hydrochloride

salt (Iur.IiCl) .

F. Deuterations

The free hydroxyls and amines of SCTASi derívaÈíves of nucleosides

were deuËerat.ed on a micro-scale by díssolvíng 1-5 mg of a compound in

250 U1 of D2}/I,4-díoxane (1:1,v/v) and heating ar 60o for 2h. This

solution was then analyzed by GC/MS, after the GC col-umn and the MS had

been flushed with D2O. Complete deuteraËion r¡ras not achieved, although

it was sufficíenË for interpretatíon work (approximate yields: Iba, 7O7"d2,

3)7"d,y; Iab , 50%d.2, 4O"ÁdL; Ibb , 6Oiad1).

G. QuanÈítative GC Procedures

Rates of silylations of nucleosides or hydrolyses of sílyi- deriva-

Ëives of nucleosides were sËudied by quantitatíve GC. Specíal procedures

\ÁIere required to prevent injector reactíons from causing errors in the

analyses. Reactions \¡rere performed in dry, teflon-l-íned sepÈum-capped

víals (typícally, 3m1 screw-top vÍals from Pierce Chemical Co.) contaíning

snall tef lon-covered magnetic st,irring bars (approx. 2nn X 8m).

A typÍcal sÈudy of silylaÈion rate was performed by weíghing l_nto

@

OF MANITOBA

(lgngRrç-$

the víal approximately 50 Umoles of subsËrate, adding in the
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amounË of solvent (usually PYR or DMF, to give abouË 0.1M ín subsËrate)

contaíning the internal sLandard (pyrene or Ëríphenylene) by syringe,

sealing the vial, and then dissolving the substrate by stirríng. If

requÍred, the vial could be snugly fitted into a controlled-t,emperature

aluminum block for rate studies at tenperatures other than ambienË. The

appropriate quantity of reagent was then added by syringe through the

sepËum (amount as determined by the molar proportion of reagent to substrate

desired). Timing \,ras started r¿hen the reagenË had mixed in. The reacËíons

were then monitored at tímed intervals by either MeËhod L or 2 as appro-

príate.

Method 1. A 10 pl a1-iquoÈ of the reactíon solutíon was wiËhdrawn

from the víal by syringe. This was added to 2O pl of methanol in a small

dry culture tube (50 X 6mn-OD) to quench the sílylatíon reaction and

allowed to stand for 5 min. VolaËiles ¡¿ere Ëhen removed by the combination

of a dry niËrogen streâm and low pressure, or else by placing on a vacuun

rack. The residue tras dissolved in 20 pl of díchloromethane and then 0.5

to 2.0 ¡r1 portions were subjected to GC analysis.

Method 2. A 10 pl aliquot of the reaction solution was withdrawn

from the vial with a syringe and placed ín a dry culture tube fítted with

a rubber 5nm NMR sample tube septum cap (Kontes Glass Company). To this

was added 20 pl of one of BSTFA, Tl'fSiIm, TFAIn, TFAA, or AcAnh reagents

to rapidly convert. unreacted substraËe to a volatile derivative. The

mixture was Ëhen mixed by vibration and allowed to sÈand for 10 mín or

longer. Except for the soluËions contaÍning acyl "rrfrydrid"", 0.5 to 2.0

pl portions Ìsere ana!-yzeð. directly by GC. lJhen anhydrides r¡rere present,

Ëhe volatÍles were removed in vacuo, the residue was dissolved in 20 pl

of dichloromethane, and Èhen analyzed by GC. Complete derivatizaËion ¡sas
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usually achíeved r,ríthin 10 min. Incomplete derivatízatíon coul-d be

detected from the chromatograms.

Hydrolyses of si1y1 derivatives by aqueous acetic acid on a small

scale were studied in a similar \day except that the internal standard was

not added untÍl a later sÈage because of its lirnited solubility Ín Èhe

hydrolysis media. (The internal standard is still required because it

serves to prevent a major source of error, í.e. variabílity of injecÈion

volume.) Reactions r^7ere set up by weighing accurately ínto a vial about

100 ¡rrnoles of silyl derivaÈive followed by additíon of. 807! aqueous acetic

acid t,o the appropriate concentraËion (Èypícally 0.05M). Reactions I¡rere

usually performed aÈ room temperature, buË other Ëemperatures could be

used. Stirríng and Ëiming \¡rere Èhen starËed. The reacÈions were moniËored

aË timed inÈervals by Method 3a or 3b.

Method 3. An accuraËely measured 25 pl aliquot of the reactÍon

solution was wíthdrawn r¿ith a syringe (or a micropipette could be used)

and placed in a dry culture tube. Volatiles were removed in vacuo and

the residue rüas díssolved ín 25 prl of pyridine contaíning the internal

sËandard. Then this solution r¡as treaËed in one.of tr¡o ways: (a) 0.5 to

2.0 pl portions were subjected to GC analysis, or (b) 25 pl portions of

one of BSTFA, TMSiIm, TFAIn, TFAA, or AcAnh reagents were added and the

solution was allowed Ëo stand for 10 min or longer. Except for the

soluËíons containing the acyl anhydrides, porËíons of the solution were

anaLyzed directly by GC. tr{hen acyl anhydrides Tdere present ' the volatlles

were removed in vacuo, the residue díssolved in 25 ¡.r1 of dichloromethane,

and Ëhen portions were subjected to GC analysis

GC analysis and calibration

For-aIl injectíons Ëhe "solvenÈ rrash" technique was used' i.e. all

.ì .l
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the sample \¡ras flushed into the chromatograph by a plug of a suiËable

solvent (e.g., díchloromethane) separaÈed in Èhe syringe from the sample

solution by an aír gap.

The co-injection experiments that were used to study injector port

reactions were performed by drawíng ínt.o the syringe the required vol-umes

of the solutions under test, ensuring that there rtras an air gap between Ëhe

plugs of the two soluËions. In this hray no reaction could occur untíl Èhe

sample had reached the injector porË. In the case of sÈudies of hydrolysis

in the injector port, 1.0 Ul of. 807" aqueous acetic acid was co-injected

erith varying amounËs of silylated nucleoside to imitaÈe 1.0 pl portions

of the hydrolysis medium in the desilylation experimenËs.

Areas of GC peaks were measured by triangulaËion or disc integration.

Relative molar concent.rations were determined from relative peak areas,

the knorrm concenÈraÈion and molar response of the internal- sËandard, and

relaËive molar response (RMR) values for different compounds. The latter

were obtained from a response curve derived by injectíng different volumes

of calibration solutions conÈaining the compounds of interesÈ and the

internal standard in known concentrations.

The relative molar response plots for Ëhe cholesterol derivatives

(Chapter V) were obtaíned by injecting a number of differenË vol-umes of a

serÍes of calíbration soluÈions conËaining the derivatives of Ínterest

and triphenylbenzene as inËernal standard. Such sol-utions (5,t0 and 25nl{

for each derivative) were prepared by t.reaËing aliquots of one standard

solutíon of cholesterol (50nM) and tríphenylbenzene (30¡nll) in pyridine

with rMSi, TBDMSi, and rMrBSi reagenËs (Tri-sil z Í.or TMSi; system B for

TBDMSi and TI'ÍTBSi). Relative molar responses were determined f rom peak

areas relative to that of the Ínternal standard. The peak area of the

latter was used to determine the exact amount of derivatíve injecÈed.
i..ì)ii::l ji:i:,i,:1
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III. CHROMATOGRAPI{Y OF NUCLEOSIDE DERIVATIVES

A. InËroduction

There is considerable interesË ín the separation and analysis of

nucleic acid components (bases, nucleosides, and nucleotides) and their

analogs, especíally due to theír biologícal imporËanee. Methods that

are rouËinely used include paper ehromatography, elecËrophoresis, ion-

exchange chromatography (111-114), and thin-layer chromaËography (115-118).

In recenË years, high performance liquid chromatography (HPIC) has emerged

as a very powerful tool for nucleic acid analysis (LL9-L22) and has

tremendous potential for future development.. Despite the avaílability of

Ëhese established meËhods, the applícation of gas chromat.ography is of

interesË not only as a complemenËary techníque but because of its speed,

sensitivíty, accuracy Ín quanÈiÈative determinations, and the qualitatÍve

information Ëhat it can supply (especially in conjunction wíth mass

spectrometry).

AlËhough the GC of nucleic acid bases is relaÈively straight-

forward (L23-L32), nucleosides and nucleotides presenË one of the most

díffícult and interesting challenges for gas chromatography. This is due

Ëo their multifunctional nature and consequent polarity, low volatilÍty,

and thermal labiliËy. Conversion to volatile derivaËives is essentÍal

for the successful analysis of Ëhese compounds. Acetylatíon (133) and

alkylatíon (133r134) have been examined for some nucleosides, but the

most successful neÈhod has been trinethylsilylation. Not only are TMSi

derivaËivesofmost'nuc1eosidesamenab1etoGC(L28_L32,1-35-142)but

Èhey are also the preferred. derÍvatives for mass specÈrometry (see

Chapter IV). Several studies have shown that TMSi derivatives are suÍtable
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for quantitative GC analysis (130-132,L40-L42). However, there are some

problems with eytidine and deoxycytidine. The TMSí cytidíne derivaËive

exhibits more severe peak broadening and Ëailing than other TMSi-nucleo-

sides, whíle TMSi-deoxycytidine has not as yet been chrornatographed. The

formation of TMSi/rneËhoxime derivatives has been investigated as a possible

solution (137). Prelimínary studies have also shown that TMSi derivatives

of some nucleotides (nucleoside monophosphates) can be anaLyzed by GC

(131-,1_35,143)

The main concern ín Ëhís project is Ëo ana1-yze nucleosides v¡hích

are already derivatized, either partially or fully, \,üiËh SCTASi groups.

The objective of the work reported in this chapter \,ras Èo investígate

chromatographic meËhods for Ëhis purpose, especíally ones which could

separate isomeric subsËituted derivatives and provide quantitatÍve

information.

There are very few examples of Èhís type of problern in the GC

literature. The closest one is the preliminary invesËÍgation of isomerl-c

ribonucleoside monophosphates by Hashizume and Sasaki (143). In that

case, Ëhe separation of 5r-nucleoËides from 2'(3' )-nucleotides was

achíeved using TMSí derivatives, buË problems rüere encountered r¿ith

2' <+ 3r mígration of a 2t- or 3r-phosphate group during trimethylsilyl-

ation. The separation of isomeric partially nethylated sugar derivatives

Ís another example of a simÍlar problem. For these, conversion to mixed

lMSi/Me derivatives has been useful- for GC/MS sÈudies (L44-I47). Finally,

Ëhe preparatíon of partial TMSi derivatives of various types of compounds

(sugars, sËeroids, etc.) followed by GC analysis has been proposed as a

meÈhod for "fingerprÍntingtt compounds or investigating their structure

(148-1s1)
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At the beginning of this project, it was antícipaËed that the SCTASi

derivatives of at least some nucleosides should be amenable to GC, since

the successful gas phase analysis of TBDMSi-prostaglandins had already been

demonstrated (63), and it üras expected that SCTASi derivatives should not

behave drasËically differenË from TMSi derívatives. A1so, the derivatíves

qlere expected to have good liquid chromaËographic properties due to the

low polarity of silyl ethers and Èhe stability of SCTASi eÈhers Èowards

hydrolysis. In addítion, Ogilvie (65) initially demonstrated that the

TBDMSi derivaËives of nucleosides were suitable for TLC.

The resulÈs below demonstrate the suitabilíËy of both liquid and

gas chromatographic methods for this problem. Only a preliminary ínvesti-

gation of HPLC techniques has been made, and the TLC data for a wider

range of compounds are presented in the reporËs deal-ing r¡rith synthetíc

aspects (69183185). The main emphasis in this chapter is on gas phase

meËhods, but it should be noted thaË LC methods play an important

complementary role ín gas phase analytical schemes (see Figure 1).

B. Results and Discussíon

1. Deoxynucleoside DerivaÈives

The chromatographíc data for Ëhe various deoxynucleoside derivat,ives

examined are presented in Table III. Some of these derivatives are of

inÈerest for analyÈical applications of SCTASi derivatization and are

discussed further in Chapter V.

a) Liquid Chrornatography

All the SCTASÍ derivatives of deoxynucleosídes were suítable for

TLC analysis. The derivaËives of the less polar nucleosides (thymidfne,

deoxyuridine, and deoxyad.enosine) are quite mobíle, allowing the use of

low polarity, volatile solvents such as diethyl- ether. This is a deftnite



Compounda

Number

TABLE III: Numbers, names, melËing points, and chromatographlc data
fot 2f -deoxynueLeosíde derivaËives.

Partlal- O-SCTASÍ DerivatÍves
Iab
Iba

Iad
Ida

Iac
Ica
IIab
IIba
IIïab
IIlba
IVab
IVba

Vaba
Vbaa

Compound Namea

3 | -o-TBDMS í-rhymid ine
5 | -o-TBDMS i-thymídine

3 I -o-TMrP s i-rhymid íne
5 I -o-TMIP S í-rhymid ine

3 | -o-TlfTBSí-rhymidÍne
5 t -o-TMIBSi-rhymidÍne
3 t -O-TBDMS í-deoxyur íd ine
5 t -O-TBDMS í-deoxyurid íne

3' -O-TBDMS i-deoxycyt 1d Íne
5 | -O-TBDMS i-deoxycyËíd ine

3 I -O-TBDMS i-deoxyguanos ine
5 t -O-TBDMS i-deoxyguanos ine
3 | -O-TBDMS i-deoxyadenos ine
5 I -O-TBDMS í-deoxyadenos ine

Me1-ting
Poínt (oC)

Mixed Ae/SCTASí Derivatives

83-84
19B-199

57 -64
139-140

7 2-73
182-183

rgb
rbg

red
rdg

nrTLC 
b

3 I -O-TBDMSi-5 I -0-Ac-thymídíne
3' -O-Ac-5 | -O-TBDMsi-thymidíne

3 | -O-TMIPSí-5 I -0-Ac-thymÍdine
3 | -0-Ac-5 I -O-TMlPsi-thynÍdlne

0.52
0.36

0.52
0.36

0.52
0. 36

0.41
0. 38

0.00
0.00

0.00
0.00

0.69 0.79
0.60 0.74

0.69
0. 60

0.69
0.60

0. s9
0. 61

0.00 0.40
0.00 0.46

0.00 0.50
0.00 0.30

0.36 0.76
0.23 0.70

*2 3o 
o 

-260o -290 otov-r tov-l tov-l

r_63-165
240-242

82-84
dec>230

2L6-2L7
165-166

GC DATAC

2587
262L

285L
287 6

2872
2909

2558
2584

d
d

d
d

27 3L
2739

2644
2646

2897
2892

Isomer Palrs I

cl

o.49
0.52

0.49
o,52

l-. l-04

L.077

1_. l-l_2

1.080

L.022

1. 006

1.015

continued. . .

5
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rgc
rcg

Vgba
Vbga

vgbe
vbge

TABLE III (continued)

3 | -O-TlfTBSi-s | -0-Ac-thymidine 0 .49
3 | -o-Ac-5 | -o-TMTBsí-rhymidÍne 0 .52

3 I -O-TBDMSi-5 I -0-Ac-deoxyadenosine 0. 17

3 t -o-Ac-5 t -o-TBDMsí-deoxyadenosÍne O.2L

3 I -O-TBDMSí-5 ' -O-Ac-N6-Ac-deoxyadenosine 0. 40
3 t -O-Ae-S | -O-TBDMSi-N6-Ac-deoxyadenosÍne 0. 43

Mfxed TFA/SCTASi Derivatives
rib
ïbi
rid
rdi
Ifc
Ici
vibi
vbíf

3 | -O-TBDMS i-5 r -O-TFA-thymidine
3 | -0-TFA-5 | -o-TBDMS Í-rhymid ine

3 I -0-TMTPSí-5 I -o-TFA-rhymidine
3 | -0-TFA-5 I -O-TMlPSí-thymldine
3 | -O-TMTBSi-5 | -O-TFA-thymidine
3 I -O-TFA-5 I -O-Tlff BS í- Ëhymid Íne

3 | -o-TBDMSi-5 | -0-TFA-N6-TFA-deoxyadenosJ.ne
3 | -O-TFA-5' -O-TBDMSÍ-N6-TFA-deoxyadenosine

Mixed TMSi/SCTAS1 DerivatÍves
Ieb
Ibe

Ied
Ide

Iec
Ice

nrTr'c 
b

3 | -O-TBDMSi-5 I -O-TMSi-rhymidine
3 I -O-TMSÍ-5 | -o-TBDMSí-rhymidine

3 | -O-TMIPSi-S I -O-TMSi-thymídíne
3 | -O-TMSi-5 I -O-TMIPSi-Ëhymidíne

3' -o-TlmB Si-5 I -o-TMs i-thymidíne
3 | -o-TMSi-s I -O-T!ÍTBSi-rhynidine

-230o -260o -290otov-r- tov-l- 'ov-L

'..:

29L7
2928

2798
27 95

3079
3058

2437
2403

268L
2649

27L0
2684

2666
2574

26L6
262L

2870
2858

288r_

2892

GC DATAC

h
h

h
h

h
h

h
h

Isomer Pairsr
ol

1.033

L.009

l_.063

o.74}j.
o.7 4

0.74l,
0.7 4

0.7 4h
0.74

1.108

1. 099

1.082

L.3L2

l_. 014

1. 037

1.031

continued...
(¡t
O



Veba
Vbea

Vebe
Vbee

TABLE III (contlnued)

Mlxed SCTAS1 Derivatives

3 | -O-TBDMSi-5 | -O-TMSi-deoxyadenosine
3 | -o-TMSi-5 | 

-O-TBDMS Í-deoxyadenosine

3 | -o-TBDMSi-5 | -o-TMSi-N6-TMSi-deoxyadenosine
3' -O-TMS i- 5 | -O-TBDMS i-N6-TMS i-d eoxyadeno sine

rdb
rbd

Ibc
Icb
Idc
Icd

bis-O-Acyl-

3 t -O-TBDMSl-5 | -o-rMrPSi-rhymídine
3 | -O-TMIPSi-5 I -O-TBDMSí-thymídíne

3 | -o-TMIBS i-5 | -o-TBDMS i- rhymid ine
3 | -o-TBDMSi-5 t -o-TMTBSi-rhymidine

3 | -O-Tl'fIBSi-5 | -O-TMIP S í- thymid íne
3 I -o-TMTPSí-5 I -o-TtdTBsi-thymidine

DerívatÍ-ves

Igg 3r r5rbis-O-Ac-thymidine
Iii 3',5rbís-o-TFA-thymídine

bls-O-TMSI Derívatives

Me1Ëing
Point (oC)

Iee 3t r5tbís-o-TMSí-Èhymídine
IIee 3 t ,5 I bis-o-TMSi-deoxyuridine
Veea 3 I , 5 | bís-O-TMSí-deoxyadenosine

bts-O-SCTASi Derivatíves

RfTLC 
b

rbb
rdd
Icc

0.39h
0.39

h
h

-230o -260o -290otov-r tov-r- tov-I

3 I ,5 | bis-o-TBDMsi-thymidíne
3 I ,5 fbis-O-TMlPsi-thymidine
3' ,5 | bis-o-TMIBsi-thyrnidfnê

0.7 4
0.7 4

0,7 4
0.7 4

0.7 4
0.7 4

2734
27 37

284L
2832

GC DATAC

Isomer Pairsl
q

3107
31L4

3r_40
3L46

3386
3396

L44-L45

113-114

1-. 010

1.028

0.7 4l
0.7l-h
0.39h

0.74 0.85
o.7 4
o.7 4

2439
2032(205")

2382
2336
2496

0.90 2837 2866
33s6
34L6

1. 0t_7

l_.014

r..025

continued. . .

(¡t
H



IIbb
IIlbb
IVbb

Vbba
Vdda
Vcca

N,O-perSil-yl

TABLE III (continued)

3 ' ,5 I bÍs-O-TBDMSÍ-deoxyuridíne
3 t, 5' b is-O-TBDMSí-deoxycyt idíne
3 t, 5' bis-O-TBDMSi-deoxyguanosine

3 r, 5 | bis-o-TBDMsi-deoxyadenosíne
3 r ,5 t bis-O-TMIPSí-deoxyadenosine
3 t, 5' bÍs-O-TMlBsi-deoxyadenos ine

Derivatives of V

Veee
Vbbe
vbbb
Vbbc
vddd
Vccc

3 t , 5 t bis-O-TMSi-N6-fMsi-deoxyadenosine h
3 I ,5 | bis-o-TBDMSÍ-N6-TMsi-deoxyadenosine h
3 t ,5 I bis-o-TBDMSi-N6-TBDMSi-deoxyadenosine 0. 70
3 r,5 tbis-o-TBDMSí-N6-TMTBSi-deoxyadenosíne 0. 70
3 r r5rbis-O-TMIPSi-N6-TMIPSi-deoxyadenosine O. 70
3 t ,5 I b1s-O-TI{ÏBSi-N6-TMTBSi-deoxyadenosÍne 0. 7O

Me1Ëing
Point ( oC)

r_88-L89
dec>265

132. s-l_33

RfTLC 
b

a

b
Refer to Scheme 3 for numbering system and structures.
TLC developÍng solvent sysÈem: A = diethyl ether; B = eËhyl acetate;

C = chloroform/ethanol (822,v/v).

0. 7l- 0.83
0.L2 0.64
0.07 0.56

0.39 0.55 0.77
0.39
0. 39

" I = KovaËsr retention index; o = separatÍon factors for isomer paírs (>, L, al-ways)
d

h

r230o -260o -290'
'ov-l- 'ov-l 'ov-l

Decompositlon duríng GC.

Hydrolysis occurs during TLC (compl-ete if no R¡ val-ue given also)

.a

.?

il

2799 2826
d
d

2954 2985
3520
3594

2607
307 6

3205 3278
3s98

4070
4183

GC DATAC

Isomer Pairsr
o

;l
t.
i:
,i.

ij

]1,

¡t:
I

('¡r
l\)

.:

t::
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advantage for both preparative and analyÈícal r.rork. The results reporËed

in Table III indicaËe that the type of silyl group has no detectable

influence on the relative nobilíty. However, Ëhe number of sílyl groups

and the position of substitution in parÈial derivatives have important

effect,s on R¡ values. Thus, the fully proEected compounds have the greaÈ-

est mobilíty, while for the parÈially protected derivatives, the 3t-O-

SCTASi compounds usually move fasËer than theír 5f-O-SCTASí isomers. The

exceptions are deoxycytídíne and deoxyuridine, where the order of partÍal

derivaËive mobility is reversed.

IË is interesËing that a change in the base sËructure (especiall-y

in the case of thymidine(I) + deoxyuridine(Il), where only a change of

CH3 + H occurs) should influence Ëhe separation of sugar subsËituted ísomers

so dramaËically. Examination of the data reveals ËhaÈ the 5r-O-TBDMSi

derivaËives of I and II have simílar Rg values (0.36 and 0.38, resp.),

whíIe 3!-O-TBDMSi-II moves much slower (i.e., is more "polar") (Rf = 0.41-)

Èhan 3r-O-TBDMSí-I (R¡ = O.52). One possíble theory to explain this

phenomenon is ÈhaË the degree of intramolecular H-bonding between Èhe

5'-OH and Èhe C2=O of the base in Èhe 3r-O-si1y1 derivatives (and there-

fore the "polarity" and subsequent TLC nobility) is ínfluenced by the C5

substiËuent (T). Such H-bondÍng (in the syn conformaËion) has been

demonstraËed for pyriurídine nucleosides in organíc solvents (152). A

+
<-_

T=H a0l-b
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nethyl group aË C5 may enhance this H-bondíng (thus reducing the polariËy

and íncreasíng the mobility) by either Íncreasing the proportion of

syn/gpti conformations or by some ínductive effect. Another theory is

that Ëhe orientations of isomeric molecules on the silica surface are

dÍfferent and Ëhe conÈribuËion of the base Ëo the binding Ëo Ëhe surface

(via íts carbonyl groups) may be reduced when the C5 methyl group is

presenË in the case of the 3r-O-silyl isomers.

TLC was very useful in this projecË for Èhe preparaËive isol-ation

of crystalline sanples of most derívatives, as a prel-iminary chromatographíc

step prior to GC, and for fast analysis of samples to confírm GC results.

It was also possíble to perform TLC/MS analyses successfully (see

Experimental).

HPLC was investígated only very briefly because an inst.rument tlas

noË available untíl near the end of thís project. Figure 14 illusËraÈes

the successful HPLC analysis of a mixture of bis- and mono-TBDMSi deriv-

aËives of thymidine using a sílíca column and ethyl acetate as a mobíle

phase. As expected, the order of relatíve mobiliËies was the same as that

observed with TLC. Measurement of peak areas by disc integration indi-

cated that the method gives excel-lenÈ quantitative results.

b) Gas Chrouratography

The GC reËention daxa f.or deoxynucleoside derivatives are report,ed

in Tabl-e III, using the isothermal- Kovats'retention index system (101).

Kovatsr reËenËion indices, or I values, express the retenËion times of

compounds with respecË Ëo Ëhe retenÈion times of a series of even-

nr:mbered n-alkane (CzHZz+Z) standards, the índices of which are defined

as 1002. Since the 1-ogarithtrrs of the retenËion times of n-alkanes Íncrease

linearly wiÈh chain length, Ëhe I value of any subsËance ís calculated by



Minutes

Figure 1-4. Hígh perfontrance líquid chromatogram of a mixture of 3r r5t-
bis-O-TBDMsí-thymídine (Ibb, L.6 Ug), 3'-O-TBDMsi-thymidine (Iab, 2.5 ilg)'
and 5r-O-TBDMsi-Ëhyrßidine (Iba, 4.8 Ue). Conditions: 3¡on-ID X 0.25 m

colnmn packed with 5U Spherisorb Silicai 3.2 ml/min eÈhylacetate mobile

phase; IIV deËection at 280 nn.

55

i. ::':ì: 'l

ln¡ect



56

a linear interpol-atíon of the plot of 1og tl (t; = reËention time

adjusted for gas hold-up tirne) versus 1002 determined for the alkane

standards under idenËical conditions. Each compound has a specific I

value for a certain stationary liquid phase. Retentíon indices show very

good ínter-Iaboratory reproducibilíty, sínce they are almost independent

of operating condiËions and column dimensíons. In addítíon, they are

very valuable because their use can reveal a greaÈ deal of structural-

inforraation (153). The analogous programned Èemperature methylene unit

(MU) indices (I = 100MU) have been used prevÍously for TMSi derivatives of

nucleosides (129,139).

It should be menÈíoned here, that for all compounds studied, mass

specÈra r^rere run on the eluËed GC peaks Ëo ensure that no alteration ín

structure had occurred duríng chromaËography. This was done by trapping

eluted substances in glass capillary Ëraps, using the splitter/collector

system described ín Experímental. This system also allowed TLC analysis

on collecÈed material, or else further derivatizatíon fol1-owed by a

second GC analysís.

It should also be noted that columns with 10% statíonary lÍquid

phase J-oading were used. Columns with a lower percentage of liquid

phase (I-3%), or else capíllary columns, should have been ínvestígat,ed

since they would have allowed lower analysÍs temperaËures (and hÍgher

resolution). Hor.rever, in this project, GC was primarily a t,ool for fast

exploratory analyses and for íso1atíng samples for further studies

(MS, TLC, derivatization, eÈc.). The higher capacity of packed 1-02 phase

columns r¡ras an advantage for the latter

The results in Table III show that al-I the partía1-1-y and ful1-y

silyl-ated derívatíves of thymidine, deoxyuridine, and deoxyadenosine could
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be chromatographed on columns packed r¿iËh 10Z.OV-1 (a nonpolar liquid phase)

coated on Gas Chrom Q support (columns A or C). OEher liquid phases were

not examined in any detail for the nucleoside derivatives. Initial

experiments on the partial O-SCTASi derivatives with column B (LO"/. OV-L7,

a medium polaríty phase) did not appear promising: compounds such as Iba

and Iab did not chromaËograph under any conditíons studied. However, both

OV-l and OV-17 columns were used for SCTASi derivatives of steroids, as

reported in Chapter V.

WiËh the OV-1 column, isomeric partíal O-SCTASi derivatives T{ere

separable from each oËher as well as from the bis-O-SCTASi derivatives.

Thís is illusËrat,ed for compounds lab, Iba, and lbb in Figure 15. The

order of elution for all deoxynucleosíde derivatives was 3r-O-SCTASí <

5f-O-SCTASi < 3',5'bis-O-SCTASí. The separation factors (a) for the

isomeric partial derivatíves (see Table III) were large enough for

separation on medium resoluÈion columns. The behavior of the partial

derivaÈives \^ras not ideal however, since they suffered a slíght amount

of thermal decomposiËion during chromatography ("id.. infra) and exhibited

bad tailing when injecÈed at Ërace levels. The fully protected derivatÍves

behaved well, and in Chapter V, they are proposed as useful rranalytical-rl

derivatives.

No success r¡ras achieved with the O-SCTASi derivatives of deoxy-

cytidíne(III) and deoxyguanosine(IV). This rnras not surprising since these

nucleosides are difficul-t to analyze by GC even as N,O-perTMSi derivatíves.

Further derivatizaÈion of the SCTASi derivatíves of III and iV should be

examined as a possíble solution. This has not yet been studÍed; TLC/MS

techniques Ì^rere sufficient for Ëhe objectives of this project.

However, the further derivatization of the partial O-SCTASi



Figure 1-5. Gas chromatogram of a mlxture of 3r-0-TBDMsí-thynidfne (Iab), 5'-O-TBDMSI-rhymtdine (Iba),
and 3r,5rbis'O-TBDMsf-thymldine (Ibb). Conditions: col-umn C (LO% OV-l-, 3.75m X 2.4mn-ID), 280o, 30 nUnin
N2 carrier.
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derívatives of thymidine and deoxyadenosine was examíned in detaíl. This

should lay Èhe groundwork for future studíes wíth the more labile nucl-eo-

sides. Acetylation, trífluoroacetylation, and trimethylsilylation (to

prepare Èhe mixed Ac/scTASí, TFA/SCTASí, and TMSi/SCTASí derivatives) were

studíed in the hope that GC properties (peak syurmetry, volatílity, and

thermal stability) could be improved, while still allowing separaËion of

'isomers. These procedures would also al-low the simultaneous analysis of

underivatized nucleosides that níght. be presenÈ ín sampLes (e.g.., silyl-

aËíon reaction solutions). Furthermore, it was of interest to examine

the mass specÈral fragmentatíons of such mixed derivatíves (see Chapter

IV). Table III also lists the retention daËa for the mixed SCTASí

derivatives of thymidine (prepared by further SCTASí derivatí zatíon of.

partial O-SCTASi derivatives), and a series of N6-protecËed deoxyadenosine

derivatives. The forrner are of interesÈ for mass spectral studies, while

Èhe latter are valuable for quantitative GC studíes where complete

N,O-derivatization is essenËial.

Figure 16 presents a diagrauunatic sunmary of the results for the

mixed derívatives of thymidÍne. The relaËive retention Ëimes of pairs of

ísomeric substituted derivatÍves are plot.ted as a function of the 3r-

and 5t-hydroxyl protecËing groups. There appears to be a certain amount

of correlation between Ëhe steric bulk of si1y1 groups and the degree of

separatíon. Such an effect has been observed more clearly for the SCTASÍ

derívatives of isomeric steroids and is discussed in Chapter V. From

these result.s, iË ís obvious thaË trifluoroacetylatÍon is the only deriv-

aÈization procedure that allows suffícienÈ separation of isomers. the

nosË dramatic separation is that achieved for Èhe NrO-bis-TFA derivatives

of isomerj-c mono-TBDMSi-deoxyadenosines, Vbii and VibÍ (o, = 1.31). ALso,
,:rj,i
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TMIPSl TBDMSI TMTBSI

K

FÍgure 16. DÍagraromaÈic summary of the relative retention tímes of
paírs of ísomerÍc subsËituted thymídine derívaËíves as a function of the

hydroxyl protectÍng groups, J and K. IJK = 5'J-3'K-thymidine;
IKJ = 5rK-3rJ-thynidinei tr = retention tíme; f = relative retentÍon
time of 13¡ with respect Èo Iç3; b = no separaËion possible; a = 98lZ

resolution of ísomer pair on a column of 5000plates (typícally, a good

2.5n X 2nrn-ID colunn) ,
i'.1

Ls¡i¡;i
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the mixed TFA/SCTASí derÍvatives are the most volatile derívatives examined

and, interesËingly, the isomers are eluted in an order reversed from

that of the partial O-SCTASí isomers. Although the other isomeric mixed

derivaËives do not separate easily, they may still be valuable for

analytical work. Since their mass specËra are quite different, ít should

be possible to perform GC/MS-SIR analyses. UnforËunate1y, the necessary

iristrumenËation for thís Ëechnique $ras not avílable for Èhís project.

AnoËher inEeresting aspecË of the GC data for the SCTASi derivatives

of nucleosides is the relaËionship between retention indices and sub-

st,ítuent, groups. Figure 17 illustraËes thís relatíonship for various

derivatíves of thymidine, deoxyadenosine, and uridine (a ribonucleosíde:

see Table VIII for data). AlËhough there is no linear relatíonshÍp, the

retenLion index increases uTith the mass of the silyl group (or Èhe

molecular weight of the derivaÈive). IÈ is also observed from this fígure

that the I value is very dependent upon Èhe number of SCTASi groups. On

the other hand, examination of the data in Table III reveals that the

reÈenËíon index is relatively ínsensitive to the number of TMSi groups.

For example, trimethylsilylation of OH and/or NII functions in partial

O-SCTASi derivaËives leads to only small increases in I values (e.g., for

Vbaa, Vbea, and Vbee, the I6y-1 values are 2739, 2737, and 2832,

respectÍvely).

From Èhe data in Table III (and Tabl-e VIII) it ¡¿as possíble Èo

determine the average retentíon index increment" (ôI3l;1) that occur wiËh

the change of a single sílyl group (K + J). These values, which are

listed in Table IV, can be used Ëo predict Èhe reÈention indices of new

derivatives and are valuable for deËerrnining structural information from

the measured reËention indices of unk¡own compounds (e.g., the number of
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Fígure 17. Retent,ion indices of a number of nucleoside derivatives
plotËed as a function of sí1yl substituenË mass: Ixe = 3r-O-TMSi-5r-O-
X-thymidíne; Ixx = 3',5'bis-O-X-thymÍdine; Vxxa = 3r,5rbis-O-X-deoxy-
adenosine; Vlxxx = 2t 13tr5ttrís-O-X-uridíne; Vx:o< = 3t15trN6-tris-X-
deoxyadenosine. The relative slopes of Ëhe curves are proportional to
Ëhe number of SCTASÍ groups in the compounds.
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índex incremenË Coi!I;11
nucleosíde derívatives .

K J= TMSi TBDMSi TMIPSÍ T},fIBSi

TMSi

TBDMSi

TMIPSi

T}ITBSi

0

-225

-47 0

-500

225

0

-250

-280

470

250

0

-30

500

28O

30

0

sily1 groups). Since the 6 I values are additive for the change of more

than one silyl group, the following equatíon can be used to calculaËe the

approxímaËe retenËíon indices (!50) of various silylated nucleosides:

tffi:; = N + 22sb + 5ooc + 47od

r¿here b, c, and d are the number of TBDMSí, TMlBSi, and TMIPS1 groups

respectívely, and N is the retentíon índex at 230o for the corresponding

TMSí derivatíve. N values that can be used are: Iee = 2382, IIee = 2336,

Veea = 2496, Veee = 2607, Vleee = 2444, VIIeee = 248L, VIIIeeea = 2573, and

VIIIeeee = 2647. (Thís equation is noË suíËable for míxed acyl/SCtASi and

partíal SCTASi derívatives. The indices of such compounds are best

calculaËed by singl-e increment analysís (i.e., using ôI values (Table IV)

and I values of closely relaËed compounds already reported :'-n Tables III

and VIII). ) It should be noted thaË minor variatíons between calculated

and measured values do occur due Ëo isomeríc dífferences, and compensation

must also be made for dífferent column t.emperatures. Retention índices

and ôI values are díscussed further ín Chapter V for the SCTASi derívatives

of steroids.
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c) Quantítative Analysis by GC

Another aspecË of gas chromatography that has been investigated in

Èhis sËudy is the application of quantitative methods to SCTASí derivatives

of nucleosides. Although the theory and techniques of quantitative analysis

by GC have been reviewed recently by Novak (154), there are a number of

problems, peculiar to the analysis of eompl-ex compounds of biological-

int.erest, thaË should be díscussed here. One of the most common sources

of error ís the decomposition or transformation of a compound being

analyzed inËo anoËher subsËanee. Usually this involves a thernally-

induced reactíon in the ínjector porË and/or on the column. A number of

studies (155-167) have reported such problems for a variety of compounds.

For example, partial decomposiËion to a rion-volatile product can lead to

Ëhe loss of a certain amount of a compound during chTomatography. It ís a

serious error to assume Ëhat the area of a GC peak accuratel-y represents

the quant,ity of substance injected into the GC. on1-y a response curve

(peak area vs. amount injected) for the compound beíng quanÈitaËed wíll

deËermíne if the response is línear and if there is any decomposition.

A confusíng situation can arise if internolecular reactions or intra-

molecular rearrangements take place ín Èhe injector porË. IÈ is important

that tesËs be made for such occurrences and that the identities of all

peaks being quantítated be confirmed by methods such as GC/MS. Furthennore,

when anal-yses involve a derÍvatízation st.ep, it is important thaÈ only

single producËs are formed and in quantitative yield. Multíple products

due to incomplete derivatizaËion or side-reactions have been sources of

error and confusíon in several studies (168-170). For this prelÍminary

study of SCTASi derivatives of nucleosides, the main emphasis was on the

detect.Íon of practical problems such as these and the d.evelopment of
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appropríate solutions.

For the deoxynucleoside derivatives, all GC peaks were analyzed by

MS. No rearrarigeroents were observed.

However, as shovm later, injector port intermolecular reactions r/rere

observed under certain conditíons and intramolecular rearrangements occur

for some ríbonucleoside derívatives.

The response curves r4rere measured for a number of derivaËives to

assess their suítability for quanËiËaËion. Figtrre 18 itrlustrates .Ëhe

results for 3r,5rbÍs-O-TBD}lsí-rhymídíne(Ibb) and 5r-O-TBDMSí-rhymidíne (Iba)

determíned by internal stanð.ardízation experímenÈs (see Experimental).

As shown by the straíght li-ne plots, boLh the partíally and fully silylated

derivatíves give a lÍnear response. However, the mono-TBDMsi-Ëhy*iàin.s

(both 3t and 5' isomers) suffered a slight amount of thermal decomposítiorr

in the ínjector port and/or on the column (índi.cated by the curve for

Iba which passes through the x-axís rather than the origin) and tailed

badly aË trace levels. The ful1y protected th¡rmidines, on Ëhe other hand,

behaved well during chromatography (symmetrical peaks and no deËectable

decompositÍon). It ís still possible to perform quanËítaËive analysís on

the partial derivatives, sínce the decomposítion is only slight and the

response ís línear, but further derívatizatíon appears to be a more

favorable approach. It should be noted Ëhat for all derívatives, it was

necessary to use an all-glass system (glass coluurn and glass inserts in

Ëhe inject.or and detector) to avoid decomposition due Lo contact ¡¿iËh

heaËed metallic Farts. This effect has been observed for the TMSi derív-

atíves of other cornpounds (155,156). A1so, the column rnras treated

periodically with silylating reagenËs ("Sil-yl-8", Píerce Chemical Co.) to

block any active sites that could cause irrever,sibLe adsorpËion and taíliirg
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FÍgure 18. Detector response curves for deoxynucleoside derivatives:
(A) 3',5'bis-O-TBDMsí-thynidine, Ibb; (B) 5r-O-TBDMsi-Ëhynidine, Iba.
The exact amount injected was determined by ínÈernal sÈandardizatÍon. The

relative molar response (Rl"ß.) of lbb wiËh respect to lba is 1.56 10.05 as

determined from the ratio of the slopes of A and B.

(C) resul-ts from the co-ÍnjectÍon of varying amounts of Iba with
1.0 Ul of 8O7" aqueous aceÈic acid and demonstraËes the effect of the
presence of acid upon the quantiÈatíon of silylated nucleosides.

B
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of Ëhese polar compounds.

For the accuraËe deËermination of concentraËions of compounds in

a sample, Ëhe measuremenË of relatíve molar response (RIß.) values and the

use of inÈernal standards are essenËial-. For this sËudy, RMR val-ues üIere

deËermined from the relaËíve slopes of theír resPonse curves (which were

measured relative to an internal standard). Thus, the RMR of Ibb with

respecË Èo Iba was 1.5610.05 which, as expected, is close to that calcu-

lated by takíng the raËÍo of C-H bonds in Èhe Ëwo compounds (1.58). Table

V lists Ëhe internal standards used in this study. They were selecÈed

according to Ëhe following requirements of an ínternal standard: (a) it

must yield a compleËely resolved peak, (b) should not be present in Ëhe

origínal samples, (c) must not react chemícally with the sample components'

(d) nust not deeompose to any extent, should gíve a línear Tesponse, and

should remain in solution, (e) shoul-d elute close Ëo the component(s) being

measured, and (f) shoul-d be present in abouL Ëhe same concenËraËions as

the componenË(s) being measured.

TABLE V. Internal sËandards for quantítatíve GC analysis.

rov-r-

230" 2600

Pyrene 2LL4

Triphenylene 24LL

i;¡':_:-¡,:i¡1¡:;,::¡

ì. :,:1...:

Triphenylbenzene 2829 2872



i) Methods

The maín interesÊ in developing quantitative methods for SCTASi

derivaËives of nucleosides Tras Lo apply them t.o monitoring Ëhe progress

of silylation and desilylation reacÈíons (such as those in Scheme 6) for

the purpose of opt.imízing reaction condiËions and yields, as well as to

study reaction raËes. However, Èhe direct monitoring of such reactions

is complícated by interfering intermolecular reactions in the GC injector

Port.

Silylation Reactions

Norrnally, analytical sílyIatíon reactions are rapid and the com-

pounds under investigation are arranged to be compleÈely derivaËized

before GC analysis is performed. The reaction solution containing the

derivatized compound and excess sil-yl donor is sinply injected ínto the

GC and the analysis is straightforward. However, wiËh some SCTASi reagent,s

Scheme 6

SCTASi
ReagenË

1

(R = SCTASi group)

d B0zAcoH/Hzo>c + a + b(minorproduct)
2
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(e.g., Reagents C, D, and E), or for compounds wj-th sterícally hindered

hydroxyls, conpleËe derivatLzation rnay take several hours. When attempt-

íng to determíne the rates of SCTASí derivatization (e.g., Scheme 6,1)

by GC íË was found that an accelerated reaction beËween underivaLized

subsËraÈes and excess síly1 donor can occur ín Ëhe hot injecËor port, thus

leading to errors in quantitation. Thís effect T^ras noË totally unexpected,

since adventitíous trimethylsilylatíon has been observed for phenols

injected onËo a column previously used for TMSi reagents (L7L) and ínjector

port. silylation of hydroxylated compounds has been reported as a fasË

method of analysis (172-775). The effect T¡ras proven by a "coínjection"

of separate solutions of reagent and substrate, being careful Ëo avoíd

any mÍxing of solutions until they had entered the inj ecËor port. (A

raËher similar technique, called "sandwich" írrjection, has been proposed

by other ínvestigaÈors (L76) but no injector port silylation effect was

observed.) The extenË of injector port derivalízation r,ras erraËic but

was ín Ëhe order of 507" conversíon to silylated products. For thymídine,

the anounts of b, c and d were in an approxímat.ely 1:1:10 mole ratio,

respectively. The possíbílity of a "ghost effect" úras also ínvestígated.

Nucleosides that were injecËed in earlier analyses could remaín ín the

injecËor port and Èhen be ð.erívatízed by the excess reagent ín successíve

injections. To test this, a seríes of injections of th¡'rnidine alone was

made, followed by silylaÈing reagent alone. No ghosË peaks corresponding

to silylated thyrnidine derivatíves were observed. Presumably, the thym-

idine decomposed ín the ínjector porË.

The injectoï port silylaËíons can be counteracted by chemícal methods

dírected towards deactivaËing eíther (1) the excess sí1yl donor or (2) the

substrates. The method of choice r.¡ill depend upon the system under
l'-: ij .

. :'::i
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investigation and Ëhe kind of

Method 1. DeacËivatÍon of

information required.

excess silyl donor.

!Íith this approach, a large excess of methanol was used to quench

the excess reagenË. An aliquot of the reaction mixture was mixed Ínto

a larger volume of meËhanol and allowed Ëo react for a short Ëime. The

methanol Teacts wiËh the reagenÈ much faster Ëhan does the nucleoside.

Direct. analysÍs of this mixture could not be made, however, as it was

found that, in the injecËor port, hydrolysis of the sílylaËed nucleoside

by the excess methanol occurred to a small extenË. This was confirned by

coinjection of silylated nucleoside and methanol. Thus, to obËain a

reliable analysis, it. was fírsË necessary to remove excess meËhanol and

oËher volatiles ín vacuo, redissolve the resídue in a suitable solvenË

(such as dichloromethane), and then analyze by GC, relating all peak

areas to that of an internal sËandard present ín Ëhe orígina1 reaction

mixture. Nucleosíde derivaËives have a very low vapor pressure at room

temperaËure, whích allows the use of vacuum Ëo remove volatíles. The

meËhod is obvíously noË suiËed to very volatile derivatives. In the study

of reaction 1 (Scheue 6) Èhis procedure allows a precíse analysis for þ,
c, and d. The non-volatile nucleoside (g) does not chromatograph.

Method 2. DeactivaËion of substrat.es.

The substTates were deactívated by Ëreatnent T^rith a reagenË which

reacts rapidly with Ëhe unreacted substraËe hydroxyls Èo give derivatives

r¿hich are amenable to GC analysis and prevent Èhe injector port si1-ylation

effecË. Methods explored included trímethylsÍlylation, acetylaËion, and

trifluoroacetylation. As indícated earlier for the deoxynueleosides, all
Ëhree of these methods give derivatives which are amenable Èo GC analysis.

Ilowever' only trifluoroacetylation yields derivaÈives of the 3t- and 5r-O-

Lr!
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SCTASi isomers that are readily separable to allow GC deÈermination of

. b and c. (Of course GC/MS-SIR should be feasible for the other deríva-

tíves, but has not yet been invest.igaËed.)

The necessary requirements for the reagent which deacËivaËes the

substraËe are that it reacts rapidly to sËop the oríginal si1-y1-atíon

reaeÈion, gives a reliable LOO7. derivatízaÈion, and gives a single deriv-

ative that ís suitable for quant,ítatíve GC analysis (í.e., linear detecËor

response r¿ith no significant deeomposiËion on column). The reagents ËhaË

have been sËudied are: BSTFA, TMSiIm, TFM, TFAIn, AcAnh, and AcIm. In

the procedure used, an alíquoË of the reacÈion solution to be monítored

\das treated wíth one of these reagenËs, as descríbed in Experimental.

Then the sample was analyzed directly, except Ín the case of the acyl

anhydride reagent.s, for r¡hich the GC column is acÈívated by injection of

the reagentsr acidic side products. In this case, Lhe reagents and

volatiles must be removed in vacuo aft.er derivatizaÈion is eomplete and

the residue díssolved in a suiËable solvenL.

For trimeËhylsilylations the preferred reagenË may depend upon the

substraËe. Both TMSiIm and BSTFA react very rapidly wiÈh hydroxyls, but

the latter reacts also wiÈh amines and enols though more sl-owly and

errat,ícally. I,Iith Èhynidine, BSTFA gave a mixËure of Ër^ro derivatives

(bis- and trís-TMsi-thynidine), depending upon the exËenË of trimethyl-

silylation of the base functions. These are incompletely separated by GC,

a shoulder (due to tris-TMsi-thymidine) appearÍng on Ëhe trailing edge of

the naÍn GC peak. Thís can lead to problens in quantiËaËion since it fs

desírable to have a single derivat,ive raÈher than a mixture. Similar

problems have been noted previously (1301131). Tl"fSiIm, on the other hand,

gíves a single derívative (Iee) and a well-shaped GC peak"
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Trifluoroacetylatíons are more conveniently performed wíth TFAIn

than with TFAA, since with the former reagent Èhe reaction solution can

be directly ínjected ínto the GC while, ¡¿ith the laËter, the excess

anhydríde and trifluoroaceËíc acíd must be removed first.

For acetylations, iË has been found that AcAnh is the on1-y suitable

reagent. AcIm reacts too slowly (usually requires heaËing for LOO% reacËíon)

and would therefore noÈ stop Ëhe original reaction fast enough.

Overa11, for most applícaÈíons, Èriinethylsilylation by TMSiIm is

preferable sínce íË has all the requíremenËs ciËed above. Howevei, in

particular cases such as the studíes ¡¿iËh deoxynucleosídes, trifluoro-

acetylation can be more useful since ít allows for anal-ysis of a, b, c,

and d, while Ërímethylsilylation allows for only a, (þ+ s), and d (see

Schene 6).

Desilylation Reactions

A rel-aÈed probl-em arises in the uonitoring of the hydrolysis of

compounds such as d (Scheme 6, reaetion 3) by 807d aqueous aceËíc acid.

Desílylation of sÍi-ylated nucleosides by excess aceËic acid occurs ín

the hot injecÈor port. There is also activation of the column by the acid,

inÈerfering with precise quanËitaËive work. These resul-ts are not

unexpected since iÈ is well known thaÈ acidic solutíons should not be

injected onto coLumns being used for analysis of TMSí derivatives (157)

and that. the hydrolysis reaction is accelerated at higher temperatures.

The effect is subsÊanËíaÈed by the results in Figure 18 (curve C) fron

another "co-injecËiontr experiment designed to closely resemble conditíons

for direct analysis of the hydrolysis reacÈions. Co-ínjection of a fixed

âmount. of acetic. acid with variable amounts of lba gave erratic resul-ts

and a response curve ÈhaË shows that exËensive decomposition occurs Ín
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the injector port and/or on the column.

Method 3.

Thus, to obt.ain an accuraÈe analysis, iË was necessary Ëo remove

in vacuo the acetic acid and water from an alÍquot of the reactíon mixËure.

The residue could be Ëreated ín one of Lwo r,rrays: (a) dissolution ín a

measured amount of solvent cc¡nÈaining an inËernal standard of knor^m

concentration, followed by GC analysis of b, 9r and d; or (b) díssoluËion

and react.íon in pyridine contaíning eíther TMSiIm or TFAIm in excess and

the inËernal standard aË known concenËration, followed by GC analysÍs to

give a determination of â, b, c, and d.

ii) Studies on the forrnation and hydrolysís of SCTASÍ derívaËives
of thymidine.

Methods Lr 2, and 3 \¡rere successfully applied to the determinaËion

of the rates of sílylation and hydrolysis of SCTASi derivatíves of deoxy-

nucleosídes. Some of the resul-Ës obtained for TBDMSí derivatives of

thynídine are presented below.

The reactíon of Ëhymidine with the reagenË N-tert-buty1-dimethyl-

silylimídazote in pyridine solvent (ReagenË D) was moníÈored by Method 1,

Ëhe resulÈs being shown in Figure 19. This is a weak reagent compared t.o

ReagenÈs A and B, but is useful for synthetic r¿ork since it gives a

controllable reacËíon wíth high selectÍvity for primary hydroxyl-s.

Signifícant concentrations of lab (3r-O-TBDMSi-thymidine) are never

obËaíned (<L7" by GC analysis) because thís can readily react further to

give the bis-silyl derívative, Ibb. In the lat,er stages of the reaction,

the concentratíon of lbb gïor¡rs aÈ the expense of Iba (5f-O-TBDMSi-thyrn-

idine). If a full-scale reactÍon to produce Iba is being monitored, lt

can be stopped and worked up at any sËage. The maxímum analytícal yield

of Iba by GC analysís was 92 mol-e Z compared r^rith 91 moLe 7. isolated

73
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FÍgure 19. Quantitatíve GC resulËs for the reactÍon of thymidine
(32 Urnoles, 0.L45M) with TBDMSiIn (l-90 ¡.tmoles, 0.863M) in pyridine
containing Í.nternal standard (pyrene, 7 uurol-es) with a total- vol-ume of
22O VL, at room t,emperature (22"). Reaction products measured: €- =

5r-O-TBDMSi-Èhymidine (Iba) ; -ù = 3',5rbis-O-TBDMSi-thynídÍne (Ibb).
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yield on rrrork-up of the preparaËive-scale reaction.

Upon hydrolysis by 80% aqueous acetic acid, the 5r-O-SCTASi group

ís removed much more readily than the 3r-O-SCTASi group. Fígure 20, in

which the analyËícal results were obtained by Method 3a shows that lab can

be obtained from lbb in good yield (=60 moLe %i <57" of lba arrd =L% of a

side-product, 5'-O-Ac-3r-O-TBDMsi-thynidine (Igb), were also obËaíned).

iií) Evaluation of the anaLytical methods

The relative meriËs of the analytical procedures for minimizing

injector port effects in the study of silylation reactíons are summarized

in Table VI . Some of Ëhe comments are generally applícable r¿hil-e oËhers

relate to specifíc problems. An additional advantage of the t,echniques

developed is Èhat during the monitoríng of a reacÈion, a particular

sampling at a certain time can be te-anaLyzed by GC; there is sufficient

sample taken from Ëhe reaction and quenched that at least ten analyses

could be perforrned. This al-lows the deËermination of the precision of

each poínt ín a rate curve, and the problem Èhat sometímes arises when a

chromatogram is unsatisfacÈory (e.g., poor injection, too littl-e or too

much sample injected, incorrect attenuatíon seÈting, etc.) is also avoíded.

One of the disadvantages (though not. a seríous one) is that larger samp-

lings are required at each timed analysis. Thus, the reaction has to be

kept on a slightly larger scale than would be allowed by dírecË analysis

(if that \¡rere possible). The relative meríÈs of Method 1 and ? apply

also to Methods 3a and 3b for the study of hydrolysis reactions. However,

Method 3 is unsuitable for the deËerminatíon of very volatile compounds

thaË would be lost in vacuo.

These methods can be

GC, in r^rhich the Presence of

general-Ízed to the study of many reactions by

an excess reegent o:: solventr" whíeh wÍ11_ react.
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FÍgure 20. QuantitaÈive GC results for the hydrolysis of 3t r5tbis-O-
TBDMsi-Ëhymídine, Ibb (-O-), (wíth an initial- concentratÍon of 0.OLM) fn
802 aqueous acetie acid aÈ room temperature (22'). Reactíon product

measured: G = 3r-o-TBDMsi-thymidine (Iab).
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TABLE VI. RelaÈive merits of the experimenËal procedures.

Procedure Advantages Dísadvantages

Merhod 1:
Deactivation of silyl
reagent by methanol and
evaporat.ion of vola-
tiles.

Method 2:
Deactivation of substrate
by furÈher derivatizatíon
by:
BSTFA, TMSIn, TFAIn,
TFAA, AcAnh

BSTFA, TMSIn, TFAIn

TFAA, AcAnh

TFAIn, TFAA

BSTFA, TMSIn, AcAnh

AcIm

No concern over 100%
derivatization at
second step as ín
Merhod 2.

Can determíne sub-
sfrate.

No loss of volatíl-e
compounds.

Separatíon of 3t- and
5r-O-SCTASi deoxy-
nucleosides.

(a) Cannot determíne un-
detívatized non-vola-
tíle substrates.

(b) Volatile subsËrates
and derívatives l-ost
during evaporation.

(c) EvaporaËion procedure
is inconvenient.

May not get 1002 deriv-
ai'ízatior' at second
step.

Reagent and acidic side
products musË be removed;
inconvenient and does not
a1low determínatÍon of
volatile subsËrates and
derívatives.

Does noÈ separate 3r-
and 5r-O-SCTASi deoxy-
nucleosides.
Derivatization is too
sl-ow.

at an accelerated raÈe wiËh the compound being analyzed during fl-ash

evaporaÈion in the hot injector port, can lead to serious errors in

quanËit.ation. Undoubtedly, problems similar to the ones encounËered in

this study will arÍse in other siËuations and analysts should examíne

theír analytical- meËhods by using the coinjection teehnique
:::':':-'
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2. Ribonucleoside Derívatíves

Tables vrr and vrrr present the chromatographic data for the

ribonucleosíde derivatives studíed in thÍs project.

a) Liquíd Chromatography

As for tl-re deoxynucleoside series, TLC rras a useful method f or Ëhe

separation of SCTASí derÍvaËives of ribonucleosides. However, the sítuatíon

is more complex and not, all the 6 partial silyl derivatíves are separable

at one time. The import.anË ísomers, Vlaba and Vlaab, present a parËicularly

diffícult problem since no solvent system has been found for their TLC 
:

separatíon.

HPLC appears very promísing for the rÍbonucleoside derívaËives.

'trlith its higher resolut.ion, ít ís possible to separaËe all the partial 
I

TBDMSi derivat.íves of uridíne (see Table VII). Hower¡err long retention ,,

times and severe taíling are encountered for the mono-TBDMSi derivatives, ,

expecially 5'-O-TBDMSi-urídíne (VIbaa). The solvent system and condítions i

1

still need to be optimized f.or these three compounds. A feasíble sep- 
,

aration of the Ëris- and Ëhe three bís-TBDMSí-urÍdínes is illustraÈed in ;

Figure 21.

TABLE VII. HPLC retenÊion data for TBDMSi derívatives of uri<Iine
(same condiËions as Figure 2L).

Compound
Relatíve

// netentíon Tímea

2' ,3' ,5 I tri-s-TBDMSí-urídíne Vlbbb 1.000
2' ,5' bis-TBDMSi--urid j_ne Vlbab 1. 0gl
2r,3rbis-TBDMSi-urídine Vlabb I.494
3',5'bís-TBDMSí-uridíne VIbba I.722
2t-TBDMsi-uridine Vlaab 4.nb
3 t -TBDt'fsi-urícline Vlaba 4.7 Lb

5'-TBDMSí-uridíne VTbaa 26.g4c
a = not corrected for dead volume; b = tailíng; c = severe Ëailing



l0
Minutes

Figure 21. High performance liquid chromatogram of a mixture of. 2t r3t,
5ftris-O-TBDMSi-uridine (Vlbbb, 2.I Vg), 2',5'bis-O-TBDMsi-uridine (VIbab,

1.8 Ug), 2',3rbis-O-TBDMSi-urídine (Vlabb, 1.8 Ug), and 3',5'bis-O-TBDMSí-
urídine (Vlbba, 3.0 Ug).

Conditíons: 3mm-ID X 0.25m colurnn packed wíth 5¡t Spherisorb Si1íca;
0"4 nl/nín ethyl acetate mobile phase; W detectíon at 280 nm.
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b) Gas chromatography

Although the GC of ribonucleoside derívatives has not been ínves-

tigated very exËensively, a number of interesting observations have been

made and are described below. These serve to suggest many future

experiments in Ëhis area.

Table VIII gives the retention data for the various derivaÈives

ËhaË have been examined. It should be noËed that Ëhe previous discussion

on retention indíees for deoxynucleosides also applies to ribonueleosides.

The Eris-O-SCTASi derivatives of uridine (VI), S-nethylurídine (VII), and

adenosine (VIII), and the N,O-perSCTASi derivatives of adenosine displayed

good GC behavior although Ëheir reËention indices are rather high compared

to TMSi derivatÍves. Figure 22 illustrates Ëhe excellent peak shapes for

some adenosine derívatives and also demonstrates the retentíon increment

effect. Substitutíon of one hydrogen of the N6-amino group of VIIIbbba

by a TMSi group to give VIIIbbbe leads to a rather small increase in

retention tíme (ôI = 37) compared Èo that for substitutíon with TBDMSi Èo

give VIIIbbbb (ôT = 244). The number of si1yl groups in a SCTASi

derivatíve ís far easÍer to recogníze by GC than with TMSi derivaËives.

The partial O-SCTASi derivatives of ribonucleosides presenË an

interesÈing problem. I¡ was found that dírect analysis by GC was

complicated by intramolecular rearrangements. Only the TBDMSi derivaÈives

of uridíne have been examined in this respecË, but their behavior should

be representative for this enËire class of derivative.

The GC behavior of Vlbaa and Vlabb on OV-l- columns was straight-

forward. Figures 23a and 24a show that a single peak was obtained in each

case. MS and TLC of Ërapped eluates verifíed Ëhat the derivaLives passed

through the column undecomposed. The remaining parÈial- derivatives gave



Compounda
Number

Partial O-TBDMSi Derivatives

TABLE VIII: Numbers, names, and
for rlbonucleoside

VIbaa

VIaba
VIaab

Vlbba
VIbab

VIabb

IX

TMSi/TBDMSi

Compound Namea

5 | -o-TBDMSÍ-uridine
3 '-o-TBDMSi-uridine
2 ' -O-TBDMSi-uridÍne

3', 5' bis-O-TBDMSi-uridíne
2', 5' bís-O-TBDMSi-uridÍne

2 I ,3 | bis-O-TBDMSi-uridine

5 t -O-TBDMSi-2 r ,3 t -3srt-butylmethylsi1-y1-
dioxy-uridine

Derivatíves
VIeee

VIbee

VIebe
VIeeb

Vlbbe
VIbeb

Vfebb

VIbbb

Ac/TBDMSí

chromatographlc data
derivatives.

2' ,3' ,5 t tris-TMSi-uridíne
2 I ,3 I bis-O-TMSí-5 I -O-TBDMSI--uridÍne

2 I ,5 'bis-o-TMSi-3 | -o-TBDMSi-urídine
3 r, 5 tbís-o-TMSí-2 I -O-TBDMSí-urídine

2 r -O-ÎMSí-3', 5 | bís-O-TBDMSi-uridine
3 t -O-TMSi -2t, 5 I bis-O-TBDMSÍ-uridÍne

5 I -O-lMSi-2' ,3 | bis-O-TBDMSi-urídfne

2t 13', 5 I tris-O-TBDMSí-uridine
Derivatives

RfTLC 
b

AD

vrggg

0.05 0.02

0.26 0.04
0.27 0. 04

0.59 0.12
0.77 0. 25

0. s7 0,2L

0.78

0.80h

0.80

0.80h
0.80h

0.80
0.80

0.80h

0.80 0.54

-2j0o .260o .290o ImportanÈ Isomertov-l- tov-l tov-l Pairs I cl¿

2' 13', 5 t tris-O-Ac-urÍdine

GC DATAC

257 6

2628t
2559r

2BB4T
2843r

2866

27 67

2444

2682

2660
2669

289L
2899

2879

3L02 3L28

2509

L.227

1. 128

L.026

1-. 023

continued...
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VIbgg

VIgbg
VIggb

VIbbg
VIbgb

VIgbb

VIbbb

TABLE VIII (contínued)

2 I ,3 I bis-o-Ac-5 | -o-TBDMSi-uridine
2 I ,5 | bls-O-Ac-3 | -O-TBDMSi-uridíne
3 I ,5 | bis-O-Ac-2 | -O-TBDMSi-uridÍne

2 I -O-Ac-3 t ,5 t bis-O-TBDMSí-uridine
3 f -O-Ac-2 t 

, 5 t bis-O-TBDMSi-uridine

5' -O-Ac-2 t, 3 tbÍs-O-TBDMSi-uridine

2t 13' ,5 rtris-o-TBDMSí-uridíne

TFA/TBDMSÍ Derivarives
Vllil 2t ,3 t ,5 t tris-o-TFA-uridine
Vlbil 2 I , 3 I bís-O-TFA-s r -0-TBDMSi-uridíne
VIfbt 2 | ,5 | bis-O-TFA-3 ' -O-TBDMSÍ-urídíne
VIÍíb 3 ' ,5 | bis-o-TFA-2'-O-TBDMSi-uridine

Vlbbi 2 I -O-TFA-3 ' ,5 | bis-TBDMSí-urÍdine
Vlbib 3 | -O-TFA-2' , 5 I bis-TBDMSi-urídine
vlibb 5 r -O-TFA-2 I 

, 3 | bis-TBDMSi-urÍdíne

Mf scellaneous Derivatfves

RfTLC 
b

AD

VIeee
VIeeee

VIIeee

VIIIeeea
VIIIeeee

2' 13', 5' tris-o-TMSí-uridine
2' ,3t ,5 I , 4tetrakis-o-TMSí-urídine
2"3 t, 5 t trls-O-TMSf-5-urethyJ-uridine

2' rtt, 5 t trís-o-TMSÍ-adenosine
2' 13' ,5 t tris-o-TMsi-N6-TMSi-adenosine

0.47
0. 5s

*2goo -260o -290otov-l tov-r 'ov-l

:?:i
;;i'1::

2706

27LB
2689

29L9
2905

2905

3102 3L28

GC DATAC
Important

Paírs I

ll:r:jì

Isomer
ct

d

d

d
2272

d
2690

2688

2444
2449

24BL

2573
2647

1.089

1".041

0.80h
h

0.85h

0.56h
h

continued. .
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vrggg
VÏiii
vrbbb
vrddd
VIccc

vrrbbb
VIIlbbba
VIIlbbbe
vrlrbbbb
VIIIbbbc

TABLE VIII (conÈinued)

2' ,3t
2t ,3t
2t ,3t
2t ,3t
2t ,3t
2t ,3'
2t ,3'
2' ,3t
2t ,3'
2' ,3t

,5 | tris-O-Ac-uridine
, 5 ' tris-O-TFA-uridíne

, 5 I tris-0-TBDMSí-urÍdine
, 5 I trÍs-o-TMIP Si-urídíne
, 5 | tris-O-TMTBSi-uridíne

, 5' Ërís-O-TBDMSi-s-methylurídine

, 5 | tris-O-TBDMS i-adenosine
, 5 t trÍs-O-TBDMSi-N6-TMS i-adenos ine
, 5 I trÍs-o-TBDMS i-N6-TBDMSi-adenosine
, 5' ËrÍs-0-TBDMSí-N6-TlfIBSÍ-adenosíne

RfTLC 
b

AD

a

b

c

d

h

t

Refer t,o Scheme 4 for numbering system and structures.
SolvenÈ sysËems: A = diethyl eÈher; D = ether/hexane (2:lrv/v)
I = Kovatsr retenËíon índex; o = separation factors for ísomer palrs ( >lral-ways).
Decompositíon during GC.

PartÍal hydrolysis occurs during TLC (eomplete if no R¡ val-ue given as well).
Rearrangement occurs in hot ínjector port (and on-col-umn at hl-gher temperatures).

0.80 0.54
0. B0
0.80

0. B5

0.56
h

0.79
0.79

-z3oo -260otov-l tov-r-

2509
d

3102

GC DATAC

-290o ImporËant Isomertov-l- Palrs t cl¿

3128
3815
3916

3133

3237 3273
327 4
348r- 3s56

381-l-

3203

@(,



VIIlbbba

Flgure
(vIIlbbbe)

30 nl-/urtn

22. Gas chromatogram of
and N6-TBDMS1 (VIIIbbbb)

N2 earrler gas.

:tJ:
il,:

VIIlbbbe

a mlxture of
derlvatives.

Minutes

2t,3',5rtris-0-TBDMSi-adenosine (VIIIbbba), and its N6-TMSÍ

Conditions: coLumn A (102 OV-L, lm x 2nrn-ID), 260",

t0

vrrrbbbb

ocr



Fígure 23. Gas chromatograms of mono-TBDMSi derivatíves of urÍdine.
was injected; (b) pure 3t-O-TBDMSí-urídine (Vlaba) was injecred, bur an

additional- peak corresponding to 2r-O-TBDMSi-urídíne (Vlaab). Injectfon
al-most ídenticaL to (b). Conditions: col-umn A (L0% OV-l-, lrn x 2mm-ID),

Minutes
0

(a) pure 5r-O-TBDMSi-uridine (Vlbaa)

injector port rearrangement gave an

of pure Vlaab gave a ehromatogram

230", 30m1/mín N, carrier. co(¡t
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EÍgure 24. Gas chromaËogram of bis-O-TBDMSi-urídine derivatives.
(Sarne conditions as Figure 23)

(a) Injectíon of pure 2',3rbis-O-TBDMsi-uridine (Vlabb) gave a

single peak wiËhout rearrangement.
(on next page:)

(b) Injection of pure 2r,5rbis-O-TBDMsi-urídíne (Vlbab) gave

addiËional peaks due to rearrangement to 3t,5'bís-O-TBDMsi-uridine (Vlbba)

and decomposition Ëo 5'-O-TBDMSÍ -2' ,3 '-t.rt-b,rtyhnethylsilyldioxy-uridine
(ü). The mass spectrum and structure of Èhe latter ís given in Figure 26.

(c) Injection of pure Vlbba also gave three peaks with the same

identiËies as in (b).



Fígure 24 (continued)
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some unusual results. When pure samples of the 2t- and 3r-mono-silyl

derivatives (Vlaab and Vlaba) were injected, essentially identical

chromaËograms with two peaks in each were obtained (Fígure 23b). Injeetion

of the 2' ,5' - and 3',5'-bis-silyl derivatives (Vlbab and VIbba) gave

differenË chromaÈograms which contained three peaks wiËh the same

retention times (Figures 24b and 24c, xespecËively). hlhen a longer column

was used, with a consequently higher column Èemperature, Èhe peaks became

broader and less well-resolved in each case (Figure 25). It was esta-

blíshed, by the evídence given below, Ëhat these effecÈs are due to a

thermally-induced intramolecular rearrangemenË of a silyl group between

tlne 2r and 3r positions, together with, for compounds Vlbab and Vlbba,

partial decomposition to compound IX (presumably by thermal elímínation

of methane). Scheme 7 íllustrates the proposed reacÈions for the bis-

silyl derivatives. The rearrangement.s occur primaril-y in the hot

injector port (250"), but are also induced during elution by hígher

column temperatures. The laËËer result.s in a broadening and fusíng of

chromatographíc bands. (It Ís interesËing to note that the degree of

rearrangemenË is different for the two bis-silyl isorners. This is probably

due to a steric repulsion betr¿een the 5r- and 3|-O-TBDMSi groups ín lbba.)

The 2r ++ 3t rearrangement of silyl groups has also been observed ín

refluxíng pyridíne and under certain catalytic conditions at room

Ëemperatures (85).

Several pieces of evidence supporË the foregoing conclusions:

1) The eluÈed peaks Ì,tere trapped in glass capillaries, dissolved in

dichloromethane, and reinjected into the GC under identical conditions.

Both the first and second peaks of Figure 23b when reinjected gave

chromat,ograms identical to the one from which Èhey were collected. The



Figure 25. Gas chromaËogram of pure 3rr5rbis-0-TBDMsí-urídine (Vlbba) showing extensive rearrangement on

long column at a hígh temperature.

CondiËions: column C (L0% OV-l-, 3.75rn x 2.4nun-ID), 280o, 30 rnl/mÍn N2 carríer.
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Scheme 7

firsË peak of Figure 24b (arrd 24c) gave a single peak at Èhe same retenÈion

t,íme, while the second and third peaks gave chromatograms identical to

Ëhose in Figures 24b and 24c, respecËively. These results confirm that

rearrangement is actually occurring rather than that Èhe starting

compounds were impure.

2) Peak identitíes r¡rere confirmed by MS and TLC analyses on collected

GC eluates.

3) Compound IX was synthesízed independently by react,íng 5t-O-TBDMSi-

uridine (Vlbaa) with a ner^r reagent, tert-butylmethyldichlorosilane, Ëo

give 5 I -O-TBDMS i-2' ,3 t -o-t.tt-butylnethylsilyldioxy-uridíne (IX) . This

had a mass spectrum identical to that obÈained for the first peaks in

Figures 24b anð, 24c (see Figure 26). It should be noÈed Èhat this 2',3'-

silytdioxy derivatization should have some valuabl-e applications in both

..1
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synËhesis and gas phase analytical chenistry. An analogous dimethylsil-yl-

dioxy derivative has been studied for Ëhe GC and MS of steroids (177-180).

4) Further evídence for the assígnment of mono- and bís-silyl peak

identities 'bras obtained by mícro-scale acetylaËíon of trapped eluates,

followed by either TLC anal-ysís or reinjection into the GC with MS analysís

of eluted peaks. The mixed ¿,c/tSD,ISi derivaËives have characËeristic R¡

and I values and unique mass spectra.

The decomposítion and rearrangements just descríbed are obvíously ' i

undesirable for the gas phase analysis of partial O-SCTASi derivatÍves of 
::

i,,.'
ribonucleosides. Since variatíon of instrumental conditions dÍd noÈ '; ):

produce a solution t.o the problem, the formation of fully proÈected

derivatives by acetylaËion, Ërifluoroacetylation, and trimethylsilylaÈion

was invesËigated. .

Acety1ationwithAcAnh\,taS\,erysuccessfu1.Thísgave,in

quantitativeyie1d,ËhemixedAc/TBDMSiderivaËiveswhícharestab1efor
tt

isolaËíon, have unique mass spect.ra, and do not rearrange during GC analysis.

Fígure 27 íLlttstrates Èhe chromatography of the Ac derivatives of 2r-O- '

and 2',5rbis-o-TBDMSi-urídínes. Each Ac/TBDMSi derivaÈive gives a single 
¡,,.,,

symmeÈrical peak. Furthermore, Ëhe derívatíves of the synthetically

importanÈ isomers, Vlaab/Vlaba and Vlbab/Vlbba, are separable as Í11u- ,',',ll

sËrated for Vlggb and Vlgbg in Figure 28. However, all six mixed deriva-

tives r^rere not separabl-e. Combíned techniques such as TLC/GC or GC/MS-SIR

;,:',:1 Imay be possible solutions t.o this problem. 
i,,,,,::.:,

Unexpect,edl-y, trifluoroacetylation úras found to be an unsuitable

meËhod. Mixed TFA/SCTASi derívatives of uridine wiÈh a TFA group in the

2t position (e.g., Vlbii, Vlibi, Vlbbi) decomposed duríng GC analysis,

although the derivaËives rrith a 5r- or 3|-O-TFA function (e.g., Vliib, ,,_.,.,j1



Figure 27. Gas chromat.ogram of a mixture of 3r r5tbis-
O-Ac-2r-0- TBDMSi-uridine (Vlgeb) and 3t-O-Ac-2r,5rbis-O-
TBDMSi-urÍdine (Vlbgb), indícating that no rearrangement

occurs after acetylatíon. Same condit,fons as Figure 23.
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10

Figure 28. Gas chromatogråm

2r-O-TBDMSi-uridíne (Vlggb) and

Conditíons: column C (1-02 OV-l-,

carríer.

Minutes

showíng the separatíon of 3r,5tbis-O-Ac-
2 ' ,5 | bis-O-Ac-3 I -O-TBDMSi-uridine (VIebg) .

3.75rn x 2.4rnn-ID) , 280o , 30m1-/nin N2



Figure 29. Gas chromatograms for (a)

3 | -0-TBDMSl-uridlne (Vlibi) íl-l-usrrarÍng
Same condiÈlons as Flgure 23.

3r,5fbis-O-TFA-zf -0-TBDMSÍ-urídine (Vliib) and (b) 2',5'bfs-O-TFA-
good behavior for ühe former but severe deconposition for the latËer.

I r0
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\o
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Vlbib, Vlibb) behaved well (see Fígure 29). This phenomenon has not yet

been explained and needs further investigation.

Trimethylsilyl-ation of the parËial O-TBDMSi derivatÍves of urídíne

produced mixed TMSi/TBDMSi derivatives which had excellent GC and MS

behavior. Unfortunately, isomeric derivaÈives could. not be separated. ,',:,'1,,, ,

Figure 30 illusÈrates a chromatogram of a trímeËhylsílylated mixture of

uridine and its mono-, bis-, and tris-TBDMSí derivaËives. GC/MS-SIR

would probably be a f easible method f or determining all eight compound.s in :.: ,:

this chromaÈogram. 
1""¡ ''''i

One concern in Ëhe above techniques T¡ras the possibility of. 2t + 3t ,,','','...,t

rearrangenent of the SCTASi group duríng further derivatizatíon. However, 
l

evidencefrornTLC,GC,andMSexperimentsindicatedËhatrearrangement

did not occur during aeeÈyJ-ation and trímethylsilylatíon of partial

TBDMSi derivatives of uridine.

c. summary 
t'

The results in this chapter have demonst,rated that boÈh f-iquid and

gas phase chromatographic meÈhods are useful- for Èhe separation and

characterizaËion of synthetically imporËant SCTASi derivatives of nucl-eo-

sides. TLC is valuable for fast qual-iÈative analysis and preparative work,

while IIPLC appears to have tremendous poÈential for both the separation

and quantiÈation of isomeric parËial derivatives. I'Iith GC, analyses are

fast and sensitÍve, and can be veïy accurate for quant.iÈatíve work ( Íf

care is taken to prevenË cerËain sources of error such as injector port

reactions and rearrangemenÈs). However, foremost in the advantages of GC

is the ability of this technique Ëo distinguish between compounds on the

basis of differences in molecular weight, stereochemistry, and functional

groups (polarÍËy). Liquíd chromatographic methods are based almosÈ entirely i.a.','.;', 1-r+
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Minutes

Figure 30. Gas chromaËogram of a míxËure of TMSi/TBDMSi derivatives
of uridine:

1 = rrís-TMSí (VIeee)

2 = bis-TMSi-mono-TBDMSi (Vlbee * Vlebe

3 = mono-TMSi-bis-TBDMSi (Vlbbe * Vlbeb

4 = tris-TBDMSí (Vlbbb)

Condítions: column A (LO"Á OV-l, lm x 2mr-ID), 250o

+

+

VIeeb)

VIebb)

, 30 nl/mÍn N2.



98

on the latter property. Thus, compounds dífferíng on1-y in the type of

sily1 group (í.e., MI,{ difference) can be separated quiËe easí1-y by GC, but

noË at all with LC. In additÍon, iË is generally easier to find the

optimum conditions for separaÈion by GC than it is for LC, although the

development of routine quanÈítative procedures may be easier with IIPLC.

HPLC does have the advanËage thaÈ non-volaËile and hígh molecular weight

compounds, such as nucleotídes, can be analyzed. trrIhen HPLC/MS techniques

have been developed, HPLC may be a príme method ín thÍs area. Neverthel-ess,

GC and HPLC should still- be consídered eomplementary, and research inËo

either Ëechnique ís always val-uabl-e.

In summary, the results of Èhe investigation of GC methods have

shor¡n Ëhat the SCTASí derívaËives of some nucleosides are amenable to GC

analysis and that some partial derivaËives can be separated. However, the

ribonucleoside and labile deoxynucleoside derivatives require furÈher

derívaxization Èo be chromatographed. Overall, the best general approach

to Ëhis enËire problem appears to be furÈher derivatízation for GC analysis.

trIiËh some derívaËives, it is still possible to achieve separation for

isomers (e.g., TFA/ScTASí-deoxynucleosides and some Ac/TBDMSi-uridines),

but for Ëhose that do not separate, it should be possible to use GC/MS-SIR

Èechniques. The preparation of mixed TMSi/SCTASi derivatíves combined r¡ith

SIR appears Ëo be the most promísíng meÈhod, since trineËhyl-silylation Ís

readily perfonned with quantítaÈíve yields under míld conditions, the

derivaËíves have the best. chromaÈographic propert.ies, and the mass spectra

are sufficiently dífferent for isoners (see Chapter IV).

AnalyÈical aspecËs of SCTASi derivatizaËion for chromaËography

are expl-ored Ín ChapËer V.
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IV. MASS SPECTROMETRY OF NUCLEOSIDE DERIVATIVES

A. Introduction

i. Nucleosides

The applÍcaÈion of mass spectrometry to nucleosides has rapídly

expanded since the píoneering work of Bíemann and McCloskey in 1962 (181-).

Many papers have proven the value of MS for identificaËion of prevíously

unknown, modified nucleosides as well as other components of nucleic

acid: bases and nucleoËides. Recently, the fíeld of nucleic acid mass

specËrometry has been revíewed in an excellent Èreatíse by McCloskey (15).

Empírical studies wÍth underívatized nucleosídes of know¡r structure

have revealed that their elecÈron-impact rnass spectra conËain a nunber of

stTucËurally informative fragment íons (illustraËed in Scheme B). The

ions g, b+H, Þ+2H, and the molecular íon, M, help Èo idenËify the

nucl-eosíde, while ions a (M-30), d (b+30), g (U-89), and g allow eluci-

daËion of strucÈural modifícations ín the sugar rÍng. The latter ion, g,

is abundant only in ribonucl-eosídes (R=OH), and its mass corresponds to

+2H = b+2H
+þ{ = þ+þl

-- - ---tH-= d
Scheme I

R=HorOH

I
l+þl = ¿

c

e
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There are some major difficultíes in the applicaÈíon of MS to

underiva.tízed nucleosides in general-. Theír 1ow voJ-atilíty requíres thaË

samples be íntroduced via Ëhe solid probe inlet system. In some cases,

such as guanosine, nucleosídes may have such 1ow thermal stability that

extensive pyrolysis occurs, resultíng in irreproducible and confusing

specÉra. In oËher cases, such as ínosine and xanthosine, the molecular

ion and valuable strucËural íons may not be present at all, even though

pyrolysis does not occur.

New methods of ionízatíon, such as chemícal íonízat.ion (l-B2,iB3),

field ionizaËion (184), field desorptíon (185) and recently, 'u"Cf plasma

desorption (136), can extend MS to the more labile nucleosides. These

techníques offer more abundant molecular ions (or quasi-molecular ions)

and less extensive fragmentation. However, the símplified spectra do

not usualI.y give as much structural informaËion as do electron-impact

spectra, and fewer poínts of correlatíon are avaílable for I'fingerprínttr

matching wíth reference spect.ra.

Chemical derivaËízation is a powerful solutíon Ëo many of the abor¡e

problems. The enhanced volatility and thermal stabílíty allows the use of

gas chromatography as an alt.ernatíve means of sample introducËíon, whích

in turn exËends MS to Ëhe analysís of complex míxtures. In addiËion, the

structural inferences offered by GC can be of great complenentary va1ue.

Moreover, certain types of derivat,íves may yield much improved electron-

impacL fragmentation behavior, such as an abund.ant molecular ion together

wíËh structurally valuable fragment ions. A number of derivatization

procedures for nucleosídes have been ínvestígaÈed: alkylation (187),

acetylation (188), Ërifluoroacetylation (189), iso-propylidatíon
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and borcnation (190) for cis-diol-s of ribosides, and trimethylsílylatíon

(15,191 rL92). Silylation has been the most valuable, particularly for

cclMs.

The basic fragmenËaÈíon behavior of TMSí derivatíves of nucleosídes

is summarized in Scheme 9 (adapted in part from refs. 15,191 and L92).

The molecular weight is determined from M, M-CH3(15), and M-TMSiOH(90).

Structurally informative fragmenËs include !+H' Þ+2H' b+H+TMSí' -é.' 9¡ .g,,

J.
TMSiOCHi (ur/e103), and a series of sugar fragments. Three specific

fragments are characterísËic of ríbosídes: .f, m/e2L7, and m/e230; and

the ubiquítous silicon-contaíníng fragments , m/e73, 75r 89, and L47, are

observed in all spectra.

One imporÊanË poínt should be noted: for TMSi derivatives of

nucl-eosides, as rve1l as many other compounds, fragmenËs containing silicon

usually domínate the spectra. The presence of silicon has an ímportant

influence on the fragmentation of a compound. Therefore, it is val-uabl-e

to review at Ëhis time Ëhe behavíor of silicon compounds under elecËron-

impact.

2. Electron-Impact Behavior of Silicon Compoun4s

As the analytical applicaËíons of silylatíon developed, iÈ became

apparenÈ thaÈ sílicon ímparted some unusual properties Ëo molecules

subjected Èo electron-ímpact, and that Ëhese properties could be very

useful in structural studies íf they were completely understood. There-

fore, within Èhe last few years, there have been many efforts directed

towards el-ucidaLing the interestÍng behavíor of silylated compounds under

electron-ímpacÈ. Tr¿o reviews have discussed Ëhe MS of "organometal-lictr

-,silicon compounds (193rL94), buË there have been no comprehensive reviews

of the fragmentaËions of sily1 derivatives. The papers in thís area now
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Scheme 9
(M-1s) -TMSioH> (M-105)

urle103
It-

(R = H or T14Si0)

___b_ (+H,+2H, or +HTMSi)
s

*H = d-b*2H
I
I

\
\

-c"å f(ifR=TMSio)
c

t

(M-e0)

(ií) sugar fragments: (rn/e ribosíde/deoxyriboside)

nl eI29

s, mle349/26L-4' > nl e348/260 -TlfSioCHz' nl e2451I57

l-*rro" l-*.r0"+ -rr. ¿
nle259/L71 -tr' > nieziï/L70 -cH3' t nle243/lr55

J-*uro"
ml eL69 /8L

=e

tro'"1"*1, -."3

(iv) other si1Ícon fragments

(cH3)3si+ mle73

lctt3) rsiou+ ml e75

tt(CH3)2SíOCH2+ m/e89

(cH3) 3sioSi (CII3) 2+ ml eL47

(iii) specific riboside fragments

CHo=C--CH' I llO O-TMSíl+
TMSI

ml e2L7

+
CHo=C--{-CHc''l I '.oo

/\TMSí TMSÍ

mle23O
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number in the hundreds.

a) SilÍcon Chemistry

In order Èo fu1ly comprehend and be able to predict the behavior of

silicon in MS, it is ímportant to exaníne its chemistry (23r795-L97),

especially compared wíth that of carbon. Although carbon and silícon are ',

ín the same periodic group (IV), they differ greatly ín their chemical

and physical properties. These dífferences can be rationaLízed from the

characËerístícs of their respecËive valence shells. Al-though both elements ::

,',

parËícipaËe in sp3 bonding, silicon also possesses vacant d-orbitals which

can apparently parËicipate in (p*d)r-bonding ín Si-N, Si-O' and Si-X(X = ,,.

F, Cl) bonded systems. On the oËher hand, while carbon parÈicipates readily

in (p+p)n-bonding, silicon appears very relucÈant to form double bonds.

In addition, boËh the differences in electronegativity (Si = 1.8, H = 2.L, :

C=2.5,N=3.0,ando=3.5onPau1inglssca1e)andcova1entradius

(C = 0.77i, si = 1.17Å) (198,199) conrribute ro their bonding character-

ístics. Due Ëo the large size of silicon, there is less steric strain

within a Ërialkylsilyl group than wÍthin the corresponding alkyl group

(e.g., TMSi vs. tBu), and because trialkylsílyl groups are l-arger, Ëhey

can exert more importanÈ steric effects. In comparison wíth carbon, SÍ :'.

ì

generally fo:ms less stable bonds Lo C and H, but stronger bonds Ëo N, S, 
,:

O and Cl. LiËerature values for bond energíes vary dependíng upon the

meËhod of measuremenË. Table IX gives Ëhe values deterrníned for the

dissociaÈíon of the (CH3)3Si-Y bond by electron-impacË measurements (200). 
I

These val-ues are useful in considering electron-i-urpact fragmentations, but

other facËors are imporËant for bond-breaking ín solution reactions.

Silicon ís noËed for íts hígh mígratory aptitude under a varieÈy of reaction

conditions (thermal, photochemical, ionic intermediates, etc.) (L971201-).
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TABLE IX. Bond energy values for the dissociation of MerSi-Y as

determined by electron impact sÈudies (200).

Y Kcal/mole (t10)

H88
Me 85

Er 83

SiMe3 86

OMe L27

F l-93

cl L26

886
NEt2 131

Thís is usually atËributed to silicon's d-orbitals and its ability to

expand its coordination number from 4 to 6.
l

b) Mass Spectral FragmentatioFs

The major fragmentatíons inítíated by a sílyl ether group can' in

general, be explained by assumÍng inítial charge localízation on the i

eËher oxygen (Scheme 10), followed by o-cleavage, either at b or c in the

substrate skeleton, oï at a with expulsion of an a1kyl radícal from the 
i:: : :r:: .,

silyl- group. Of course, anoÈher possibility is fragmenÈatíon of a ' """'"'''.:, : . ...

precursor in which íonization occurs aË a site renoved from Ëhe silyloxy ",","r' ,','r"'
:_ 

_:.': -i_i

group. In the nass specËra of TMSi ethers, all three processes are

usually important.

For TMSi derivaÈíves, físsíon at a yields the [t"t-1-5]+ion. For ,, , , 
:

i,.:ir::i r,:,..rì...

sÈraight chain compounds (nt=H¡, this ís greaÈly preferred over fission

aË b. In some cases (especially Tl{Si esters), the formaÈion of [t"t-15]+ is

so favorable that fi" *r.ry weak or even absent. I{íth branched compounds,

r¿hen Rr - cII3, about 207" of. ¿¡s [M-15f ioo isdueto c]-eavage aÈ c (2O2) 
,,...,1¡;.,;;:.
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There ar:e seveïal reasons for the abundant [M-15f íon, namely: (a) decom-

position of a molecular Íon (odd eleetron) is most favored to occur by

expulsion of an odd-electron (radical) fragment to yíeld an even-electron

ion; (b) the high degree of branchíng and steríc crowding at Si enhances

fÍssíon at ai (c) since Sí is more electropositÍve than the subsËituent,s

aËËached to it, R4SiI -> R' + R3Si+ ís favored over R4Sít+ R3Si. + n* ;

(d) the ternary íon nrsi+ should be parËícularly stable because it has

an even number oi electrons and the elect.ron configuration is Ëhat of the

corresponding (stable) Group III compound; and (e) for TMSi ethers, the

resonance structure 10.3 could help to stabílize [U-fS]* ("" could 10.4

for TMS1 esËers). A1so,(p*d)n-bonding may be very ímportant in this

regard. Although structure 10.3 Ís often used ín the literature to
+

represent the [M-15]' íon, currentexperímental evídence (vide infra)

indicates that 10.2 is probably a more realÍstic representaËion of the

siliconium catiorr. Thís also accords with the reluctance of Si to

particípate in (p * p)n-bondíng.

FragmenÈation at b or c in cyclíc systems can often lead to

characËeristic fragment ions. An example of the "fragmentation direc.ting'r



106

abii.íty of the TMSÍO group ís gíven by the f r:agments m/eL29 and 1"1-l-29 in

the spectra of TMSi derivatives of certain steroids (Scheme 11) (2O3).

Other decomposiËions of M and íons resulting from fission at- a,

b, or c can lead to several fragment íons com¡aonly observed in Ëhe specLra

of TMSi derivatíves. These include m/e73, 75, 89, 1-03, L47, and íons

due to loss of silanol (TMSíOH): M-90, M-105, eËc.. These have been

descríbed previously ín Scheme 9 for Tl"ISí-nucleosides.

' c) Electron-Impact Induced RearrangemenËs

Although commercíal mass spectrometers became avaílable in Ëhe rnid-

L94Ot s for quantitative analysis, the development of MS as a tool for

molecular structure elucidation progressed quite slow1y. One of the maín

reasons for this was the early observation in some mass spectra of

anomalous ions which could not arise from símple cleavage of bonds in the

sample molecule. The formaËion of such rearranged ions cast doubË upon

the possíbilíty of correlaËing fragmenË íons wíth molecular structure.

Unfortunately, the rearrangement processes fírst noted were maínly in the

specËra of hydrocarbons, nolr r¿ell-knou¡n to give the most confusíng and

varied arlray of rearrangement ions. Such rearrangements have now been

classífíed as "random". Eventually it became apparent that organíc

compounds containing functional groups undergo more characteristíc

rearrangements that yíe1d simpler and more dístinct ions. A tremendous

research effort has sínce been dírected towards a mechanistic under-

standing of such "specífic" skeleËal rearrangement.s. Now, those processes

t¡hích are well-defíned and predictable, such as the Mclafferty rearrange-

ment' are among Ëhe most valuable probes for structure elucidatÍon by MS.
P

Several reviews have dealt with electron-impact induced rearrangements

in organic molecules (204-2A9).
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Scheme 11. Electron impacË induced fragmentaËíons of TMSi-cholesterol .
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In recent years, it has become íncreasingly cl-ear that sílicon

has a high aptiEude for such "specificrr rearrangement,s (I94,210). Two

major types of rearrangements involving silyl centers have been well

studíed, namely: (a) the mÍ.gration of an intact TMSi group trithín an íon

(usually the molecular ion) wÍth concurrent fragmenËation, and (b) the

ínt,eraction of a síliconium ion center r^rith electron dense functions ín the

molecule, often resulting ín macrocyclic Ëransit.ion states, with

subsequent rearrangement.

The migraËíon of intact TMSí groups appears to proceed ín a manner

símilar to cert.ain Ëypes of hydrogen migrations frequenÈly observed.

Several authors have emphasízed the remarkable si¡nilarÍty of behavíor

beÈween the TMSi group and the H atom. Examples of TMSi mígratíons are

given in Schemes 12 (211) and 13 (Z* Z) (2L2). The former has been Ëermed

a trimethylsílyl Mclafferty rearrangement.

Examples of silíconium ion rearrangements are given ín Schemes 13

(4+¿) , L4 (2L3), and 15 (2L4). MosË of Lhe ïearrangements sËudied appear

Ëo be driven by a tendency to form sÈabl-e Si-O (or Si-N) bonding. This

may be aided by a lowering of transÍtion-sËaÈe and product-ion energies

through (p+d)n-bonding. In addition, the siliconium íon rearrangements

occur, for the most parË, essentíaL1y independent of the separaËion

between the interacting funcËíons, as 1-ong as such int.eract,ions are

sterically feasible. Therefore, Lhese rearrangements have been proposed

t.o occur as gas-phase internal ion-mo1ecule reacÈions (215), with "cyc1-ic

silyloxonium ionsrt as intermedíaÈes (e.g., structures 13.4, ]4.2, and

15.3). In supporÈ of this view, it has been shown that siliconium cations

do react via an ion-molecul-e reaction with various heteroatorcontafning

uolecules t,o give sil-yloxonium ions (2L6-220). This also supports the

,..'. i.¡.:
ii.:t-:..'.
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view that the siliconium ion structure 10.2 is a more realistic representa-

tion Ëhan 10.3 with regard to its reactivity.

However, Ëhere is still- some conËroversy over the existence of

cyclic sílyloxonium ions. Koppel et al. (22L) have presented some apPear-

ance potential (AP) data for cr,o-bis-TMSí-ethers of the type TMSiO(CH2)n- 
.,,,',:,

OTMSi (n = 2 to 7). From the fact that the AP for [M-15]+ is constant for al-l-

values of n (about 9.4 eV) they have concluded that stable tU-fsf ions do

noË possess a cyclÍc sËructure. Their conclusion is íncorrecË in tr¡o ,,: 
,,:.

respects. First of all, a constanÈ AP value could simply índÍcate initíal :: 
"'r:'::

formation of a linear [lt-lsf ion; this does not disallow subsequenË collision .'.:'..',,: .-.:' : .:

of the ends of the molecule Ëo form a cycl-ic structure. Many such

collísions should be possible wiËhin the lífetíme of íons (approx. 10-6s)
.

intheionsource(222).Second1y,andmostimportant1y,theyhave

neglected to consider the AP of [M-15]+ in systems where such ínteract,íons

arenotpossib1-e,name1ymono-TMSieËhers.Forsuchcompounds,Ëhe
l

ionization potential for M and Ëhe AP for [M-fsf"t. approximately 
.

9.7 ar;rd 10.2 eV respectívely (223). If Koppelfs resulËs (9.4 eV for

M-15) are compared to these, it is apparenÈ that some sort of "assistancett 
.. ,

musÈ be ¿1¡¿il¿þls for tM-15f formation in bis-TMSiethers. This coul-d come ,.".,'
.: ,' 

i

fron one oxygen índucing the expulsÍon of a methyl radical soon afËer , ,',',
..: :::.:

electron impact. and forning a cyclic sÍlyJ-oxonium ion strucËure, as

shown in Scheme 16. This would be promoted by the formation of an

additional Si-O bond (stronger than the broken Si-C bond) and the :.: .:: :..
_ ;:f.1 :::

elíminaËion of a radical to produce an even-elecÈron specfes. :r::::''':

This concept could account for the wide variaËions in the M/(M-15)'

ratio observed in various compounds. In conformationally rigid systems,

an adjacenË electron dense function could very readíly induee the
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formation of a cyclic [U-fS]* structure which could be quíte stable. (0f

course, "internal íon-molecule" reactíons of inítíally 1ínear forms of
+

[M-15]' must inake amajorconLribution to cyclic silyloxoni.um íons and their

rearrangemenË producËs ín many syst.ems vrhere conformatíons are noË rigid.)

Some evídence is presented later ín Èhis thesis (Section C2) Ëo support

Ëhís argument.

Many papers have noted ínteracLions between remote functÍonal

groups in other sysËems (222r224-23L). It has been suggested ËhaË these

kinds of fragmentat.íons wÍl1 provide the greatest amount of information

by MS on the fíner structural feaËures such as sËereochemÍstry (232,233).

Siliconium ion rearrangements may be the most powerful probe for

such ínformati-on. In support of thís, several papers have demonstrated

Èhe strong sËereochemieal dependence of these rearrangemenËs (214(Sche-me

l-5), 234,235).

Other rearrangements observed for si1y1 derrl-vatives incJ-ude

mígration of trímethylsilyloxy (TMS1O) groups to remote carbonium centers

(e.9., Scheme 17 QI3)) and rearrangenent of alkyl groups attached t-o

sílícon.
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d) SCTASi Derivatives

The resulËs reporLed in this thesis demonstrate that t.he mass

specÈra of SCTASi ether derivatives are quite different from those of

TMSí derivaËives. The main reason ís that fragmentations aË b and c

(Schene 10) are greatly díminished ín favor of síliconium ion formation 
.

via fragmentation a. This is ratíonalized, by the favorable elímination

of a stable, branched alkyl radical (R. = iPr. or tBu.) and Ëhe relie
; : t'''''l'

of steric crowding in the síly1 group, in addiÈion Ëo those reasons stated ,::,:,:,ì,::::,

I'.: --.:.j

previously for [M-15]+in TMSi eÈhers. Thus, the spectra have an abundant i",'',,"'-
::::._r: :::_

J-

[M-R]'siliconium ion, and usually a very weak or undetectable molecular
I

ion. [M-R]' is Ëhe precursor of most other fragment ions in the spectra,

and rearrangements are almost excr-usively of the siliconium ion Èype' 
,,,r,r.",..,.,

There are advantages for this behavÍor compared to that of TI,ISi

derívatives. For Ëhe latter, the ratio of f to tM-15f, and therefore the

proporËions of different types of fragmentations (i.e., cx-cleavage, TMSi

migration, siliconium ion interactions, or Ëhose due to charge l-ocalízatl-on 
.,,,,,,.,,,,.,
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elsewhere in the molecule), can vary wídely and unpredíctably between

various compounds. The resulting sPecËra may be quíte complex due to

several different processes operating simultaneously. Also, the delicate

balance between formation of [M-15]+ and alternative fragmentations of f c"r,

be influenced seríously by instrumental conditions, especially Ëemperature.

The degree of fragmentation Èhat occurs depends upon Ëhe inËernal energy

of the molecule, which is derived from both electron-ímpact and contact

wíth a hot ion source chamber and solid probe or GC inlet systems (236).

Drastic differences in mass spectra have been reported for TMSí ethers of

steroÍds (203). The diagnostically impoïtanÈ fragment aE m/e129 in TMSí-

cholesterol (Scherne 11) ís the base peak íf a GCI{rS system is used, but

is reduced to 2% relative inËensity if a crystalline sample is íntroduced

dírectly by solid probe. Variations in the relative heights ofM*and tM-15f

have also been observed in the l-iËeraÈure (203), and by this auÈhor, to

depend upon the inlet system and ion source temperatures. No such

varíations have been observed for SCTASi derivatives of eiËher nucleosides

or steroids.

The fact that sËereochemically informative sil-iconium ion rearrange-

menËs are enhanced r¿íËh SCTASi ethers, promises to make these derivatives

of greaË value for stereochemical elucidatíon by MS. Thís ís supported by

results ín later sections of this thesis.

The mass spectra of poly-TMSi and -SCTASi ether derivatives do

have some similaríties. For example, the elíminatíon of síl-anol occurs

for both TMSi and SCTASi ether derivaÈíves. Other aspecÈs are díscussed

in Seccions B2 and C2.

e) Labelling

Specific labelling wíth deuterium (and sometímes oxygen-l8) is an
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ímportant Èechníque for el-ucídating mass spectraL ÍragmentaËion paËhways.

McCloskey et aL.(52) ÍnËroduced the technique of TMSi-dg (dfMsi) labelling,

whích has since become valuable in deducing fragmentations and rearrange-

menËs of TMSi derívatives. For polysílylated compounds, míxed TMSi/dTMSi

derívaËives are useful. Initially, McCloskey et al-. (521237 ) employed

randomly mixed derivaËives pïepared with an equímolar mixture of labelled

and unlabelled sílylating reagents. Mixed derívatives in whích the dTMSi

group oecupies a specifíc position have also been prepared, by utilízing

the higher lability of acidíc as compared wíth ethereal TMSÍ groups in

exchange reactions on a GC column (L92,2381239). More recently, Vouros

and Harvey (53) have developed a procedure for inËroducing dTMSí to

specifíc positions ín steroids by selectíve silylatíon. This is based on

the different silylation rat.es of sËerica1ly hindered and unhindered

hydroxyl groups

The three SCTASi groups selected for this study, TBDMSí, TMIPSí and

TMIBSi, together form a seríes r,rhích effectively labels the silyl- subst-it-

uenËs. In general, the different derivatives fragment similarly and

fragment ion types have about the same relaÈive intensities. The mass

shífts Ëhat occur when changing a síly1 goup (designated hereafËer as

RX2Si, where R ís the bulkiest alkyl substítuent (iPr or ËBu) and X2

represents the remaining subsËituents (Me2 or C4Hg) (Table X)) are

uníque: ISDMSí *26utTMTBSi, which labels the x subsËítuents;

TBtltSi fl2uoTMIPSi, whích labels both the R and X substituents. Other

common mass shifts observed in SCTASi derivativesf spectra are gíven in

Table X. The use of Ëhese groups can avoid the preparation of expensive

deuterium-labelled sily1 groups.

Of course, there are some mínor variations ín fragmentatíon
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TABLE X. Nomenclature for SCTASi groups and common mass shífts that
occur fr:r fragment ions containíng specific silytr- subsËituents when the
silyl group is changed from TBDMSí to Tl"fTBSi or TMIPSí.

RX2Sí R & mass(amu)

TBDMSi ÈBu þ1"2 115

Tl,fTBSí tBu C+Hg L27

TMIPSi ÍPr C¿HA 141

i;j:.: :';:..

'

ContenË of Fragment Iona Mass Shift (amu) from TBDMSí ì. ,.:,,,

TMTBSi TMIPSi ;..::.:.'..:

j
noXorR
RX2Si

X2Sí(or Tx2Sí)

2 (Rx2Si)

RX2Si + X2Si

TX2Si + x2Sí

3 (RX2si)

2(RX2Sí) + x2si
RX2Sí+TX2Si+X2Sí

00
26 L2

26 26

52 24

52 38

52 52

78 36

78 50

78 64
--J

" T = H or CH' after portion of R group has been eliminat,ed.
b Maximrlrn number of sílyl gïoups in compound for which shifts are

appl-icable.

1: : - r.

,.::: :r. -

ii,L'r,r,.

r'::t:l.rj-
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beËween the Ëhree sílyl derívatives. With TMIPSÍ, the iPr' radícal ís not

lost as readily as tBu' for TBDIISí and TMIBSí, resultíng in the retentíon

of some "TMSi behavior"(e.g., M+i" often observed for TMIPSí derivatives).

BoÈh TMTBSi and Tl'lIPSi have some unique fragmentatíons involving rearrange-

ment of the cyclo-tetramethylene ring, while TBDMSi tends to 1-ose CH3.

to a slíght exÈent, leadíng to a seríes of ions Ëhat parallel Èhose

formed from [M-R1+. fft. ídeal labellíng system would be TBDMSi + TBDMSi-d15.

However, Ëhe latter group \4ras not available for this study.

For derivat.ives wíth more than one SCTASi group, there ís the

possibilíty of more Ëhan one type of [tU-n]+ion. Each of these silíconium

íons wí1l ttdirecttt their or^rn seríes of fragmenËatíons and rearrangements.

The resulËing composíte specËrum can be quiËe complícated to ínterpret in

deËail unless mixed derivatives are used. Replacing one SCTASí group with

another allows specific J-abellíng of the substituents in Ëhat group.

Such mixed SCTASi derivatives of nucleosides are relatívely easy to

prepare with the controllable selectívity of SCTASi reagenËs and the

sËabílity of the partial derívatives during manípulations. In some cases,

however, a parlicular síliconium íon may direct a fragmentatíon, but noË

be part of the final product ion. Sírnple labellíng of the SCTASi group

ín these cases does noË reveal the nechanism. Partial SCTASi and míxed

TMSí/SCTASí derivatives, a.s developed in thís thesís, are valuable in

this respect. These derívatives a1low the r'ísolatíon" of one partícular
I

[M-R]' type and a1l the daughter íons that result from its fragmentation

directíon. The mixe<i TMSí/SCTASi derivaLíves are Ëhe mosË valuable for

interpreting the spectra of fully-O-sílylated compounds. The TMSí group

behaves as a t'passive" SCTASi g-roup since elímination of CH3. cannot

compet.e with tBu. elíminaLíon. The partíal SCTASj- derivatives, on the
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other hand, appear to undergo more extensíve fragmentaËion. The labile

hydrogen on an unprotected hydroxyl appears to enhance many fragment.aËíons.

Hor¿ever, a few fragmentaËions which depend upon the charge loca1-ízing

ability of an intacË silyloxy group can be suppressed.

3. Objectives

The objective of this chapter is to presenÈ Èhe interpreËation of

Ëhe mass spectra of SCTASi derivatives of nucleosides. Most of the work

reported deals wíËh isomeric substituted derivaËives of synthetic interest.

Also of concern, however, are the fully-O-silylated derivatíves which

could be of considerable analytical importance, a topic Èhat is discussed

furËher in Chapter V. For these compounds, the isomeric substituted

derivatives have proven invaluable for MS interpretation, as poínted out

above.

There ís l-ittle research reported in Ëhe literaËure thaË deals with

the MS of isomeríc substituted nucleosides, despite the interest ín

characterLzing Èhese types of compounds for synthetic and sequencíng

Purposes.

Isomeric mononucleoÈides have been examíned as TMSi derivaÈives (1-92).

IsomerízaÈion oecurs for tlne 2t- and 3t-phosphates during silylation and

after electron-ímpact, leading to specÈra which are índistinguishable

from each other but clearly differenË from the 5t-phosphate isomer.

Isomeric methyl substituted adenosínes have been examíned (24O) and gíve

rise to different mass spectra r,rrithout further derívatizatíon. l,Iestmore

eÈ al. (24I) were able Ëo characterize ísomeric substituted 212r-anhydro-

nucleosides by Ac, TFA, or TMSi derivaËization. In the same study, 2t-

versus 3t-linked anhydronucleosides could be differenÈíat,ed as TI"lSi

derivatÍves (242). Also, the combinatÍon of isopropylidation or phenyl-
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boronation with oËher blocking groups (TMSi, Ac, TFA) has been ínvestígated

as a method for nucleotide sequencíng (190).

B. SCTASi Derivatives of Deoxynucl-eosídes

1. Results

The mass spectral data for SCTASi derivatives of 2f-deoxynucleosídes,

and a díscussion of the general significance of Èhe mass spectra, are

presented in this sectíon. Following this, detailed interpretatÍons

of the princípal fragment ions are given (Section 82).

a) Partial O-SCTASi Derivatíves

This entire project began with the observaËion thaÈ isomeríc part,ial--

TBDMSí derivatíves of deoxynucleosl-des had very characterístÍc mass

spectra (65,87). Figures 31 and 32 ill-usËrate thís wiËh the spectra for

5r-O-TBDMSi-thyrnidíne (Iba) and 3f-O-TBDMsi-rhymidíne (Iab), respecrively.

In order to make a detaíled study of these spectra, the entíre series of

deoxynucleosídes (I-V) \,¡7ere examined as partial TBDMS1 derívatives

(Figures 33 to 40) to determíne the influence of the base, and the partial

TI4TBSÍ and TMIPSi derivatíves of I were studied to effectively label the

sílyl substítuents (Fígures 4L to 44). In addiËion, the labíle hydrogens

(OII and NH) in Iba and lab were exchanged for deuterium Ëo determine

Ëheir fate.

Table XI summarizes the fragmenÈ ions that are most important for

Èhe characterization of partial scrAsi derivatives of deoxynucl_eosides 
r.:.,-:,_..,: ,, ,:.

The interpretations are discussed in detail in section 82, and are based r',:::j::!:¡:r':::';:r:

upon the results given in Tables XII and XIII.

Some problems were encountered with the partíal derívatíves of

deoxycyËídine (rrrba and rrrab) and deoxyguanosÍne (rvba and rvab)' whích 
i::,i::,-:.:-r::.::,Ì.;
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required raÈher high sample temperature Ëo achieve volatílization. Slight

thermal decompositíon of Ëhese derivatíves eras indicated by a variatíon

in the intensíty of the tB+Hl+ion duríng some runs. This is Èhe molecular

ion of Èhe free base that is released during thermal decomposíËion, a

process which has been observed for underívatized nucleosides (15). Also,

for compound IIIba, peaks correspondíng to those of the bís-sílyl-

derívative (IIIbb) appeared in some runs at higher temperatures. ThÍs

indicaÈed thaË some thermally-induced intermolecular exchange of silyl
groups was occurring prior to vaporizatíon. (A sinilar observaËíon was

made for partially acylated derivaÈives of anhydronucleosídes (243).)

These resulËs suggest that furËher derivatization of the more labile

nucleosides should be studied, especially since they may then be amenable

Ëo GC/MS analysis as well.

b) Mixed Derivatives

FurËher derívatizatíon of partial O-SCTASi derivatives by TMSi, 
.

Ac and rFA reagents was studíed in chapter rrr for the purpose of

improving ehromatographic behavior. The mass spectral behavíor of these

"mixed derívatives" ís also of interest for a number of reasons. Further

derivaËizatÍon ís a prerequisite for a general GC/MS approach to the 
tt'-j

:r..., 
', ,',,analysis of partial derivaÈives, particularly for the more labile deoxy- ì."',,

nucleosides (rrr and rv) and the ribonucleosides. rf Èhe spectra of

isomers are still distinctly different after derivatj-zatíon, identification

would still be possible, in addition Ëo allowing quanËítative analysís 
ir;-.,i:

by GC/MS-SIR techniques (even for those isomers that do not separate by

GC). As discussed previously, mixed derivatíves are also valuable for

the interpretation of the speeÈra of fulIy-o-silylated derivatives.
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i)

The

Ac/SCTASi Derivarives

mixed 3t,5'-O-(Ae/SCTASi) derívaËives have characteristíc

spectra, as illustrated in Figures 45 and 46 for Ëhe ísomers Ibg and lgb.

In the case of deoxyadenosíne, N6-acetylatíon is possible, resulÈing in

the isomers Vbgg and Vgbg. These also yield excellent spectra (FÍgures

47 and 48) with dífferent fragmenËation patterns and abundanË tU-nf íons.

Although they are easy to prepare and have useful spectra, the acetyl

derivatíves are not as volaËile as theír TFA and TMSi analogs. This

lirriËs their value in GC/MS, partíeularLy for Èhe more labil-e nucleosides.

Assignments for major fragment ions are presented ín Table XIV.

InterpreÈations were aided with the dAc derivativesrlbh and lhb.

ii) TFA/SCTASí Derivarives

The mixed TFA/SCTASí derivatíves not only give characËeristic

spectra buË are separable by GC (Chapter III). Fígures 49 to 52

illustrate Ëhe spectra of the 3',5'-o-(TFA/TBDMSí)-thymidine isomers,

rbi and rib, and the 3',5t-o-(TFA/TBDMSi)-N6-TFA-deoxyadenosine isomers,

Vbii and VÍbi. Table XIV presents the interpreÈation of major fragment

ions. The Ac and dAc derivatíves vrere useful in supporting the proposed

assignments.

iii) TMSi/SCTASi Derivaríves

The spectra of Èhese derivaÈives are also characteristical-ly

dífferent for isomer paírs, as illustrated in Figures 53 to 56 for rbe

and leb (3',5r-O-(TMSi/t¡¡t'tSi)-rhymidínes) and Vbee and Vebe (3'r5'-O-

(TMSí/TBDMSí)-N6-TMSi-deoxyadenosines). A1-Ëhough ísomers could not be

separated by GC, these may be the best derívatives for a general GC/MS

approach to Ëhe analysis of partial-O-SCTASi derívatives. They are easÍly

prepared, have good volatility and therrnal stabilíty, are suítable for
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Ëhe rÍbonucleoside series as well, and theír very differenË spectra shoul-d

allow GC/Ì.{S-SIR Ëo be used for quantÍtative analysis. Extensíon of this

work Èo the more thernally labile nucleosides may allow the GC/MS of

substituÈed cytosine and guanine nucleosides.

Int,erpretation of Èhe major fragmenË ions in míxed 3tr5t-O-(TMSi/

SCTASi)-deoxynucleosídes is presented ín Table XVd. The assignment of

ion types was aíded by the spectra of dTMSi/TBDMSí derivatives, and the

3t,5'-O-(TMSi/TBDMSi)-deoxyadenosine isomers, Vbea and Veba. (The latter

r¡rere prepared by selecÈive silylation of hydroxyls only. ) FragrnenËation

mechanisms are discussed in Section 82. The N6-TMSi deoxyadenosine

derivatíves have not yet been interpreÈed in detaíl, although some of the

major fragment íons are assigned in Figures 55 and 56.

iv) Mixed SCTASi Derivatives

Three paírs of isomeric mixed SCTASi derivatives of thymidine

were examined (Ibc/Icb, Ibd/Idb, and lcd/Idc) for three reasons: 1) to

aid the interpretation of 3',5'-bis-O-ScTAsi-deoxynucleoside specËra; 2)

they are ímportant synthetic intermedíates; and 3) SCTASi derívaËization

could be a useful analytical approach for characterizíng isomeric mono-

O-SCTASi derivatives, especíally since bís-O-SCTASí compounCs are very

stable towards hydrolytíc conditíons (compared to TFA and TMSi). The

spectra of ísomeríc pairs are quite dífferent as indícated in Figures 57

and 58 for the mixed TMIPSi/TBDMSi-Èhymidíne derivaÈives, Ibd and ldb.

Table XVc presents a detaíled inÈerpretation of major fragment ions, whíle

the discussi-on ín Section 82 deals with fragnentation mechanisms.

The above resul-ts indícate that SCTASi groups appear to direct the

fragmentations of rníxed derivatives in such a rray as Ëo gíve excellent

information on isomeric substitution in the sugar ring. Therefore, SCTASÍ
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derivatizatíon may be useful for the characterízation of other types of

isomeric partial derivatives, such as acyl or alkyl subsÈítuted nucleosides,

nucleoside monophosphates, or even dinucleotides. The investigation of

míxed derivatives presenÈed ín Èhis thesis should be of value in future

studÍes.

c) 3',5'bis-O-SCTASi per:þa,!!veg

The inËerpreÈation of Ëhe spectra of Ëhese derivatives ís ímporËant

not only due Ëo their potential analytical value (Chapter V), buË also

because they are important synthetíc intermediates that need to be

characterLzed. In additíon, Ëhe ínËerpretatíons give additional support

to those for partial and mÍxed derívaËives. Tables XVa and XVb present

detailed assignments of ion types for the various derivatives sÈudied, and

the discussion in Sect.íon 82 deals r¿ith fragmentation mechanisms. Figures

59 to 65 presenË the spectra of 3rr5'bis-O-TBDMSi' -TMIBSí, and -TMIPSi

derívaËíves of thymidine (Ibb, Icc, Idd) and the 3',5'bís-O-TBDMSi

derivatives of deoxyuridine (IIbb), deoxyadenosine (Vbba), deoxycyÈidíne

(IIIbb), and deoxyguanosine (IVbb). Higher sample temperatures for IIIbb

and IVbb presenËed some inconvenience, alÈhough no signs of therrnal-

decomposition were evident. However, since they were not amenable to

GC analysisn further derívatizaÈion of the base functions should be

studied.

It is interesting Ëo compare Èhe specÈra of the corresponding TMSi

derivatives to see if SCTASi derivatíves offer more structural infornation.

The specËra of 3r 15rbis-O-TMSi ethers of thynidine (Iee) and deoxlrurídíne

(IIee) are displayed in Figures 66 and 67. Courparing these to Ëhe spectra

ín Fígures 59 and 60, íË is apparent that the TBDMSi derivatíves are more

sensítive to changes in the nucleosidets base. The TïÎSi derívativesr

l rr:::j:

:._.
' '::. '

:: iiìl;::
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spectra are dornínated by sugar fragments. Although the fragmentations

of TMSi derivatir¡es are sensitive to isomeric substítution i-n the sugar,

SCTASi derivatíves are also sensitive, perhaps to atì even greater degree,

as íllustrated by the míxed derívatj-vesr spectra.

Other notable features of analyt-ícal value for SCTASí derívatÍves

include an abundant [M - R]+ for the deLermínatíon of molecular weíghL
.L -L

(vs. weak M' or [M-15]' ions for Tl"lSi derivatives) an<1 excellent hydrolytic

sËabiliËy ËhaË alloT^rs easy isolation for MS analysis. The complete :lnd

detaíled interpretation of ion composítions and fra.gment.ation mechanisms

presenËed in Section B2 should a1low many future applícations of these

derívatíves (e.g., biochemÍcal studíes such as deterurining the position

of isotope incorporatíon ínto nucleosíde structures).

d) N,O-pers ílylated Derivatives

Sí.nce the fu1ly NrO-SCTASi derivatized deoxynucleosídes have

potentíal analyËícal value (see Chapter V), a prelimínary ínvesËígatíon

was made into theír rnass spectral behavior. The spectrum of 3t r5rbís-O-

TBDMSí-N6-TBDMSí-deoxyadenosíne (Vbbb) is giverr ín Figure 68. It ís

quíte differenË from that of the corresponding TMS1 derivaËive (Veee),

given in Fígure 69. The TBDMSi derívative has a simple spectrum with

most of the total ionization current carríed by two j-ons: m/e536 ( [M-{+)

The compositíon of thís ion is established

míxed derivativê 3',5rbis-O-TBDMSí-N6-

Figure 70, in which the same ion type

p::obable mechanism of formatioú is that

:.:,.

arrd m/eL92. The latter is assígned as [B'+H-\6]+, where B' is the base

unit with a TBDMSi group aË N6.

by examining the specËTum of Éhe

TlflBSi-deoxyadenosine (Vbbc), in

has shifted to m/e2-L8. The most

gíven in Scheme lB.

Sínce trimelhylsilylation appears Ëo be a useful approach for
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LM - RN6l+

Scheme 18.

anal-yzíng partial SCTASi derivatives, ít ís important to consider Ëhe

mass spectrometry of N-TMSi derivatives of the bis-O-SCTASi compounds

which usually occur wíth the former in silylation mixtures. The spectrum

of 3r,5'bís-O-TBDMsi-N6-TMSi-deoxyadenosine (Vbbe) is given ín Figure 71.

A more detailed interpretaËíon of the spectrum Ëhan that indicated in

Figure 71 requires IabeIlíng experiments. However, it is apparent Ëhat

this type of derívat.ive allows better characterízatíon of the sugar moiety

than do the fully N'O-SCTASi derivatized compounds. ThÍs type of work

should be extended Ëo deoxycytidine and deoxyguanosine.
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TABLE XI. Díagnostically important fragment ions for partíal-O-SCTASí

derivatíves of deoxynucleosides.

Characterístic for 5t-isomers Characteristic for 3r-isomers
Assignmentd CorunenË m/e-Tba Assignmentd Comment m/e-Tab

[M-R-H2O] or A b 28]- S b 23L

lA-H2ol

I s-H2o]

lB+401

a 263 [B+X2Si+H2O] or E b 2OI

[M-R-H20-BH] or b 155 [M-R-J]
lA-BHl

lx2si+73 l
b 145c [B+2H]

b 89 [S-RX2SiOH]

C5H5O or D b 81 [S-RX2Sí0H-CH2O] b 69

Present in BoÈh Isomers

Assignmentd ur/e-Iba or lab

b 2L3 [RX2S1+72]

b 16s [J+H]

b LB7

b 153

b L47

b 131

b L27c

b ggc

RXTSiOCH2

IIX2SioCH2

IM-R]

[B+X2Si] or F

[M-R-BH] or G

x2sioH

cH3x2sí

299

183

t73
75

73

" Urriqu" Ëo this isomer.
b Mr.r.h more abundant for thÍs isomer.
c Overlap wiËh other ion types or isotope of íon type

of lower mass interferes in some cases.
d Posftive ions; assignments are díscussed ín Section

82.
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2.

3.

4.

5.

6.

7.

8.

9.

l_0.

11_.

L2,

1_3.

L4.

Assignmente

M-CH3

M-crr2oH(3r_)

TABLE XIIa. Mass spectraL data for 5f - and 3r-O-TBDl"fSÍ-thymidine

derivatíves (Iba and lab).

M-CH3-II2O

M-R

M-c2Hso2 (61)

[M-R-H201 or A

M-R-CH20

J+RX2Sí

[M-R-2HrO] or [A-H2o]

M-R-H20-CH20

M-R-CzH4O 2rc0)
s

Elemental
Compositíon
C-H-Sí-N-O

lL6-28-r-2-51
L5-25-L-2-5

L5-25-L-2-4

L5-23-r-2-4
L2-r9-L-2-5
L4-23-L-2-3

L2-L7-L-2-4

LL-L7-L-2-4

13-23-L-2-2

1,2-L5-L-2-3

l_1-l_5-1-2-3

10-15-l_-2-3

L1-23-1-0-3

10-19-1-0-3

Calc.

Exact Mass

341.153

325.l-58

323.L43

299.L06

295.1-48

28L.096

269,096

267.r53

263 .085

251-.085

239.085

23L.L42

2l-5 . l-l-0M-CH3-BH

l-5. [S-Hzo] or K (for 5r LI-2L-L-0-2
isomer)

16. 8-1 3-l_-2-3

Observed:
Iba

341. 155

323.L43

299.L08

28L.096

263.087

251_. 086

23L.L43

Iab

325.158

299.L07

295.L49

281.096

269.097

267 .L53

239.085

23L.L43

215.110

m/e lba lab
Rel-. Int . %f

, rÍ:'

.)i.

356

34L

325

323

299

295

2BL

0,4 0. 03

- 0.6

0.9

19. 26.

- 0.4

59 . 1.0

0.2 0.4

0.4 1. t-

9.l_ 0.1

2.0 0.3

0.3 1.3

3.2 43.

L.od 2.7

Iba
d-shíft

(2)

2

2L3.131 2L3.L3La

213.070 2L3.O7oc

269

267

263

25r
239

23L

2L5

Iab

2

0 (80%) ,
L(2oi¿)

,:,

1

2

,',-',']

0

I

1_

2L3 L2.4.8

2

l-

0(e5%),
L(57.)

1

1

o(7oi¿) ,
l_ (30%)

0(e0i4),
1 (1oZ)

continued...
H5
ts



Line
/l Rssignmente

L7.

r"8.

l-9. [B+X,SÍ+Hr0J or E

20.

21. M-CH3-BH-H2o

22. ùt-CH2OH-ru(2SÍ0H

23. ru(2SÍ+CaH4O2Q2)

24. B+CaH60(s8)

25. [B+x2S1] or F

26. [M-R-BH] or G

TABLE XIIa. contÍnued

c-H-sí-N-o

l-1--19-l_-0-2

9-L3-L-2-2
7-L3-L-2^3

l-0-19-1-0-2

l_0-17-1-0-2
g- g-o-2-3

9-L9-L-O-z

8-11-0-2-3

7-LL-L-2-2
7-1_3-1-0-3

9-19-1-0-l_

8-15-r--0-3

7-11-1-0-3

8- 9-0-2-2

8-19-1-0-1

7-15-1-0-2

Calc.

27.

28.

29.

30.

31.

32.

Exact, Mass

RX2Sl+CaH4O (56)

RXSi+CaH3O2QL)

x2si+c5H503 (113)

B+CaH4 (40)

RXSi+C2H3O2(59)

2l_1. 115

209 .07 5

20L.070

199.115

l_97.100

1_93.061_

187.115

L83.O77

183.059

173.063.

L7L.L2T

l-71.084

171.048

r.65.066

L59.LzL

1.59.084

Observed:
Iba lab

zLL.LL6

209 .07 6

20L.070

L97.LOz

L87.LL7

183.077c

l-83.0594

L73,064

rzrloas"
L7L.O4ga

r6s.069

209 .07 5

20L.07L

L99.LL7

l_93.063

t87.LL7

183.060

L73.064

Rel. Int. %f
*/e r¡ã- ra¡

zLL

209

20t

L99

1-97

193

187

1 ,.,,
I

L73

0 .7 0.3

0. 6 l-.5

2.0 4L.

0.5 5.1

1.9 0.8

0.3 l-.1

4.2 22.

22. 16.

11. 34.

Iba
d-shift

, :,ll: l

i;:t.t::

0

L(zsi¿),
2(7_57.)

0

I

o(4oi¿),
L(60%)

t_

Iab

L7L.L22E

171.086b L

171. o4ebl

L65.067

0

1(85%),
2(rs%)

0

1

o(7oi¿),
1 (30%)

o (302) ,
L(7 07.)

0(e0%),
l- (l-oz)

o(7 oi¿) ,
1 (30%)

1

0(s0%),
1 (sOz)

L5g.L22a Lss.r22a1 Lss 3.0 s.2
ls9. ogsc 1s9. ogsb-l

L7L 1.3 5.9

165 L4 . 0.7 1

0(20i¿),
1 (80%)

continued...
H
N

l\)



Line
lt

33. [M-R-H2o-B[I] or [A-BH]

34. J+H

35. Ix2sÍ+c3Hso3(89)]

Assignrnente

36.

37.

38.

or [M-R-J]

RX2SÍOCH2

HRSi+C2H3O2$9)

[M-R-BH-CH'OI or
lc-cH2ol -

x2si+carlso2Q3)

TABLE XIIa. continued

C-H-Si-N-O

39.

40.

7-LL-L-0-2

7- 9-0-2-2

5-11-r_-0-3

7-17-1-0-1

6-l_3-1-0-2

6-11-1-0-2

6-17-r_-0-r_

5-1l_-1-0-2

6-r_3-1-0-l-

5- 9-L-0-2
5- 7-0-2-2

5- 6-0-2-2
7- 8-0-r--r_

5:l-3-1-0-1

4- 9-L-O-2

4L.

42.

43.

R(CH2) Si0CH2

Cal-c.

Exact. Mass

x2si+caH3o2QL)

B+2H

155.053

153.066

L47.O48

145.105

L45.069

143.053

133.105

l-31.0s3

L29 .07 4

r29.037

L27.05L

L26.043

L22.06L

LL7.074

LL7.037

44. B+H

45. (B+caH4)-Inrlco

46. RI(SÍOH

47. [x2si+c2H3o2(59)]
or [u-n-.1-cn2ol

Observed:
Iba lab

155.054

r-53.068

L47.049

L45.LO7a

t-45.070b

L43.054

131_. 055

Lzg.O73b

129.036b

L27.050

126.043

L22.06L

LL7.O74c

LL7.O37a

l-55.054

153.067

L47.048

m/e
Rel. Int. %f

..:, 
t:t

i,',:

rìì"
,j: r'1

1:1 'l

Iba lab

155

l-53

L47

14s.106b1

14s. o6eaj

143.053

29. L2.

19. 7 4.
g.¡d +r.

42. 11.

8.1 18.

o.od s.r
4.4 25.

Iba
d-shÍft

L45

r43

133.108

l-31.054

129.038

L27 .05L

0

2

Iab

133

1_31

J 
tr, r.3. 24.

0

I

0 (Bo%) ,
L(20%)

0

L(7 s%) ,
2(25i4)

1

0

0(2s%),
L(7 si¿)

0

2

l-

L26.043

L22.O6L

LL7 .07 41
11 7.03711

L27 L7. 57.

1,26 10. 13.

L22 4.8 1.9

LL7 2L. 48.

0

0

1

0 (B0z) ,
L(207")

0

1 (60Z) ,
2(407.)

1

0

o(20"/,),
1 (802)

contfnued. . .

H
N(,



Line
#

48.

49.

50.

5l_.

52.

53.

s4.

Assignmente

ru(2si

(J+H)-HNCO

x2sí+cH30 2G7)

ÎABLE XIIa. continued

c-H-si-N-o

55. CH3XzSTOCH2

56. HXSi+C2H3O2$9)

57. r2Sí+C2H30(43)

s8. R(cH2)si

59. Is-Rx^sÍoH] or g (fort 3f isomer)
60. x2si+c2H0(41)

6r_. H(X2SíOCHz)

62. CrHrO or D

6-15-1-0-0

5-11-l--0-t_

4- 7-L-0-2
s- 9-1_-0-1

6- 8-0-1-1

5- 4-O-L-2

3- 9-L-0-2

4-1_1-1-0-1

3- 7-L-0-2
4- 9-r_-0-1_

5-l-l--1-0-0

5- 7-0-0-2

4- 7-L-0-L
3- 9-1-0-L

5- 5-0-0-r_

Calc.

Exact Mass

115.094

115.058

Lr5.022

1,L3.042

110.061

1t_0.024

105.037

103.058

L03.O22

101.042

Observed:
Iba lab

115.095b

1l-5.059c

1.L5.022b

l_13.043

1l-5 .0esbl

1-1s.Ossb l-

lls. o21bl

1t_3.043

r-1o.o6oa 11o.o6oa1 110 zo. s.s
110.024b 110.024b,1

m/e lba lab
Rel. Int. %f

105.038 105.038 105 L4. 15.

t-15 18. 33.

113 5.9 4.2

103. O59c

L03.0224

101.043

gg.o64b

gg.o46b

99. O28b

89.042

81. 034

99.063

99.045

99.027

89.042

81. 034

Iba
d-shift

1o3. osec1

Lo3.o22a)

101.043

0(esi¿),
L(5T¿)

0

1

1

0(70i¿),
L(30i4)

0(90%),
I (10'r)

0(9oz),
L (102)

Iab

ee.064bl

ee.046b I

ee. o2sb-l

89.042

103 5.1 8.0

1_01 7 .6 1_8.

0

0

1

0(70i(),
1 (30%)

o(6oi¿),
rG0%)

0

99 4.2 46.

81.034 81 100. 26.

89 50. 9 .7 0

0

continued.

0 (502) ,
0 (s0%)

0(e0i¿),
1(l_0%)

0
ts
s.Þ



LÍne
#

63.

64.

65.

66.

Asslgnmente

x2sí0H

cH3x2si

c3Hsoz

s-ru(2síoH-cH20

67. HX2SÍ

TABLE XIIa. continued

c-H-si-N-o

2- 7-L-0-L

3-

3-
9-L-0-0

5-0-0-2

Cal-c.

Exact Mass

7 5 .027

73.O47

7 3.029

Observed:
Iba lab

7 5 .027

73.O4ga

73.03lb

"-" R"l-.tive contribution

7 5 .027

c = minor.

u *.jor isoËoplc

e Positive ions;
f lrrtensity data

ml e lba lab
Rel. Int. %f

73.04sa1

73.03lb J

59 10. l_3.

Base Peak as 7"l,rO = l-0.83 8.35

75 59. 87.

67. 100.73

Iba
d-shift

69 2.4 22.

contribution interf eres.

sígn left out for simplíficaËion.

from spectra run on Hitachi inst.rument at 50 eV.

to integer m/e intensity: a = rnaJor, b = medíum,

0 (302) ,
L(70i¿)

o(9su),
L(si|)

Iab

0 (s0%) ,
0(50i4)

0(80%),
r(207")

o(20%),
1 (BoZ)

0

H
F.
L¡



L46

TABLE XIIb. Correlation of m/e values of princípal fragment íons of
mono-O-SCTASi derivatives of 2t -deoxynucleosides. Unless indicated by a

fooÈnoÈe, ion abundances follow same trend as for 3r- and 5r-O-TBDMSí-

thymidine isomers (see Table XIIa for RI% data).

Line
lf AssignmenË

Deriv.+ TBDMSi
Compd.+ I

Tl'ffBSi TMIPSi
II

TBDMSi TBDI'ÍSi
IIV

TBDMSÍ TBDMSi
III IV

1.M
2. M-CH3

5. M-R

7. A

356c

34L

299

28L

267

263

25r

23L

2L3

20r
187

183

L73

165

155

153

L47

t4s

L43

131

L29

I27

L26

LI7

1154

1l-0

10s

325

307

293

289

277

257

239

227

2L3

209

L99

165

181

153

L73

17L

L69

L57

155

L27a-1,

126

L43

L4L

110

131

325

307

279

289

277

243

225

227

1994-l
I

209 |

I

Lgga-t

165

181

153

L73

L57a--l
I

L6e 
i

r57a-t
155

tzla-i

365

350

308

290

276

27 2r'r

260

23LI't

213\d

2L0

1g7!r

]-92

L73

L7 4b

155

L62

t47\t

l-45!r

r43

131

I29
136

135

LL7

l-154

1-05

381c

366

324

306

292

288

276

23lw

21'3

226

187Tú

208

L73

19OTü

r_55

178

L47w

L45

L43

1_31_

I29
L52

151

LL7

1154

105

3B2c 36Bc 342c

327

285

267

253

249

237

23L

2L3

1874-l
I

lgTa--

L69

L73

151

155

139

L47

L45

L43

131

L29

113

II2
TL7

1154

96

t_0s

34L

326

284

266

252

248

236

23L

2t3

186

187b

168

L73

150!r

l_55

r_38

L47w

L45

t43
1_31

r29

LLz

111

LL7

1154

95

105

23. RX2Si+C3H4O2Q2)

25. F

26. c
30. B+CaH4(40)

33. A-BH

34. J+H

35. M-R-J

36. RX2SiOCL2

38. G-CH2O

40. x2si+caH5o2(73)

42. x2si+c3H3o2(71)

43. B+zH

44. B+H

47. M-R-J-Cr{2O

48. RX2Si

52. (J+H)-HNCO

54. X2Si+CH3O2G7)

t26
r43

L27a-1
I

110 I

9. J+RX2Sí

10. A-HzO

11. M-R-HLO-CH2O

13. S

15. S-H2O

19. E

131

continued. . .



L47

TABLE XïIb. continued

Líne Deriv.-) TBDMSí TlfTBSi TMIPSí TBDMSí TBDMSi TBDMSi TBDMSi
// Assigrunenr Compd.+ I I I II V III IV

^+57. x2Si+C2%O(43) 101 L27a) L27a: 101- 101 101 101
gga gg^--l gga-l gga gga gga gga59. S-RX2SiOH

61. H(X2Si0CH2)

62. D

63. X2SiOH

64. CH3X2Si

66. S-RX2SíOH-CH2O

67. tß.25j-

89 115 ! lr_s

81 81i 81
I

7s 101 i ror

89 89 89 89

81 81 81 81

75 75 75 75
I

73 gga-' gga-t 73 73 73 73

69 69 69 69 69 69 69

59 85 85 59 59 s9 59

a Overlapping ion types present.
b Isotopic conËribution predominanÈ.
t lon type absent or not detecËable for either isomer.
w I,{eak compared Ëo íntensity of TBDMsí-thymidíne.

i.,ì'-..'"



l.4B

TABLE XIIIa. Metastable transítions in Ëhe mass spectra of 3r-O-TBDMSi

derivat,ives of 2r-deoxynucleosides.a

Compound:

Transitíon lab Vaba

lM-Rl + [J+H] 299 + L53
(78.3, 78.5rn)

ll'f-Rl + [B+X2Si+H2O] or E 299'> 20L " 308 + zLO
(135.1, 135.2n) (L43.2, 143.5n)

E + [B+X2Si] or F 201 + 183 2L0 + ]-92
(166.6, L66.7w) (175.5, 175.7n) 

!

c -> [x2si+caH3o2(7r¡1 L73 -> L29 L73 -> L29
(96.2,96.3r,¡) (96.2,96.3w)

s + [H(2si+cal/.4o2?z¡7 23L + L87
(151.4,151.5n)

5 + [S-RX2SiOH] or K

ç + [r-CHrOl

lx2si+caH so2Q3)1

RX2Sí + CH3X2SÍ

lM-Rl + [B+2Hl

lB+Hl + [ (B+H)-HCN]

23L + 99
(42.4, 42.4m)

99 -> 69

187 + 131
(91.8' 91.8n)

11_5 + 73

99 -> 69
(48.1, 48.2m) (48.1, 48.2n)

lM-R-Jl -+ [M-R-J-CH2O] L47 + LL7
(93.1r 93n)

[RX2Si+CaH4O|Q2)l +

LI5 -> 73
(46.3,46.4m) (46.3,46.4m)

308 + 136
(60.1,60.2s)

135 + L08
(86.4, 86.5w)

" D"t," given are: mp * *d, (¡*(calc), m*(obs), intensíty)
vs = very strongr s = strongr f, = moderaËe, tr = Ìdeak,

vrd = very qTeak

i.ii:-:i...:'



L49

TABLE XIIIb. MetasÊabl-e transítíons in the mass spectra of 5r-O-TBDMSi

derivatíves of 2t-deoxynucleosides.a

Compound:

Transition Iba Vbaa

lM-Rl + [M-R-HroJ or A 299 -> 28L 308 + 290
(264.1,264s) (273.L,273vs)

6 + [A-H,O]

a + [A-BH]

A + [C-H-O] or D-))'

lM-Rl + [M-R-BH] or G

6 + [G-CHTOJ

g + [S-H,OJ

RX2SiOCH2 + HX2SiOCH2

RX2Sí + CH3X2Si

28L + 263
(246.2,246s)

281 -> 81
(23.3, 23.3s)

L7 3 -> L43

23l. + 2L3
(L96.4, 196.5ur)

145 + 89

115 + 73

153 + 1l-0
(79.L, 79.2m)

(NA)

290 -> L55
(82.8, 83w)

308 + 173
(97 .2, 97 .2s)

L7 3 -> L43

105 + 75
(53.6 ' 53.7tr)

308 + 136
(60.1,60.3n)

(NA)

135 + 108
(86.4,86.5n)

(l-18.2, 1-18.4w) (118.2, 118.1-w)

145 + 89
(54.6,54.7s) (54.6,54.8w)

115 + 73
(46.3,46.4m) (46.3,46.4m)

lx2si+cH3o zG7)l * xrsiolt

lM-Rl + [B+2H]

lJ+Hl + [(J+H)-HNCO]

lB+Hl + [ (B+rr)-rrcN]

" """ footnote a in Table XIIIa
NA = noÈ appl-icable
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Figure 45. Mass spectrum of 3'-0-Ac-5t-O-TBDMsi-thymídíne (Ibg) recorded on Finnigan MS at 70 eV.

100 150

9. 6rl

B. 68

1.7t

6. 75

5. 79

u. 82

3. 86

2. 89

1. 93

0. 96

M-R-AcOH
28L

200 250
t4/E

z.
cf
t---
cf
l\¡

z.
Ð

J
G
F
Ðt-
tr-
[f
N

300 350 400

ts
\Jt
O



50. 0

u5.0

u0. 0

35. 0

30. 0

25. 0

20. 0

15. 0

10. 0

5.0

\'

F-

U)
z.
LLJ
F
z.

LTJ

F--
ctr
J
l!
E

r 002

81

Fígure 46. Mass spectrun of 3i-O-TBDMSi-5'-O-Ac-thymídine (Igb) recorded on Finnigan MS aÈ 70 eV.
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Ffgure 47. Mass spectrr:n of 3t-O-AC-Sr-O-TBDMsi-N6-Ac-deoxyadenosÍne (Vbgg) recorded on Finnígan MS at
70 eV.
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TABLE XIV. Correl-at,i-on of m/e values for important fragmenÈ ions in the mass spectra of mixed acyl/SCtaSt
derívatíves of thymidine (I) and deorqyadenosine (V).

AssÍgnmenta

Acyl- Derívative:
3r or 5r-o-SÍ1y1 Group:

M

M-R

M-R-CL2C0

(M-R-cL3c02H)

A-CL2C0

A-H20

s-cL3C02H

B+C5H6o

B r+X2Si+H2O

B*X2Si+H2O

B r+Xzsí

B+XzSi

B'+cH2o

B I r{3li4
Br{3H4

A-BH

conmenrb cornpd.* ilf

Acrv

orA 5'

5I,Acrv
5t

TBDMSí TI,ÍTBSÍ TMIPSi
Icg Idg
Igc led

398

34L

299

28L

NA

263

2L3

207

NA

20L

NA

r-83

NA

NA

L65

r.55

Ac

3"i
3t rv
3t

v

424

367

325

307

NA

289

239

207

NA

227

NA

209

NA

NA

165

l_81

TBDMSi
vbge
vgbg

410

367

325

307

NA,

289

225

207

NA

227c

NA

209

}{A

NA

165

1_81

3t rv
v
5t

5r

dAc
TBDMSí
rbh
rhb

449 401

392 344

3s0 300

332 28r

290 NA

3L4 263

2L3 2L3

2L6ct 207
I

252 | tre

zLo I 2OL
I234 ¡ NA
I

L92 | 183
I

206 I ru
zL6c-J NA

L74 L65

155 155

TBDMSl
rbi
Iíb

T¡ffBSi TMIPSí TBDMSi
Icí Ïdi VbiÍ
Iic Iid Vibi

452

39s

287
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263

213

207
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20L

}{A
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NA

l_65
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TFA

'.t.1,

: ;rl, ì

it:.,:*
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42L

307
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289

23gc

207

NA

227

NA

209

NA

NA

].65

181

464 557

42L 500

307 386

NA

289 368

225 2L3

207 270c-
I

NA 306 i

227 2ro i
I

NA 288 |

Izoe Lez 
I

NA 260 :

NA 27OCJ

L65 L74
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3r or

Assignmenta

Bt t{2H4
B+C2H4

RX2SÍ0CH2

B I+2H

B+2H

X2St+Co2CL3

iÐ(2siocH2

Acyl Derivatíve:
5t-O-SiIyl Group:

^ Comod. /i:
L;onmefÌË

TAILE XIV. continued

vrd

vrd

5f

vrd

C5H50

ÎBDMSí
rbg
rgb

T}fIBSi TMIPSi TBDMSI
Icg Idg Vbge
Igc lgd Vgbg

NA

153

L45

NA

L27

1.77

89

81

Ac

^ L = H, D, or F for Ac, dAc, and TFA derivatlves respectíveIy; Br = B(base) * acyl group at N6.
b Fr"gt.rrË ion Ís promfnent only in the spectra of: 5t = 5|-O-SCTASÍ derivatives; 3, = 3'-g-SCTASiderivatlv.:;.&= Ac derivatíves;.Í = derívatfv"" ãt Èhymidtne (r); v = derivalíles of deoxy-

adenosíne (V). OtheruÍse, Íons are abundant in all derivatives. Seã representative speetra ín
Figures 45 to 52.

c Overlap rsíth other lon type.
d e d-"htft of I for lbh and lhb indfcates that for Ac derivatives, one H origínates from acetyl

grouP.

NA = not appl-icabl-e
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Figure 53. Mass spectrum of 3r-O-TMSI-sr-O-TBDMSí-thymÍdine (Ibe) recorded on Finnigan MS at 70 eV.
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Figure 54. Mass spectrum of 3r-O-TBDMSí-St-O-TMSi-thymidine (Ieb) recorded on Finnigan MS ar 70 eV.
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TABLE XVa. Mass spectral data for 3',5'bís-O-TBDMsi-thymídine (Ibb).

Line
/l AssignmenÈe

Elemental-
ComposiËion
c-H-si-N-o

ExacË Mass
Calcu-
lated

Meas-
ured

Rel. f
m/e Tnt.% d-shif t

1.M
2. M-CH3

3. M-R 4r3.Lg3

383.182

369.L67

345.228

329.L97

323.L43

315.156

303.181

30r.202

287 .1'50

28L.096

267 .t53
263 .085

26L.L34

24L.r37

23L.L24

225.t06

2L3.070

213.131

207.077

201.070

189.113

187.115

183.059

165.066

ls5.053

4L3.t96

383. r_83

369.168

345.229

329.L98

323.L4L

315.156

303.181

30L.202

287 .LsL
28L.096

267 .ts3
263.085

24. RX2SíOSíX2

26L.L35

24r.L37

23L.L23

225.L07

213 .070c1

2L3.ßraJ
207.O77

20r.069

189.11_3

L87.LT7

183.058

L65.067

155.052

4. M-R-CH2O

5. M-R-C2H4O(44)

6. s

7. M-CH3-BH

8. M-CH3-RX2SiOH

9. B+X2Si+RX2SiOH

25. RX2Si+CaH4O|Q2)

26. [B+XrSi] or F

27 . B+CaH, (40)

28. [M-R-Rx2sioH-BH]
or [A-BH]

29. c[3x|siosix2

lM-R-RX,SíOH-H?Ol
or [A-Hlo] -

M-R-J

B+II+RX2Si

M-R-J-CH2O

B+RXSi

lS-RX2SioHl or K

B+C5H6O (82)

lB+X2Si+HrOJ or E

122-42-2-2-51

l2L-39-2-2-sl
t8-33-2-2-5
L7-3t-2-2-4
16-29-2-2-4

L7-37-2-0-3
L6-33-2-0-3

Ls-23-L-2-4
L3-27 -2-2-3
L4-3L-2-0-3
L5-33-2-O-2

L3-27 -2-O-3
L2-L7-L-2-4
L3-23-L-2-2
L2-L5-r-2-3

LL-25-2-O-3

tL-2I-L-2-2
L0-23-2-0-2
ro-L7-r-2-2
8-13-1-2-3

LL-2L-L-O-2

10-11-0-2-3

7-L3-t-2-3
8-2r-2-O-L
9-t9-L-O-2
7-LL-L-2-2
8- 9-0-2-2
7-LL-L-O-2

5-15-2-0-L L47 .066 L47 .060 ]47 L2.
7-L7-L-0-1 145.105 L45.102 L45 60.

continued...

470 0 (1)

455 0.2 1

4r3 L2. 1

383 t_.3 1

369 1.2 1

345 0.6 0

329 1.0 0

323 1. s 0(907()

315 0.5 1

303 0.7 0

301 0.7 0

287 ls. 0

28L sl. O(9OZ)

267 L.2 1

263 3.0 0

26L 7.8 0

24L 5.6 1

23I 6.6 0

225 0.8 1

2L3 8.2 0

207 4.4

201 18.

189 2.7

1-87 6.5

1_83 1_0.

L65 3.8

155 7 .9

1

1_

0

0

L(5O"/")

1

0

0

0

10. M-CH3-J

l-l-. 2RX2Si+CaH3O 2Q I)
L2. [M-R-BH] or G

13. [M-R-RX2SiOH] or A
14. J+RX2Sí

15.

L6.

L7.

18.

19.

20.

2L.

22.

23.

30. RX2SiOCH2
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TABLE XVa. conÈinued

Line
JL
1ì Assignmente

Elemental
Composition
c-H-si-N-o

Exact Mass
Calcu-
lated

Meas-
ured

E

Rel-. t
m/e Int.% d-shíft

31. HX2SiOSiX2

32. X2SiOSi(CHz)X

33. X2Si+CaH5O2(73)

34. x2si+carbo2 (71)

3s. R(CHz)SiOCH2

36. B+2L1

37. RX2Si

38.

39.

40. x2si+c2r13o (43)

41. R(CH2)Si

42. Xzsí+c2Ho(41)

43. H(X2SiOCrr2)

44. CrHrO or D

45. X2SiOH

46. CH3X2Si

47. HX2SL

4-L3-2-O-L

4-LL-Z-O-L

5-11-1-0-2
5- 9-L-0-2
6-13-1-0-1
5- 7-O-2-2

6-15-1-0-0
5-11-1-0-1
4- 7-L-0-2
4- 9-1-0-l_

5-11-1-0-0
4- 7-L-0-L
3- 9-1-0-1
5- 5-0-0-1

l_33.151-

131.035

131.0s3

L29.O37

L29.07 4

I27.05r
115.095

115.058

LLs.022

L}L.O42

99.063

99.027

89.042

81. 034

133 15. 0

131 8.1_ 0

L29 7.6 0

r27 2.9 1

115 L7. 0

0

99 3.0 0

89 89. 0

81 55. 0

75 L7. 0

73 100. 0

s9 8.1 0

133. 1_50

131. 035b\
ßr.oszbl
12e.037b-l

Lze.o73b l
L27 .052

lls.0e44-l
Ils.os8c I
11s.02ocj
roL.o42

ee. o63b t
ss.o27b I
89.043

81.033

Base Peak as i[LrO = L3.26

"-" R.l"tíve contribuËion t.o
a=majorrb=medium,

e Positive ions; sign left

Ínteger m/e abundance:
c = mínor.

out for sÍnplíficatíon.
ç- Low resolution relative intensíty data recorded on

Hitachi instrument at 50 eV.
i;:;.!ìj:?'j

"t. '.. i ..:



..' >t:r :.i :-' :. :- :l : : :.:: : -:". :t:i -r;::ç "2. :.i : : ::: -:: a

181

TABLE )ffb. Correlation of m/e values for prominenË fragment ions of
3t,5tbis-O-SCTASi derivatives of 2t-deoxynucleosides. Unless indicated
by a footnote, intensiÈy is comparabl-e to that of Ibb.

Line
/i AssignmenÈ

Compound:
rbb Icc Idd IIbb Vbba IIIbb lvbb

1.

2.

3.

M

M-CH3

M-R

455

4L3

383

369

345

315

301

287

28L

267

263

26L

24r

23L

2L3

207

20L

189

187

183

l_65

t_55

L47

L45

133

465

435

42L

397

367

353

339

307

293

289

313

267

283

239

207

227

24]-

21-3

209

165

181-

L99

L7L

185

45L

42l-

407

369

353

3z5a-1
I

3254-'

307

279

289

299

253

269

225

207

2274-i

227a-J

1994-l

209

165

181

l-gga-r

1574-r
I

18s I
I

L57a-r

47oc szzc 494 456c 47g

44L 464

399 422

369 3g2w

355 378c

34sc a45c

301-a-l 324c
o--J301* 301

287 287

267 290

253 27 6w

249 272

26L 26L

227 250

23r 23L

2r3 2L3w

193 2l.6

1874] zLO

lge I rag
I

LBTa-' rg7

L6g Lgzlt

151 r74
155 1_55

L47 L47

L45 L45

133 133

131 131

455 495

440 480

398 438

368 408

354!1 3g4c

345c 345c

300 340

3orb 3ol
287 287

266 306

252 292

248 288b

26L 26L

226 266

23L 23I
zr3b zL3

Lg2 232b

186 226

r_89 189

l-B7b rg7

1_68 208

15ob 190

t-55 155

L47 t47

L45 145

133 L33

131_ 131

4. M-R-CH2O

5. M-R-c2H+o(+tr)

6.S
9. B+X2Si+RX2SiOH

11. 2RX2Si+CaH3O2(71)

L2. G

13. A

14. J+RX2Si

15. A-HzO

16. M-R-J

17. B+H+RX2SÍ

18. M-R-J-CH|O

21. K

22. B+C5H-O(82)

23. E

24. RX2SiOSiX2

25. RX2Si+C 
aH4O2Q2)

26. E

27. B+CaHo(40¡

28. A-BII

29. CH3X|SíOSÍX2

30. RX2SiOCH2

31. HX2SiOSiX2

33. X2SÍ+CaH5O2(73) 1314 L57

eonËÍnued. . .

ir:rtrìt.it
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TABLE XVb. continued

Line
/l Assignment

Compound:
rbb Icc Idd IIbb Vbba IIIbb Mb

34. XzSi+CaH3O2(71)

36. B+2H

37. RX2Si

40. x2si+c2%o(43)

43. H(X2SiOCH2)

44. D

45. X2SiOH

46. CH3X2Si

47. rrx2sí

L2ga

L27

115

101

89

81

75

73

59

155 155

rzTa-| LZTa-1,

L4t i tzt"-1
rzTaj r27a-)
115 115

8t_ 81

101 101

gga gga

85 85

t29
1_13

115

101

89

81_

75

73

59

L29

136s

115

101

89

81

75

73

59

r29 L29

Lrzs t52s

1l_5 115

101 101_

89 89

81 81

75 75

73 73

59 59

a Overlapping ion types that contribute significanË1-y to
relative intensity.

b U"3or isoËopíc contribution.
" Not presenË or not detected.
v7 --" Very weak compared to lbb.
s_- ExËra strong compared to lbb.

.>:



TABLE )ffc. PartÍal mass spectra of mixed SCTASi derivatÍves of thymidlne (I).4

#

Compound /l
O-Substituent Y(5r)

Assignrnent Z (3')

1.M

3a. M-R,

3b. M-Rz

4a. M-\-cHrO

4uT u-nr-cnro

Ibc
rsDMsi
T}ÍTBSÍ

5a. M-R -czHLo(44)

496
(0)

439
(8.7)

5b. M-RZ-C2H4O(44)

6. S

9a. B+X,Síy+ZOH

9b. B+X2SLZ+ZOH

Icb
tlrtssr
TBDMSi

496
(0)

439
(12. ¡

rbd
TBDMSÍ
TMIPSI

409
(0.6)

l_l_. Y+Z+CaH3O zQL)

482
(0. z¡

425
(3. r)

439
(0.6)

395
(0. r¡

409
(0. z¡

38r-
(0)

39s
(0.1)

357
(0.4)

327
(0)

34L
(0)

3r_3

39s
(0)

37L
(0)

34L
(0)

327
(0)

rdb
TMIPSÍ
TBDMSi

409
(0. 2)

482
(0. s)

439
(1.3)

425
(1s. )

395
(1.0)

37L
(0)

341-
(0. s)

327
(0. 3)

Icd
rlngsr
TMIPSí

b--ì
I

I
I

I
I

I
I

I

I

I

I

b--r

508
(0)

451.
(10. )

465
(3.4)

42L
(0)

435
(0)

407
(0)

42L
(0)

383
(0)

353
(0)

367
(0)

409

39s

395

381

357

34L

327

3r_3

Idc
TMIPSI
TMTBSI

(0)

(0. 4)b--;
I
I

i

(0.4)b--i

(0. 7)

(0.7 )

(0.7 )

(1.0)

(2. o)b--''
*

508
(0)

465
(2.e>

45L
(14. )

435
(0)

42L
(o.s)b--l

42r i
rt

(0. s¡ o--,

407
(0)

383
(0)

367
(0)

353
(0)

:it
a,:¡')

!a

:,.'

íì:

ìi
-t

i:;

.::

:,

.:

::

a

,::

i.,

t.:

ri-:

ii

lr:

(0.7¡b-.r
*

339 339
(0. z)b---' (0. z¡b--.

contÍnued... t
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Compound //: Ibc
Y(5r): TBDMSí

Assignment Z(3') : TIfTBSí

12a. M-þ-BH

TABLE XVc. conÈínued

l_2b. M-RZ-BH

rsaï u-n -zon

1_3b. M-RZ-YOH

l-4a. J+Y

t4aï ¡+z

rsaï r"r-n" -zo+-Hzo

1-5b. M-RZ-YOH-H2O

t6aï u-n -.1

L6b. If-Rz-J

tzal ¡+u+v

L7b. B+ft+z

3r_3
(3.s)

28L
(40.¡

307
(l_. s)

Icb
TMTBSi
TBDMSi

3r_3
(10. )

307
(s7 .)

28L
(1. e)

293
(0)

rbd
TBDMSi
TMIPSi

267

293
(0)

(0)

299
(1. s)

rdb
TMIPSi
TBDMSf

263
(2.8)

289
(0. s)

287
(4.6)

24r
(4.0)

267
(0)

313
(0. 7 )b-

I

I

I
I
I
I

-J

28L
(sz '¡

307
(0. B)

267
(0. z)

279
(1.8)

263
(1. e)

289
(0. 0s)

273
(4 -t)

287
(0. 4)

24L
(0. e)

267

289

263

287

i::
'ijt 

,'
:) ;.1i

313

299

307

28L

(2.0)b--i

(8.4)

(17. )

(2.2)

(4. z¡b--'¡
I
I

I
I(3.3) 
i
I

I(o) 
i
I
I
I

I

(11. ) i
I
I
I
I
I
I

(8.2)b--'i

Icd
TMTBSI
TMIPSf

325
(1,1)

339

Tdc
TMIPSi
TMTBSl

279
(0)

267
(L.2>

289
(0. e)

263
(0)

287
(2.7 )

273
(L.2)

253
(6.8)

24L
(0. 6)

I
I

I

I

I

-l(0. 2)b-

307
(3r. ¡

267

24L

339

32s

1
I

(0. z¡b--''

(0.6)

(7 .2)

253
(o.z¡c (0.3)

293

279

307

(0.3)

(4.0)

279
(0.3)

293
(0.3)

289
(0.8)

313
(0. e)

299
(0. s)

253
(5.2)

267
(o. s)

contlnued. . .

289
(2.3)

299
(s. r)

31_3

(0. 2)

267
(3. r¡

253
(1. s)
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Compound ll: Ibc
Y(5'): TBDMSí

Assignment Z(3') : TMTBS1

18aT u-ny-J-cn2o

_- L8b. M-RZ-J-CH2o

ztat s-zor

z]-b. s-YoH

TABLE )(Vc. contínued

22. B+C5H60(82)

23a. B+X.Si)+H2O

ztt1 a+xrsiz+H2o

24a. xrsr¡loz

24b. xzsLzl-oy

25a. Y+C,H40ZQZ)

zsul z+crd-4oz7z)

257

Icb
TMTBSÍ
TBDMSI

(¡.s)

2L3

239

257
(6.t¡

239
(7 .3)

2L3
(0. e)b__l

207 i

(14. )b-l

(0. 6) 
i

rbd
TBDMSi
TMIPSí

207 ;

(2.3) i

243

257

20L

227

rdb
TMIPSf
TBDMSi

(s.0)

(0.3)

(1.1)

(46.>

(1. s)

(7 .7)

227
(2.7)

20L
(23. )

2L5

2]-3
(ls. )

225
(0.i)

207
(0.7 )

2L5

257
(2.4)

243
(2.3)

225
(14. )

2r3
(4.2)

207
(10. )

Icd
TMTBSi
TMIPSi

l_87 
i(1.0) 
i2L3-r

(r4. ) 
o--',

269
(7.4)

283
(0. s)

20L

227

(1. e)

Idc
TMIPSi
TI',ITBSi

(

(

2.2¡b--,
I

6.0) i
I

I

I

2.2¡b-'t

1.3) c

2r3LL) I

(o ' 
g)b--¡

187

239

225

207

227

20r
(

2L5
(

283
(1.1)

269
(2.2)

225
(L2.)

239
(1.2)

207
(3. s)

227
227

20L

(7 .2)

(2.e)

(1. e)

(to. ¡u--''
I

i

i

(10. ) 
b---l

(1. 2)

(7.0)

(t.

(39

L87
(0. e)

L99
(3.0)

1)

.)

7)

.)

2L5
(o'

20L
(3e

b--l

t, zzl
I

i z4L
b--.¡

2L3

L99

]-99
(2.2)

1,87
(6.7)

(44. )b--r

24L

227

L99
(2.2) (4.4>

2r3
(6.3) (s.4)

continued...
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#

Compound-#: Ibc
Y(5'): TBDMSi

Assignment Z(3t): TlmBSi

26a. BfXrSi,

26b. B+X.|SLZ

27. B+CaH4(40)

28a. M-R -ZOH-BH

28b. M-RZ-YOH-BH

soaT voctt,

TABLE XVc. contfnued

i!

183
(7 .6)

209
(3.7)

r-65
(7.s)

155
(8.8) b

181
(4.ø)

L45
(100. )

L7L
(18. )

131
(1.7 )

L57
(s. e)

L29
(r. r¡

l-55'
(8 .8) 

D

30b. z0cH2

Icb
TMTBSi
TBDMSi

33a. XrSÍy+C3H5oz(73)

33bT X2Sf z+Ca1f.soz73)

209
(7 .6)

1_83

(6.3)

165
(7.o)

181_

(e.0)
155

(g. ¿)b-

L7L
(100. )

L45
(11. )

L57
(2.0)

l_31
(e.2)

34a. XrSiy+caII3O2 (71)

rbd
TBDMSi
TMIPSI

34b. x2si z+caR3ozpL)

r_83
(7. o)

209
(1. e)

165
(3.0)

155
(7 .2>

181-
(r. a¡

145

-'l
I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
I

I

I-)

rdb
TMIPSi
TBDMSi

209
(4.6)

183
(6. e)

165
(3.6)

Icd
TI.fTBSí
TMIPSl

-1
I

I
I

I

I

I
I

I

I

I

I

I

I

I
I
I
I
I
¡

I
-!

b--.''

209
(12. ¡

r-65
(6.6)

1_81

155

L57

r45

L57

Idc
TMIPSi
TMTBSl

L57
(r.00.

(16. )

(4. e) ttt,rr.,

Q.z¡b---t

155
(9.4) b-

L29
(7 .e)

)

b-r
I

I

I

I

I

I

I

b-.i

131
(1.3)

L57

209
(8. 6)

r.65
(4. L)

181
(8. 1)

1,57
(10o. )b-

(16. )

L29
(6. e)

l-55,_ _.b

(s.3)

L7T

l_31
(e. o)

(l-00. )b-i

(100. )
L57 L7]-

(2s. )b--l
I

I
I

(7 .2)"--'

ttt,, 
.2¡u---'i rss

L29
(s. r)

L57 , I r57
(29 . ) "--

(100. )b--ì

(10. )

155
(11. ) (7 .1)

contlnued...

(100. )b-r
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36. B+2H

AssignmenË

TABLE XVc. continued

37a. Y*

37b. Z+

Compound il
Y(5')
z(3')

40a. XrSfy+C2H3O(43)

40b . x2s1 z+c 2H3o 
(43)

4saï Hxrsiy+ocu2

43b. HX2SLI+OCH|

44. CrHrO or D

Ibc
TBDMSi
T}TTBSí

L27

Icb
TMTBSf
TBDMSi

(s. ¡)bl
I

I

r2o lb+l
l-l_5

L4L

45a.

4sb.

L27

L4L

l_15

l_01

rbd
TBDMSí
TMIPSi

x2sfy+oH

(3.4)bl
I
I

I

(3. z) i
I

L27

x2slz+oH

L27
(l_6. )bl

I

Il-ls . i

(21. ) 
bl--l

(42.)bT

rdb
TMIPSl
TBDMSi

I

I
I

(3.4)br

I27¿l r I

(16. )b-J 
i

or ii
(3. e)bT-l !27 l;i
(16. )br I iri

Be il(so.¡ i 
¡115 r¡

(s.s)bl I

(42. )b+

L27 L27

i:ij
.:,:1

t.,t:

101

Icd
TT{TBSi
TMIPST

(11.)bl
I

I
L27

I

L27

(rr. ¡uJ
l-15 |

(44.)

(68. )

(s. s)b

(6.3)

I

I

I

I

I

I

I

I

I
I
I

J

(s6. )"il
l¡
rl

- rl
(11.)Þ' 

I

I

(4.e)bl i

ti

L27

101

Idc
TMIPSÍ
TMTBSí

(28. )b

(s. r¡

(28. )b

115

I

bf¡

I4L

L27

(11. )b'

izr. lb--f

\4.''ii
1l-5 ,ll

-l
I

I

I
I
I

I

I
I

J
I

I

I
I
I
I
I

J

8l_
(3e. )

(4. e)bl

L27

(s6. )b-i'
89r

75

101

L27
(23. )b

(14. )bl
IL27 I

(r+. )b-l
l-41 I

(s.4) 
i

L27 -l
(14. ) b-

\Jv./l

I

(16. ) i
I

I

I

(4s. ¡ i

t

(2.8) 
;

I

(3. 9)b--r

81

115
(60. ¡

8l_
(se. )

101 .i
(4.9)D-

75
(s.1)

t_15
(so. ¡

81
(36. )

101 101_
(L2.) (1r. ¡

continued...
ts
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46a. CHrXrSi,

Assignment

46b. cE3x|stz

TABLE XVc. continued

Compound /l
Y(5')
z(3')

Ibc
TBDMSi
TMTBSí

Base Peak as T"E'O

73
(3s. )

99
(11.)

1L2.7 e1

Icb
TMTBSi
TBDMSi

99
(8.3)

73
(4:. ¡

[ 12.00]

a Results are expressed as u¡/e and (Rel. Int. %).
b o.r.rl"p of ion types.
c Significant ínterference by isotopic overlap.
* Intensities ÍndÍcate that thls is the predominant speeies

rbd
TBDMSí
TMIPSÍ

73
(14. )

99
(16. )

[1_6.s8]

rdb 
.

TMIPSf
TBDMSi

99
(10. )

73
(26.)

[ ]_3 . 081

Icd
TMTBSi
TMIPSl

99
(40. ¡

lL0.27l

Idc
ÏMIPSl
T}4TBS1

99
(za. ¡

[ ]_t_. e3l

of the two possibilities.
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Compound /l
O-Substltuents Y(5')

Ion Type ,Z(3')
It LAssignrnent I 

c

TABLE )ffd. Mass spectral data for mixed TMSi/SCTASi derfvatfves of thymidtne (I)
and deoxyadenosÍne (V)4.

1.

3. M-R

4. M-R-CH2O

5. M-R-C2H'O(¿rtr)

6. S

9. B+X^Si+TMSiOH
' ¡n+x2siz+Yonl

1_1_. Ð(2Si+TMSí+CaH3O2(71)

L2. M-R-BH

Ibe leb
ilnousi r¡rsr
T},TSI TBDMSi

lM-Rz-CH2ol

428
(0) (0)

37L
(3. s) (4.7>

341-
( 0 ) (0.3)

327
( o ) (o.s)

303
(1.1) (0.7)

273
( o ) (0.4)

259
(1.1) (0.s)

245
(4. 5) (r_0. )

rbf rfb
rsDMsi ¿r¡rsi
dTMSi TBDMSI

437
(0) (0)

380
(3.7) (4.8)

350
( 0 ) (0.s)

336
( 0 ) (0.6)

3L2
(0.3) (0.s)

282
(16.c) (0.6)

268
(1.3) (o.e)

2s4
(7.3) (L2.)

Ice Iec
TMTBSi TMSi
TMSi TMTBSI

454
(0.2) (0.1)

397
(7 .6) (6.s)

367
( o ) (1.1)

353
(0.3) (0.3)

329
(0.6) (0.6)

299
( o ) (0.3)

285
(0.8) (0.s)

27L
(s.3) (4.2)

: ì1., ';:::i:'
l. ,ir. .',lli

,.:;,r : i: i,.r

Ide Ied
tf'tfPSf fmsi
TMSÍ TMIPS1

440 437
(0.e) (1.0) (1.s) (11.)

397 380
(2.6) (3.1) (44.) (4e.¡

367 350
(o) (0.4) (o) (0.8)

353 336
(0) (o.r) (0) (0)

315 303
(2.s) (4.1) (o)(o)

299 282
(1.1) (0.1) (o) (2.0)

27Ib-----'¡ 259
(4.s) (3.8c) i (g.r) (4.s)

zTLb-----J 245
(4.s) (3.8c) (12.¡ (21.)

conËinued. . .

Vbea Veba
TBDMSÍ TMSí
TMSi TBDMST
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TABLE XVd. contfd

]-3. M-R.TMSiOH
lM-Ry-ZOHI

14a. J+TMSi

L4b. J+Rx2si

15. M-R-TMSíOH-Ho0
tM-Ry-zOú-HzOl

l_6. tf-R-J

Y(5') :

z (3') :

Ibe leb
rnousi rMsi
TMSí TBDMSi

L7a. B+H+TMSÍ

L7b. B+H+RX2Si

l_8. M-R-J-CH,O
lM-Rí-J-cH2ol

ZLa. S-TMSíOH

ls-zoHl
zLb. S-ru(2SioH

22. B+C5H6O(82)

28L
(ss.) (2.3)

225
(12.) (0.2¡

267
( o ) (0.2)

263
(2.e) (0.2)

2L9
(7 .e) (o.e)

L99
(1.8) (1.7)

24L
(0.6) ( o )

l-89
(23 .) (2.3)

2L3
(l_s. ) (0. 3)

L7L
(2.4) (2t.¡

207
(1.4) (6.7)

lM-Ry-Jl

rbf rfb
rgor4si ¿msi
dTMSí TBDMSi

28L
(76.) (0.e)

234
(21.) (0.2)

267
(0.4) (0.4)

263
(6.6) (0.3)

228
(e .7) (0.8)

208
(2.2c) (l-.5c)

24L
(0.e) (0.1)

198
(34.) (2.s)

2L3
(le. ) (0.6)

l_80
(3.¿) (23.)

207
(7.s) (s.o)

Ice Iec
TMTBSi TMSÍ
TMSÍ TMTBSi

307
(7 z.¡ (2.0)

225
(28. ) (1.3)

293
(0) (0)

289
(3.4) ( o )

245
(12.) (0.6)

L99
(3.s) (o.e)

267
(2.e) ( o )

2L5
(26.) (1. e)

239
(8.0) (0. z)

171b---
(r_oo. ) (35. )

207
(1.e) (3.3)

Ide led
ff"UPSi ff'tSf
TMSÍ TMIPS1

307 290
(22.) (0.3) (23.) (3.3)

225b-----, 234
(33.) (1.0) i (zt.) (2.6)

279 i 276
(0.3)(0.6) lco)(o.z¡

I

I289 t 272
(1.7)(0.1-) l(o.z>(o)

I

I245 t 2L9
(s.z) (0.3) 

" 
<t+.> (3.3)

I

tgeb---r I zoa
(3.r¡ (4.3) ii Q.3> (s.e)

253 i r 250
(6.6) (o)il (0.6) (1.6)

lt
zLs i i 18e

(10.) (0.e) | i (100.) (s.3)
!l

zzsb---4r zL3
(33. ) (1.0) i (r.e) (1.7)

L7L I rzr
(4.6) (so.¡ i Q.4) (8.7)

207 | zto
(1.1) (o.e) i cr.sc) (4.e)

'contÍnued. . .

Vbea Veba
TBDMSÍ TMSi
TMSI TBDMSÍ
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I
I
I
I
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I
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TABLE )Wd. contrd

23. B+XrSí+Hro
'lø+xistr+H2ol

24. TMSÍOSiX2

25a. ÎMSl+CaHhoZQz)
lz+721

25b. RX2Si+CaH4OzQz)

Y(5') :
Z(3t ) z

Ibe leb
TBDMSI TMSí
rMSí TBDMS1

26. B+X2St

27. B+CaH4(40)

28. M-R-1î4SiOH-BH

3Oa. TMSÍOCH^¿ ¡tocurl
30b. RX2SIOCI12

33. X2Sí+CaH5O2Q3)

34' x2s1+call3o,[]]rr*r'

20t
(1.4) (2e .)

L47
(17.) (16. )

145b -- - -'
(l-oo. ) (1.2) i

L87 i

(o.e) (5.7) 
i
I

183 i

(10.) (4.ø) 
I

I16s 
I

(s. 6) (l_.6) 
I
Il_s5 
i(9.6) (4.4) |
I

¡103 |

(33.) (-100.)l
l-45b-- -r

(100. ) (r.2)

1-31_(l.r¡ (e.6)

L29
(18.) (2.e)

rbf rfb
tSOl"fSi ¿fUSi
dTMSi TBDMSl

20L
(4.4) (40.)

L56
(22.c) (19. )

L54
(22.) (1.0)

LB7
(1.3c) (s.9)

183
(ls. ) (6.l-)

165
(8.4) (2.0)

155
(18.c) (6.r)

LIz
(40.¡ (100.)

]-45
(100. ) (0.6)

131
(2.1) (7.4)

L29.
(L2.) (2.5)

Ice lec
rllr¡si rllsi
TMSi TMTBSÍ

227
(s.l_) (46. )

L73
(14.) (8.6)

L45
(re. ¡ (1.i)

2L3
(1.2) (2.0)

209
(10.) (3.r)

165
(8.3) (2.4)

l-81_

(11.) (3.4)

103

Ide Ied
TMIPSi TMSi
TMSÍ TI{IPSí

ai';t,

227
(e.e) (20. ¡

i-59
(6.ec) (1.s)

L45

Vbea Veba
TBDMSí TMSi
TMSí TBDMSi

^ 2L0
(1.5) (100.)

L47
(26.) (36.)

l-45b-- -r
(14.) (2.4) |187 i

(o.s) (4.0) r

I

Irez 
i

(0. a¡ (8.0) 
r

I

r74 I

(s.s) (3.e) |

I

lss I(ls.) (18.) I

I

I103 |

(67 .) (77 ) t,

145b-- _j
(14.) (2.4)

131
(3.7) (11. )

L29
(22.) (7 .7)

conÈ1nued...

(15.) (8.4) 
i

lggb- - r

Ì. i'rì

(3.1) (4.3)

209
(s.e) (2.0)

165
(3.4) (1.1)

181
(4.8) (2.6)

t_03
(16.) (100.)

157b---r
(100. ) (a . r) i

I

rsTb--j
(100. ) (8.1)

155
(4.e) (3.6)

(43.) (100.) i

17lb-- -r
(100. ) (3s. )

L57
(4 .7) (4.2>

155
(8.s) (2.7)

ts\o
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TABLE XVd. cont'd

36. B+zH

37. RX2S1

40. x2sf+c2H3o(43)

Ibe leb
Y(5'): tSDMSi TMSi
z(3'>: TMSi TBDMSI

43a.

43b.

tMerSiOCHre

HX"Sí0CH,a - [HX2SiyocH2]

44. c_H_o55 
tDl

45. X2SioH

46a. CHrXrSf

46b. TMSÍ

Base Peak as %XrO

L27 L27 tZlb---t L2tb---.-,
(4.s) (1.7) (6.7c)(1.2) (4.2) (z.z) | tz.ol (11.) 

i
Ill-s lls r4L i tzTb----l

(6.0) (7.e) (7.0) (6.t¡ (3.s) (3.s) | (i.e) (11.) |

l-ot l-oj- L27b--: LzTb--J

rbf rfb
t¡rusr ¿tllsi
dTMSÍ TBDMSí

(4.r¡ (3.r.) (3.2) (2.6) (4.2) (2.2) (7.s) (11.)

89 98 89 89

(63.) (2.7) (0'4)r(o'z) (1'6)1(0'3) (0's)1(0'4)

(sz.¡ (1.4) (37.) (2.2) (3s.) (2.2)

81 8l_ 81 81
(4e.) (28. ) (43. ) (21. ) (76.) (18. ) (13. ) (7.3)

75 75 101 L01(6.8) (4.7) (s.0) (3.a) (s.8) (3.3) (3.3) (2.7>

73 73 99 99

(4+.¡ (24.) (13')B(11') (7'a) 
r[o'') 

(6.s)7(7.8)

(4e.) (ls.) (s0.) (L7.) (18.) (8.3)
[L4.20] [23.e2] [11.0].1 Í22.601[10.es] I23.s8l t16.541 124.2

Ice lec
TMTBSí TMSí
TMSí TMTBSi

]^ry""¡t3 expressed as m/e-and (Rel.T¡t,7") for fsomer paÍrs, as measured on Finnigan instrument at
10:Y; " ron type_overlap; c significant, isot,opie contribution from ion type of l-ower mass;o [Assfgnment] of major specÍes as deduced from relatíve lntensity data; è Me = CD, for dTMSÍ derivat,ive.

Ide Ïed
fllrPSf rt"tSi
TMSí TMIPSí

i:t:.1

;':l
!:::tl

Vbea Veba
fnUllSf Tl'fsi
TMSi TBDMS1

¡, ttii

,1,,:,t:

136
(sz.¡ (84.)

115
(4.7) (e .z¡

101
(5.e) (6.0)

B9
(22.) (4.5)

B1
(e.+) (sr. ¡

75
(7.s) (e.s)

73
(s7.) (s0.)

el Ie.zs1 ïL0.27]

F
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lM-Rl + (M'R-RxrSt0H) or A

TransíËÍon SupporËed

¡ + [A-H,O]

lM-Rl + [M-R-BH] or G

lM-Rl + []r-R-Jl

IM-R-Jl + [M-R-J-CH2O]

IM-R-Jl + Rx2S10CH2

TABLE )ffI. Metastable Ëransitions ín the mass spectra of SCTASi derfvatives
of. 2t -deoxynucleosldes. a

Compound:

4L3 + 28L
(191.1, 1-91m)

28L + 263
(246.2,246n)

Ibb Vbba

K + RX2S10CH2

422 -> 287
(L95.2, 195w)

422 -> 26r
(L6L.4, 161.5m)

261 + 23L 26L + 23L 313 + 283
(204.4,205vw) (204.4,204.5n) (255.9,256w)

26L + L45 313 + 171
(80.6,81-m) (93.4,93.5w)

lRX2SioCHrl + n{XrSiOCH2)

ru(2sf -| cH3x2st

422 + 290
(199.3 , l-99.5n)

Icc

465 + 307
(202.7 , 203m)

307 + 289
(272.L, 272m)

2L3 + L45
(98.7,99w)

1-45 + 89 l-45 + 89
(54.6, 54.6s) (54.6, 54.7s)

L1-5 + 73 115 + 73
(46.3,46.4n) (46.3,46.4m)

rdd

451 + 307
(209.0, 20h)

17l + 115
(77 .3, 77.3s)

l_57 + l-1_5

(84.2,84.2s)

contlnued. . . ts
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TransÍtÍon Supported

RX2Si + HX2Sí

Rran -zB,

O=Cll^+¿

TABLE )WI. continued

I

si'
R

/*
SÍ

O=CH.
+L

rbb

(NA)

l-15 + 59
(30.5,30.5vw)

(NA)

Vbba

Compound:

(NA) (NA)

" S"" footnote a in Table XIIIa
o *r, al-so be assígned ro Rx2Si -à CH3X2Sí

NA = not, applÍcabl-e

Icc ldd

, ',rrìiir

141 + 1-L3
(90.6, 90.5w)

L7L + L43
(119 .6, l-19.5r¿)

L27 -> gg
(77 .2, 77.Zm)b

L57 -+ L29
(i06 . 0, l-06w)

ì. ,'¡

H
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2. Discussion of FragmenËation Mechanisms

This section presents the proposed assignments of ion Ëypes, and

mechanisms for Ëheir formation, for the partial-, mixed, and fully O-silyl-

aËed derivaËíves of deoxynucleosídes. Since many of the fragmentation

mechanisms are applícable to the ríbonucleoside seríes, schemes have

been generaLized so that reference from later secËions can be made.

Scheme 19 Íllustrates the designation used for basíc sËrucËural features.

The synbols B and S are commonly used ín the literaËure Ëo rePresent the

base and sugar fragments, respecÈively. J is proposed Ëo represent BC2H2Y,

a porËion of the nucleoside strucËure involved ín several fragmentations.

For most of the fragmentation schemes, the base is gíven as Ëhyníne

(T = CH3) or uracil (T = H). MosÈ mechanísms apply to cyËosine, adeníne,

and guanine nucl-eosides as well, unless very specífic base functions are

required. In Èhe crystalline state, and in solut.ion, Èhymidíne and

deoxyuridine exist predominantly in the diketo form (as in Schene l-9)

rather Èhan in either of the tautomeric enol alternatives (84). On

vaporization, it is possible that the proportions of the less polar

enol forms may increase, but for inËerpretaËion of mass spectra, there

was little advantage found ín considering these latËer forms to be Present.

Also, eiËher -Ðg (as in Scheme 19) or anti conformations of the base are

probable in ionic species due to their high energy content and the low

energy barríer Ëo rotation about Èhe glycosyl bond.

The Ínterpretations that follow are based upon a good dea1, of

evidence, namel-y:

(a) High resoluËion measurements and subsequent calculatíon of

elemenÈal composiËions of all important ions for Iba, Iab, and lbb.

(Tables XIIa and XVa)
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Scheme 19. T=HorCH3
H*=lHor2H
V = H, for deoxynucleosides

OW, for ribonucleosides

'I ,ZrIl = subsËituents a (IH or 2ti) and b to f (Scherne 3)

(b) Metastable peaks that support proposed paËhways (indicated by

an asterisk (*) in schemes). (Tables XIIIa, XIIIb, and X[II)

(c) Deuterium labelling of labile hydrogens on free hydroxyls and

amines of lba, Iab, and lbb. (Tables XIIa and XVa)

(d) Effective labellíng of silícon substiÈuenËs, R and X2, through

the examinatíon of TBDMSi, TMTBSi, and TMIPSí derivaËives (Tables XIIb

XVb), as well as mixed SCTASi and TMSi/SCTASi derivatives (Tables XVc

and XVd).

(e) Effective labelling of the base by examÍnation of various

nucleosides. (ThymídÍne and deoxyuridine were especially useful)

(Tables XIIb and )(Vb). Correlations betureen base sËruetures and frag-

ment ion intensities also agree with proposed mechanísms.

(f) The interpreËaËions are consistent over the entire series

examined: partíal-, mixed, and fully protected derÍvaËÍves of various

nucleosides (inci-uding the ribonucleosÍdes).

I

I

I

I

i"r
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In Èhe followíng discussion, principal íon types observed in the

spectra of SCTASi derívatives of deoxynucleosides are described in an

order related Èo their proposed precursors and mechanisms of formation.

One mechanism is proposed in mosË cases; others could be depícted, but

usually are unsuÍtable due to "a"tì" or energetÍc consideratíons (e.g.,

ring-opening to produce diradical specíes and subsequent rearrangement is

a mechanÍsm that can be suggested for many ions, but this is not expected

to be energetically favorable when sËerically-compaÈíble concerted

rearrangemenËs are available). Ions are named according to their prin-

cipal composition as determined by labelling experiments. If Ëhere is a

certain amount of non-specifícity, alËernate compositíons and mechanísms

are proposed when importanÈ. Tables XII and XV give detailed assignmenËs

for most íons observed. Easy reference t.o these tables is made possÍble

by numbering the ions according Èo line numbers ín Tables XII and XV.

The rn/e values for Iba (or lab) and lbb are included to allow fast

reference Ëo mass spectra.

Scheme 20 illustrates Èhe proposed genesis of important ions for

SCTASi derivatives of deoxynucleosides. Many pathways (indicated by *)

are supported by metastabl-e peaks observed for various compounds (Tabl-es

XIII and )WI).

M+ [Xrr.l, Iba - m/e356i XV.l, Ibb - n/e47}]

The molecul-ar ion is undetectable for most derívatives, but does

occur in low abundance for ldd, IIIab, IIIba, IVbb, Vaba, Vbaa, and Vbba.

Its presence in Ëhe spectra of derívatives of III-V reflects the greaËer

chance for íonizaËion of their more aromaËic bases (versus Ëhose of I and

II) and subsequent stabilization of the molecular ion. Its occurrence for

Idd is due to Ëhe lower Èendency for [M-R]+ formaÈion in TMIPSi

.i;¡;,,:,
';ìr'



Scheme 20. Summary of the genesis of

SCTASi derivaËives of deoxynucleosÍdes as

evidence (*) and labelling studies. Some

for partial silyl derivaÈives (a) or for
Other sources are possible for some (c).

198

ions in the mass spectra of

determíned by netastable
of the ions are observed onlY

fully silylated derivatives (b).

- Hzol*

D+ <-------- K+ and Gt

[M - R - ZoH] +'--------------- lM-R -ZOH-Clrzol+

tA

IA

lM-R-CH2OI+

lB+X2Si+RX2SiOHI+

IB + X.Sí +

É
lB + X2sil+

"Zol* 
or E*

or P*
*¿

(i)
IJ.

¡41_+[M - R] '

lc - cH2ol+

lx2sí * c¡"goz (7r¡ 1+

lG - ZOH(or YOH) l+ -- - - -J

tM - l - ¡1+-----*b----* Rx2siocg2++'-----c

l. .!
[M-R-J-CH2O]'

lJ + RX2Sil+

lJ+Hl+ [J+H-rn{co]+

lB + CaH4(40) l+-------+[B + 40 - INCO]+

X2SíOIff +-----c

+ + c'qx2siosix2+
Rx?siosix;- r L 

+r___+ Hx2siosixz
+

[B+H+RX2Si]'*-r- _*

lB + 2IIi+ +-- -- -ï-M'

-zoH*

continued....
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(ii)

Scheme 20 (continued)

M1 -8. ^+.'..............-Þ

(iii)

[ 2RX2Si * C3HsoZ (Zr¡ 1+

I RX2 S i * C 
tH 40 zQ z¡ 1+ --]--'---,[ x2 S i + C3Hso 

z 
( 7 3 ) ] 

+

I

lB+Hl'
-L*

lB+2Hl'<------l J_

lB + H + Rx2sil+ *--l*-- 
[M - R] '

RXrSioCHi <--------s

.i 
- \."rx2sioc'2+

"J
HX2SiOCH2+ <------ c

Rx^Si+ +'------- c

_í\^+r\¿
cH3x2sil Hx2si-
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derivatíves. The molecular weíghts of these derívatives are best deter-

rnined f rom the ltq - n]+ ion.

a) Ions formed by charge localizaÈion on silicon by loss of an
alkyl group.

I

lM-CH"l'

-

This íon is observed at low íntensity for TBDMSi and mixed TMSi/

SCTASí derÍvatÍves. Its absenee forTì,ITBSi and TMIPSi derívatíves indicates

that it ís forroed by eliminaÈíon of a meÈhyl radieal fron a TBDMSi or TMSi

group. The decomposiËion of [M-CHâ]* results in a seiies of fragmenËs of
J

1or¿ abundance Ëhat parallel those produced frorn [M - R]+. These are

identified ín Tables XII and XV and are noÈ díscussed any further.

tM-ql'

IXIT.2, Iba - ml e34li W. 2 , Ibb - n/e4551

[xII.5, Iba - mle299i W.3, Ibb -m/e413]
I

lM-Rl'

An intense [M-n]+ Íon is observed in all specÈra. There are

two different species possible: [U-nr1+ ana [U-n"]*, where the subscripts

indicate Lhe origin of Ëhe R substiÈuent as either the 5'- or 3r-0-si1-y1-

group respectively. For parÈial derivatives, only one specíes can be

present, but for the bis-SCTASí derivatives both exist, although not

neeessarily in equal proportions. For mixed derivatives, the order of

preference for R group el-írnination, tBu>;iPr)Me, leads to a predomÍnance

of one specíes. The very different spectra of isomeric parËial and míxed
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si1y1 derivaÈives are due Ëo the fact Èhat [M - R]+ ís the ultimate precursor

of most oËher ions and Èhat each type of [M - R]+ directs Ëhe furËher frag-

mentat.ion of the ion along dífferent pathrlrays.

FragmentaËion mechanisms are best ratíonalized ín terms of an

iniÈial aËtack of che electrophilíc "siliconium iont' upon an electron-

dense cenËer ín the molecule to produce a cyclic "silyloxonium" ion. Then,

a conceïËed rearrangement of electrons leads to a specific fragmentation.

For deoxynucleoside deríva¡ives, Ëhere are six cyclic silyloxonium ions

possíble as illustrated in Scheme 21. These have been deterrnined by

examining CPK molecular models in terms of sËeric accessibility of the

inËeracËing funcÈions. For [M-Ry]+, models índicaËe that the siliconium

ion center can approach the 2, 3 t , or 4 | oxygen atoms to lÀlithín van der

I{aals distances. Simílarly, for [M-Rr]+, the 5' and 4r oxygens are

quite accessible. The tef-Rr]l ion is more difficult to illustïate on

paper, but models shor¿ that the silicon atom can apProach O, almosÈ to

r¿ithin van der t{aals disËances. For bond formation between these atomst

only slight distorÈíon from the position of minímum potenÈial- energy of

this conformation is required, wíthout the development of large steric

interferefices. In an excíted ion, Èherefore, iÈ appears that the forn-

aËion of tM-Rzl; is quíÈe probable. The interactíon of either silícon-

igm ion with 04 ís very diffícult unless ring-openíng occurs, and Èhere-

++fore tM-Ryli and [M-Rz]O need noÈ be considered as precursors for major

ions.

I{hether these cyclic sÍIyloxonium ions exist for very long or are

just formed prior Ëo fragmentatíon is not known, although iË appears Ëhat

t,hey have faírly st.able ion sËructures.



Schene 21. SÈructures of cyclic silyloxonium ions

side (V=H) derivatives. These are useful precursors

schemes and are produced by the atÈack of a siliconium
accessible electron-dense centers within Èhe molecul-e.

202

tM-R lå

IM-Rz]Ë,

of 2t-deoxynucleo-
in' fraguentation
, ion on sterically

tM-Rylå

IM-Ry]å.

tM-Ryü, [M-Rz];,
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rJ-J-
tM-R.,-zoH"l- or A- [XrI.7 and xv.13; Iba and rbb -m/e2BL]

This ís one of the most useful ions in the spectta of. partial and

mixed derivaËives of deoxynucleosides for ídentíficaËion of ísomers. Thus,

ín the case of païtíal sílyl derivatives, [M-R-HZO]* is a prominent

ion in the spectra of 5t-0-sí1yl compounds, but ís very weak ín the case

of the 3r-O-silyl ísomers. For the ful-ly protected derívativ.", A+ ís

present ín high abundance only when Y = RXrSí. The loss of ZOH from
I

tM - R] ' is confírmed by metastable peaks in the spectra of most compcunds

where Ëhe íon ís promínent. Labelling of the labile base hydrogen ín lbb,

as wel-1 as the 3'hydroxyl hydrogen in Iba, índicates loss of ZOH*.

In Scheme 22, a mechanism is proposed for this process, based on

studies with CPK space-fílling rnodels. The models show that if the sugar

ring remaíns íntacË, O3r does not come suffícÍently close to the labíle

hydrogen of the base for hydrogen transfer to occur. On the other hand,

as discussed previously, the Orr aËom is readily accessible to the electro-

philic 5t-O-siliconium ion so that the cyclíc sílyloxonium ion, tM-Ry]T,,

should be readily formed. Also, the Hrr ís ín a favorable positíon for

transfer to O, of the base via a six-membered cyclic Èransition state. In

a concerted process, such a transfer rvould assist fissíon of the C3t - O3r

bond resultíng in transfer of the OZ group Ëo Ëhe silicon atom as shown by

22.2. This process is also facílitated by the abílity of the base to

accommodate the posítive charge. Intermedíate 22.2 may then readíly lose

^L+ZOI{- Èo give A', with structure 22.3. Thís mechanísm is also possible for

other types of bases, âs illustrated in Scheme 23 for deoxyadenosine

derívaËives, although it is noL quit.e as favorable in this case as with

thymíne or uracÍl as shown by the lower íntensity of A* relative Èo that
J-

of [M-R]'.

..'l
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z

þ-
.siy,'

"ún -n!

22.1, [M-RJä,
-zoï*

Scheme 22

\zox.*\23.2

[r'a - nr-zoHJ* or A+

22.3

2

.. ^rL"q*

J-W
zgl, [u-nJå.

Scheme 23
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The apparently simple decompositions shown in Scheme 24' which

eliminate ZOII or YOH, evidently conpete unfavorably with the sequence

22.1 to 22.3, presunaably due to lack of the appropriate inítiating steP

and other more facile decomposiÈions of silyloxonium ions 24.1 and 24.3.

However, these mechanisms do explaín a certain amount of non-specifícity

Thus [M - R - ZOH]+ would account for the 2O% retenÈion of the labíle base

hydrogen in [M-R-H2O]+ of lba. In the case of 3t-O-silyl derívati.ves,

Ëhe weak [M-R-HZO]* corresponds to [M-R-YOH]+ since labelling indicates 
:

retention of the labÍle base hydrogen. Sirnilarly, Ëhe sequence 24.3 to l

24.4 would account for the smal1 peaks corresponding to [M-R-YOtt]+ for :

mixed silyl derívatives.

Ai i" the precursor for some other Ímportant ions ín the sPectra

of SCTASi-deoxynucleosides
:

lA - H.ol+ [xII. 10 and )w. 15, Iba and Ibb - n/e263] l

This ion is observed exclusively for compounds r^rÍth a 5r-O-RX2Si

group, alËhough it ís quite weak for Ëhe purine nucleosídes, IV and V.

Metastable peaks Ín lba, Ibb and lec confirm A* as the precursor and ì

labelling indicates rio retention of l-abile hydrogens. The origin of the 
,,

oxygen and two hydrogen atoms constituting Ëhe molecule of waËer lost is

not known. Schemes 25 and 26 illustraËe proposed mechanisms that eould

account for [A-H2o]+, and suggesË loss of H2,, o5r, and H4r. Models

confirm thaÈ all rearrangements involve feasible conformaÈions' a1-though

it is expected that the second mechanísm would be more favorable sÈerÍca1-1y ' ::.:,
, :;:ì:ii ì

(but noÈ necessarily energetícall-y). The requirement of specific

pyrírnidine base functíons would account for the low abundance of [A - H2O]+

for the purine nucleosides.

l,;:l:'::
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Scheme 24
+

[M - Rv- zoHf

-YOH

-

24.3a
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v

Ma

tM-qll

-YOH+

24.3b

KJL''
T:,'/-1

[u- n -voH]*

*"<-b/
e,r\ zltb

B.

H

tM-qll
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Scheme 25

[r'r - nr-zoHJ* or A'

\
Scheme 26

[n-ueo]'

La - r¡oJ'
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Scheme 27

-x).'
OH

le - enl* [XII.33 and )ry.28, Iba and Ibb -rn/e155]

An ion correspondíng to [M - R - HZO - BH]+ is observed for partíal

silyl derívatives, where it ís more abundant for 5r-O-sílyl isomers' For

Vbaa, ametastable peak indicates formation from A+; and d-labelling of

Iba and Iab indicates no retention of Iabile hydrogens. In the case of
I

fully protecÈed derivatíves, the correspondíng ion [M-R-RXZSiOH-BII]' is

observed to be predominantly [M-Ry- ZOH-BH]+. Scheme 27 presents a

possíble mechanism that involves formation of intermedíaËe 2l -L by a

favorable transfer of the posiËíve charge from Èhe base to the conjugated

sugar residue, followed by rearrangemenË to [A - BII]+ through a sterically

favorable transitíon state.

However, this is not the only source for this íon. Some may be due

to loss ol ZOltfron [M-q/-BH]+, and the small amoufit of non-specific

fragmenÈation may be loss of YOH from [M - Rz - BI{]+.

22.3

[u - nr-zoHJ* or A*

27.2, [A- BFÙ+
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C-H-O' or D' IXII.62 and X\I.44, urle8l]

- BX2SiOH

209

An ion of mass 81, C5H5O+, ís observed in all deoxynucleoside

derivatívesr specËra, buË is of low íntensity forríbonucleosídes. However,

there is an analog for the laËter of composition C5H4VO+, where V = Otr^I (see

Schemes 4 and 19). IË is characteristícally more abundant for those

derivatives r¡íth a 5t-O-RX,Sí funcËion (exceptions: Veba vs. Vbea). Its

compositÍon corresponds to IS-ZOH-YOH]+, and as díscussed Later, a

cerËaín amounË of thís íon may be formed from S* or [S - ZOH]+. Nevertheless,

a metastable peak ín lba identifíes A* as a precursor for Dt. Scheme 28

suggests a possible mechanísm. A-n additional source of this fragment may

J-
be [M - Rz - BH]' (see later), which would explain Ëhe greater abundance of

n/e8l for Veba than for Vbea.

Scheme 2 B
lu- HJ* or A+

22.3

Ry-20

/
--/

XeSi/
7

'''çx:
H Dt, 1v= H, m./e 8l )



[XII.I1, Iba (and lbb) -n/eZ1Ll

2r0

no metasËable peak to indicate

the labile base hydrogen

+
A weak ion corresponding to [M - R - H2O - CH2O]' is observed in the

specËra of partial silyl derívatives, almost exclusively for 5r-O-SCTASi

isomers, while Ëhe analogous ion, [M-R-RX2SiOH -CllZO]+, is very weak

in ful1y protect,ed derivatíves. There

the origin of this ion. The retention

indicaËes that A* is not the precursor. It is possíble Ëhat Ëhe small

amount of tM-Ry-ZOH]+ (see Scheme 24) is a preeursor and a suggested

mechanism, invol-víng rearrangemenË of a cyclic silyloxoníum ion, Ís as

follows:

- CH2O ,

[r'4 - Ry-zoH]+ [M - Rv- zo+ -cl-rzd*
24.2b,when V=H

l_s

of

.ffif\í>
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IXII.8, Iab -m/e269i W.4, Ibb -mle383]

This is a weak ion observed almost exclusÍvely for those derivatives

wiËh a 3t-O-SCTASi function. A mechanism consisËenË wiÈh this and the

labelling resulËs is as follows:

-CH?O

-:_>
Lu-n ll ltut - R=- cH2o]*

l)ff.9, Ibb - m/e315]

[XII.19 and ß1.23, Iab and Ibb -n.le211-]

[XII.25 and ß1.26, Iab and lbb-n/e183]

[B+X?Si+RX?SiOH]+

¡n+xlsi+nrõ1+ or E*
ut-J-

lB+X2Sil' or F'

It is appropriaÈe to díscuss the origin of these ions togeÈher'

sínce they are produced by the ínteraction of a siliconium ion with the

nucleobase.

An ion corresponding to [B+X2Si+H2O]+, or E+, is characÈerisÈically

prominent ín the spectra of partial and ful1y protecËed derivatives with

a 3t-O-SCTASí funcÈion, buÈ quíte weak for derivatives with only a 5t-O-

SCTASí group. Thus, it is very useful- for distinguishing isomers, as well-

as identifying Ëhe nucleobase. MeËastable peaks for Iab and Vaba indícate

that [M - R]+ is rhe precursor for E*. In Èhe fully O-silylated derivaÈives,

an analogous ion of l-ow intensity is observed corresponding to [B+X2Si+
+

Ð(2SiOHl'. Mixed derívatives indicate Èhat it Ís exclusively [B+X2Siz+

YOH]+. Although not very useful for struetural elucidation, iË does hel-p
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supporÈ the proposed mechanisms. Deuteríum labelling of labile hydrogens

gave a greaL deal of informatíon on the mechanism of formation. For the

partial derívatives, E+ showed different d-shifts for Èhe two isomers.

The 3r-O-silyl derivaËive showed only partial (=L5%) incorporation of a

second labile hydrogen into this fragment (one is already attached to Èhe

base), while the 5' isomer dísplayed a predominant shíft of 2 (75%).

These E+ fragmenËs v¡ith shifts of 2 correspond to [B+X,SíZ*YOH]+ and

+
[B +X2Siy+ ZoH]' respecËívely.

AnoËher íon of composition [B+X2Si]+ or Ft is prominenË for all

derivatíves. In the spectra of 3t-O-sí1y1 derívatives, Iab and Vaba, a

metastable peak indicates formation' at least in part, from E+ by los"

of water. The labelling results for F* (for lab, Tba, and lbb) show

partial l-oss of the 1abi1e base hydrogen (d-shift=0(=50ií)). (An íon

correspondíng to [B + CaH6O]+ i" also present as a mínor component of the

íonat m/e183in the mass spectrum of lba, but should not cause much

Ínterference in the labellíng results.)

Proposals for the formation of these íons for the 3'-O-SCTASí

Ísomers are given in Scheme 29. The cyclic silyloxonium íon [M-n"]j can

decompose directl-y to IB{'+ X2Si]* O, " sequence of concerÈed electron

shífts (zg.La- to 29.2). This would explain the portÍon of F+ fraguent in

which the labile base hydrogen is reËained. The íntermediate, 29.3, can

be forrned frorn [M -R"]tby fissíon of the glycosyl línkage with Ëransfer

of the charge to the ríng oxygen. This can then lead, ví.a 29.3a xo 29.4

and 29.3b to 29.5, Èo E* and [B+XrSi+YoH]+ fragment ions, respectively.
L

The former is the major pathr^ray accounting for a predominant d-shift = 1

for partíalderivatives. (It should be noted that neiËher of Èhese fragments

are observgd forribonucleoside derivatives, where V = OtrI.) The elimination
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- C5H6VO3Y

29.2, f
(d-shift =l )

OH

A.t
xr8,-oÅ (\^

a9.6, F+

(d-shif t = 0)

vozT2

-YOCH2%]-|3O

major) minor)

-29.5, [B+x2Si.YoH]'
E' (Y= H', d-shift =2)

-(CH"O'
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x2si=o\AH

N,E*
(d-shift = 1)
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29.rb, [¡,t-q]å

\
H>11

Scheme 29
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of HOH* or YOH* from these íons would result ín F+, r¿ith no deuteríum labet

(29.4_ to 29.6 is supported by a metastable peak).

Scheme 30 illustrates the proposed mechanisms for formatíon of E*

and Ft for 5r-o-siIyl derivatives. DecomposiËion of tM -Rrrll (lq¿ to 30.2)

resulËs in F* wiÈh retenËion of the iabile base hydrogen. To explain the
I

porÈion of F' Ëhat does noË reËain the labile hydrogen, it is proposed

that A* (strucÈur e 22.3) decomposes via a coricerted rearrangement of

electrons to give 30.4. The formation of E*for5'-O-silyl derívatives

requires Ëhe cycl-ic silyloxoníum ion, tM-Ryl; (30.5), and decomposition

to 30.7 or 30.8 via 30.6. Labellíng indicates that 30.6a to 30.7 is the

more favored pathway. However, CPK models indícate Ëhat conformations

leading to the inËeraction of the Si and OO are of very low probability,

whích could explain the low abundance of E* for this series of isomers.

Only cerÈaín skeletal conformat.íons can allow close approach of these

atoms, withouË Ëhe developmenË of large, non-bonded repulsíons between

Orr or Hrr and Èhe ring of the base, or beËvreen the T substituent of the

base and the X substituents on Si. IË is inËeresËing t.o note thaË when T

is changed from CH, in Ëhymine Ëo H ín uracil, the probabilíty of Si-OO

interaction lncreases and-the íntensity of E* b."o*.s larger.

J. -1 .ti .i r.:i.r: ¡.i /
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- (CH2O'CaHaVO2A

g0.2,Ít'

(d-shift =l)

-'jff
@á, F*

(d-shift = 0 )

- ( CH2O* C4H3VO)

Scheme 30

- C5H5VO2

,six.pzoo-

f"((miior)

- C5H4V02Z

fB*x,,si*zon]i go.z
rL

E' lz= H*, d-shift = 2)

*
(minor)

tM-Ryt

E (o-sh¡ft =1¡r3o.B
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r+
lM-R-BHl' or G

l-

lG - CH2OI '

lx2si icrnro, (71) l+

|XTT.26, Iab - m/eL73; XV.12, Ibb - nle2871

IXII. 38, Iab - nleL431

[XII.42 and )ff.34, Iab and Ibb -n/eL29]

An ion correspondíng to [M - R - BH]+ or G* is observed for all

SCTASi derivaÈíves examined. MetasËable peaks in Vbaa and Vbba indicate
J

that []f-R]' is the precursor. The simplest explanation for this ion

is given by the mecbanism in Scheme 31-, where the O, of the base and Hrr

interact in a Mclafferty rearrangement, resulting in elíminaËion of BH.

[¡¿ - n- sH]*

-BH

Sch eme 31

Although [M-Ry]+ is used. as a precursor Ín Èhis scheme, [M-R"]+ or any

of the cyclic silyloxonium íons in Scheme 21 (except [M - \Jf ana t¡l - n"]T)

would al-so suffice.

However, this nechanísm does not explaÍn the variaËions in ínten-

sitíes between 3r- and 5r-O-silyl isomers (C+ is more abundant for 3t-O-

SCTASí derivaÈives), Ëhe metastable-supported decompositions of Gt to

[c-CH2O]+ lfor lba, Vbaa) and to [XrSi+CaH3O2(71)]+ (for lab and Vaba),

and the unexpected deuterium-labell-íng resul-ts for the partial 3f-O-TBDMSi

derivative, Iab. The l-atter indicates almost no retention of Èhe labÍle

x
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sugar hydrogen in Gt (i.e., B*Y is el-íminated). The S|-O-TBDMSi

derívative, Iba, on the oËher hand, does noË eliminate B+2, and there

is no ion analogous to [M-R-BY]+ (i.e., [M-R- (B+RX2Sí)]+) for Ëhe

fully proËected derivatives.

The [G - CHZOI+ ion is observed in appreciable intensíty only for the

partial silyl derivatives. The labelling results parallel those of G*

(d-shift = 0 for lab, = 1 for lba), as do the relative intensities for
i

isomers.
J-

The [XrSi +7L] ' ion is observed for all derivatives, but the isomer

intensíty variations for partial and fully proËecÈed derivatives do not

parallel each other. For the partial derívatives, iË ís more abundant

for 3'-O-SCTASi isomers (i.e., lX2Síz+711+ favored), but ín the case of

the míxed silyl derivaËives ít ís more íntense for the 5r-O-SCTASí isomers

(i.e., nosËly [X2Siy+71]+). All labelling results índícate thaË no labil-e

hydrogen Ís retained.

Schemes 32 an.d 33 suggest some mechanisms which can explaín the

above observations. Also, shown in Scheme 32 ís a possible mechanism for

Ëhe formatíon of [G - ZOH]+ r¡hich was menÈioned earlier as an alternative
I

for [A-BH]'.

The special- behavior of partial 3r-O-silyl derivatives with respect

to G* and [G - cH2o]+ is probably due to the fact thaÈ, unlike the 5r-O-

substituted derÍvatives, the labile 5r-hydroxyl- hydrogen is available for

transfer to the base with the resulË ËhaË Ëhe transfer af Hy to the base,

while stÍll observed, becomes relatively less important.

For the fully derivatízed compounds, the mechanism in Scheure 31

may make a substantial- contribution Ëo G+ since pathways ín Scheme 33 are

inhibited when the 5r-OH is protected (Y * lt or tt*). Al-so, as menÈioned
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Scheme 32

ez.g, [o-cHro]*

-zoL].

-

- HVC=CHOZL*'Ï tÅfxzsiyAH

€rK
32.2a rG+

Wb,G'

¡u-nylå.

9&5, G'
g?Ji, [xzs¡u.ztÏ
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Scheme 33

[u-nJË,

- ri3v%o

*
Å,-xesÇ4n

@"
sg¿, [u-nz-BY]*
Gt (Y=Ht, d-shift= o)

gg.s, [xrs¡ø+zt]+

- ( B*y.CHZO) ,concerted

(¡f Y = H or H')
æ.s , [u-R¡ar-cHp]'
[o-cH2o]* (Y= H', +shiÍt = o )

(if Y=H orH')

Scheme 34

-YOX2S|OH ñ+--"-"-+ U

(see Scheme 28)

.Ì.¡ì
i:ç-
-.ri:;

I r:,::,.i.:.

vai
t¡,

t"- eld
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.earlíer, ion D+ tay be formed in part from G+, as shor,¡n in Scheme 34.

[M - R - J]+ [Xrr. 35, rab - ml eL47; XV. 16, rbb - nl e26L7

lM-R-J-cIl2ol+ lxrr.47, rab - m/eLL7; xv.18, rbb- n/e23Ll

These íons are useful for distinguishing ísomeric substiËuted

derívatives, buË the observed intensiËy variations are quite dífferent ,"1,''

for partÍal and full-y silylated derivaÈÍves.

In the case of partíal derívatives, [M-R-J]+ is prominent for

3|-O-SCTASi derívaÈives of ï and II buË almosË absent for all 5!-O-SCTASi .'.1;
',,'.t1,

isomers (i. e. , [M - R, - J]*>> [M - Ry - .r]+) . Labelling experiments show 
1.,,.,,.,,

the retention of one labile hydrogen. [M-R-J-cH2o]+ i" observed for r::;ì;:

both 3t- and 5r-O-silyl derivatíves, although it is more prominent for

the former derivatives of I-III (about equal for IV and V). One labile

hydrogenisretaínedandametasÈab1epeakforIabindicaËesthatthís

ion is produced frorn [M - R - J]+ by loss of CH,O.

For the 3t,5tbis-O-siiylated derivatives, Èhere is an opposite 
:

trend. BoÈh íons are promínent only for compounds with a 5|-O-SCTASí 
I

:

function (i.e., Ëhese ions are atÈríbuted almosÈ enËirely Èo [M-Ry:J]+

and tM - ry - J - CHZO]+). MetasËable peaks for various compounds support 
: .,:

the sequential loss of J and CH,O fron [M - R]+. In addition, a meËastable

peak for Vbba and Icc índicates decomposítion of [M - R - J]+ to RX2SiOCH;.

the mechanisms ín Schemes 35 and 36 are proposed to explain Ëhese

results. The reason for the dífferenË behavíors of mono- and bis-silyl

derivatÍves may be the enhanced abíliÈy of a sí1-y1oxy group to take up

the charge versus a hydroxy group. Thus, for the partial 5r-O-si1y1

derivatíves, the sequence 35.1a '> 35.2 + 35.3 ís suppressed. It is

possible that [M - Ry - J - CH2o]+ i" produced dírectl-y fron [M - n]+ by a

concerted elimination of J + CH.O (35 . l-b + 35.3) .
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m"n-þ ss.z

i [u- n-;]*

I

x l-cH2o

I
@

¡-¡tzO-SiX2

çÅ* ss.3

L b¿-n+-cHeol*

-T!,

)l(

(minor pathway

when Z=H)

- (J + CHZO) ,

Sch eme 35
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Scheme 36

36.1

[¡r-n ]l

s@
- C2H2O2SI\ ' ',r.,

-(J*CHzO)

rlÊ

-

- CH2O

-o-H-r( -s¡xo
\\ o/ I

Hàor
Y

36.4

þ -R.-t-cHzol*

\,p{
?/" 

36'6

oSiXZ

[u- n¿;-cHeo.l*

Y
eòn @J

Å,*rt

ir.'
!..

-(J*CHzO)



I
(J + RX2Si) '

.L(J+H)'
I

(J+H-HNCO)'

[XII.9 and XV.14, Iab and lbb -nle267]
[XII.34, Iab -m/e1531

IXII. 52, Iab - n/eL]-01
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Ëhe formaËion of these ions.

precursors, except in Ëhe case of

must originate from the molecular

A fairly inËense íon eorrespondíng to [B+28]+, or [J+H]+, is

observed for all partial silyl derivaËives. It is usually more abundanÈ

for 3f-O-silyl versus 5t-O-sílyl isomers, although it is not of much value

for isomer identificaÈíon since this order is reversed for deoxyadenosíne
I(V). A metastable peak for Iab indicates that [M - R] ' ís the precursor

for this i-on. A d-shift of. 2 Íor both isomers signífies íncorporaËion of

the labile sugar hydrogen (i.e., the ions can be designated as lJ+Zl+

and [J+Y]+ for the 5'- and 3t-O-sílyl isomers respectively). For bis-

silylated I and II, [J+H]+ is noÈ present to any exËent, buË ís observed

for Vbba (n/el62) .

An analogous íon, [J+RX2Si]+, is presenÈ for all derivaËives,

although ít ís usually of quite low intensity. It is predominantly

[J+Z]+ as indicated by its greater abundance for 3r-O-silyl derivaËíves

and by resulÈs r¿ith mixed silyl isomers. For the latËer, the abundance

+of [J+RX2Si]'depends inversely on steríc crowdíng in the silyl group,

beíng guÍte abundant when Z = TMSi. This refl-ects Ëhe greater migratory

aptiËude of TMSi. However, no silylgroupmatches the labilíty of an

hydroxyl hydrogen, as evÍdenced by the far greater abundance of [J+H]+

for partíal derivatives.

Scheme 37 suggests mechanisms for

Cyclic silyloxoníum ions are proposed as

mono-silyl derivatives where [¡ + Rx2Si]+

íon.

Another ion, [J + H - IINCO]+, is observed for mono-silyl derivaËives

of pyrimídine nucleosÍdes (I-III). It is formed by loss of H*NCO from
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- QHaO3SiX2

(minor if Z= RX2Si)

- (Cl-120.C2H202SiX2)

For partiat 0 -SCTAS¡ derivatives::
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(minor if Y. RXZSù

(it 7=H', d-shift= 2)
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[J+H*]+ as sho\drr by

Scheme 37 suggests a

.L
lB+c3H4(40)l'

This ís a medium íntensity ion observed for Partial and fu1l

derivaEives of I and II wíth a 5i-O-SCTASi goup, and retains only the

labíle hydrogen of the base. It is proposed that [M-Ry]+ is a possible

precursor, although there is no supporting meËastable peak. The

decomposition may proceed as ín Scheme 38, through the íntermediate 22.2

thaË vras proposed prevíously for the formatíon of A*. Format,ion of a bond

beËween Oranð. C3rr mígratíon of a hydrogen to C3rr coupled wíth físsíon

of the C1,-O4r and C3,-C4r bonds, ín a concerted process, leads to Ëhe

sËable íon product 38.1, with elíminatíon of a stable neutral specíes.

A simílar ion strucËure r,¡as proposed in the mass spectra of cyclonucleo-

sides (244). It is also possíble that [B+40]+ then decomposes by loss

of H*NCO to give 38.2. Labelling confirms no retention of labile hydrogen.

Scheme 3 B

a metastable peak for Iba and labelling results.

mechanism and íon structure.

[XII.3O and F:J.27, Iba and lbb-m/e165]

.1.:ì:ì 1.
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38.1

[a.+o]*

22)

- ZOSiXZOz%Hg,

Hec
tM- Ryl;,
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x2sÍoH' [XII.63 and XV.45, Iab and lbb -n/e757

This ubiquitous ion is observed in Ëhe spectra of most SCTASi

derivatives of nucleosides, although it is more inÈense for parÈia1-

derivaËives. Labelling results and metastable peaks indicate more Èhan

one method of genesis. Many proposals can be made in which the siliconium

group absÈracts a hydrogen from elsewhere in the molecule. One type of

mechanísm that accounÈs for Ëhe greater abundance of X2SiOH+ in partíal

,SioY+ and XTSiOZ* (rhere Y and Z = H or H*)

in Schene 39.

- (CH2O * BC¿H¿VO)

x2s¡o z*

Scheme 3I

- BC5H6V02

xzs ¡ oY*

[u-nJË,

[¡,t-nJå,



227

RXzsíosixï
cnlxrsiosixf
uxrsiosixi

lß1.24, Ibb - m/eL891

lXV.29, Ibb -m/eL471

lxV.¡r, Ibb -m/e133I

An ion analogous to X2SiOH+ is observed in the spectra of fulI-y
+sÍlylated derivatives--RXTSi0six;. Mixed labelling studies indicate both

x2sioY+ and xrSioZ+, and these probably aríse frorn [M - R]+ by the

fragmenËations in Scheme 39.

Far more intense fragmenË ions are observed correspondíng to
+++

CH3X2SiOSiX, and HX2SiOSiX;. These are probably forned from RXZSiOSiX;

by rearrangement of the R alkyl group as shown ín Scheme 40. Evidence

for this is gained from the study of oÈher cornpounds, such as di-tert-

buËyltetramethylsiloxane (see Figure 13b), where rn/e189 rearranges to
+

m/e147 as indicated by a meËastable peak. CH3X2SiOSiXj appears to be a

very stable ion product and iÈs TMSí analog, mfel47, is observed in Èhe

spectra of many poly-TMSí derívatíves. Examples of hydrogen and alkyl

rearrangements símÍlar Ëo those proposed in Scheme 40 have been discussed

in the literature (205,206).

- (rcn=cnr) 
@

* + X2S|-O-SIX2CH3

(T = II, CHr) Scheme 40

(Ð

1*t
C=CH,

dírI''
\\^
0-Br

:::-

T_

rhÇrH

î$*;

Xz

- T(ci{r)c=cH, 
_ xzs¡-o-s¡x2H
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b) Ions formed by charge localization on the sugar ríng

Anong Ëhese ions Ëhere are signíficant íntensity variations between

isomeric partíal or mixed derivatives. They are generally of lower

abundance for fully silylated compounds, and are particularly weak for

compounds III-V. The laÈter facË may be due to stronger glycosyl bonds

or perhaps the greater abílity of Ëhese nucleosides to accommodate a

charge on their base moiety.

For the 5t-O-síIyl partÍal d.erívatives, the abundance of S* and

some of iËs decomposiËion íons (K+, [K-cH2o]+, and [RX2Si +lZ]+) is

generally quiÈe low, while all are of moderate to high abundance for the

3t-O-si1y1 isomers. fn cont,rasË, [S-HZO]+ is more íntense for 5f-O-

silyl derivaËives. (Because of the low intensity of all these fragments

for the ribonucleosÍde series, and the probable involvement of Hrr in

several of Ëhese fragmentatíons, V ís desígnated as H in Schemes 4L Eo 44)

Ions corresponding Ëo S+, K+, [K - cH2o]+, and. D* are also present in the

spectra of. 2t-deoxynucleosides themselves, where similar assignments have

been made (15).

s+ IXII. 13 , Iab - ml e23Li W. 6, Ibb - nl e3457

The sugar fragment, S*, is of low abundance for both 5t-O-si1y1

and fully sil-ylated derívatives, buË is characÈeristÍcal-ly intense for

for 3r-O-sil-yl deoxynucleosides. The low intensity for the foqmer

compounds indicates eiÈher that it is not forned as readily as for the

3r-O-sÍlyl compounds, or that it undergoes decomposition more readily.

The latter is unlikely, unless íon D* is formed almost enÈire1y from

S+. Earlier evidence has indicaËed that Ít is not. However, Ëhe comonly

proposed ueehanism of charge localization on the ring oxygen followed by

expulsion of B (Scheme 41, 41.1 + 4L.2) does not explain the intensity
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-B-

Mt

M.

Scheme 41

variaËions. It is proposed that, for 3t-O-sil-yl derivat,ives, an alÈern-

ative mechanísm shor,m Ín Scheme 4L (!J-.3-+ 4L.4) can account for these

observatíons and, in addÍ-Èion, for the formaËion of [RX2Si+72]+ as

discussed later. Localization of the charge on the 3r-silyloxy function

can induce o-cleavage of ttre Cr,-C3, bond and a concerted elininatíon of

B. Charge localizatÍon on the 5r-silyloxy function on the other hand,

leads to formation of YOCH; as discussed later.

;$.

II

[S - ZOH]' or K' [XII.15, Iba - m/e2L3; XII.59, Iab -mle99;
XV.21, Ibb - nle2L37

The ions IS-H2O]+ for 5?-O-sílyl deoxynucleosides and IS-RX,SiOH]+

for 3r-0-si1y1 and bis-silyl derÍvatives are best explained by a

predomínent loss of. ZOH from S*. This fragrnenËation is supported by

metastable peaks in the spectra of compounds lab and lba. Deuteríum

labelling experiments show no retention of the labíle sugar hydrogen in
++

IS - H2O]-, but predomínanÈ retention in [S - RXZSÍOH]' .
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vo-T2

iò-.Tz

42.2a

K'

12.2b
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(¡fY=HorH')

fx-ctytJ', qz.e

y=H, m./e 69

'C1H4O ( if Y= RXZSi)

)l+

o
Y-ÈCH2

42.1

. YOH

s+,42.1b

(minor pathway)

.YOH

[s -voH]'

*r.1-n\o-"
toõ,
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ñr

lg , [s -yoz]*, m/e 99

12.9

(minor pathway)
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The fu11-y protected derívatives, especially mixed SCTASi and mixed

TMSi/STASi, supporË the ion composiËion as being predominantly IS - ZOHJ+,

hereafter designated as K+, r¡ith mínor contribuËions from IS-YoH]+. In

addition, for Ibb a metastable peak índicates Ëhe decompositíon of K* to
I

YOCH:.
¿

The fragmentations in Scheme 42 are consisËenÈ with these obser-

vations. The sequences, 42.Lb + 42.5 arrd 42.!c* W, account for minor

contributíons from IS-YOH]+. It Ís also indicated by labelling and rnixed

derivaËives thaË [S -YOZ]+, 42.Ld'> 42.7, is not formed to any exËent.

The conjugation of double bonds ín 42.2 ís expeeted Ëo make K* more stable

than these alternaËíves.

The furÈher decomposition of K* by loss of YOH, or the concerted

loss of YOH+ZOH frorn Sf to gíve ur/e81 (ion D+¡, as shovm ín Scheme 43,

may also occur but there is no met.asËable support. The metasÊable

suppoïted decomposítion A* * D* ís probably the major pathway in the case

Scheme 43

-4n
H

ãoH)
H

D*, m/e gl
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of 5r-O-silyl and bis-silyl derivatÍves, but Ëhe non-speeifie portion

observed in 3r-O-RX2Sí derivatíves can be accounËed for by this scheme.

I

lK - CH2OI ' IXII.66, Iab - nle69'J

The ion assigned as [K - CH2O]+, ís abundant only ín the case of

the partÍal 3f-0-si1y1- derívatives. A meËastable peak for lab indicates

formatíon from K* by loss of. CH.O, and d-labelIíng shows retent,ion of the

labile sugar hydrogen. The mechanism given for 42.2a + 42.3 ís consistent

with these observatíons. The fact that Y does not migrate when it is a

silyl group may be due Ëo the lower energy of a Sí-C bond versus that of

a Si-O bond, steric híndrance from the bulky alky1 substituents, and

possibly poor competiËion wíËh Ëhe paÈhh7ay 1-eading to YOCH;.

The following mechanísm must be of low probabiliËy as we1-1-,

possibly due to lack of conjugation ín Ëhe resultíng íon:

-(YOZ*Cl-lZO)

[2RX2si + can3o2(zr¡ 1+

lnxrsi + carr4ó2( 7Ðf
lxrsi + crnroriT3) l+

Ions assígned as [RX2Sí +CaH4O2(72)]+ and [X2Si+CaH5O2(73)]+ are

observed for both the partially and ful-ly protected derivatíves. In the

case of Èhe parËial- derivatives, [RX2Si +72]+ ís much more abundanÈ for

[s-voz-ct{20]*, m/e 69

lXV.11, Ibb -n/e3011

[xII. 23 and )ry. 25, rab and lbb - rnle187 ]

[XII.40 and )fV.33, Iab and lbb - rnle131]

the 3r-O-silyl isomers, where only partial (30%) retention of one labile
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hydrogen is observed (i.e., prima riLy lZ+721\. For the 5r-O-sílyl

isomers, one labile hydrogen is retaíned (i.e., primarily ÍZ+Y+71]+).

These could correspond to [M - JOY]+ and [M - JOH]+ respecËívely, but

metastable peaks in lab indÍcate the sequence, S+ * [M2Si + 72]+ +

[X2Si + 73]+, whích establishes the maín preeursor as S*. As expect,ed

from this sequence, [X2Si+73]+ is also more abundant for the 3f-O-silyl

isomers.

For Ëhe fully protected derivatives, ions are present correspondíng :,,

ro [Rx2si +72]+, [x2si*73]+, and IzRx2si+71]+, alrhough rhe tarrer is

not very abundanË. Míxed derivatives indicaËe that the first is mostly

lZ+721*, while the latter corresponds to lz+Y+ 711+. lz+ 721+ is

especially abundanË when Z = TMSi, whíle in the same instance, [X2Sí+73]+

is quite weak.

Mechanisms consistenË with these observations are presented in

Schene 44. It is proposed that Ëhe open ring form of S+ (4f.j.), earlÍer

suggesËed to be more abundant for: 3r-O-silyl derivatives, decomposes to

structures 44.2 and 44.4 to give lZ+721+ arrd ÍZ+Y+ 711+, respectively.

FurËher rearrangement of lZ+721+ to [X2Si+73]+ is possible by elímínation

of (R-H), 44.2 + 44.3. Incidentally, when Z = H and Y = RXrSir the

resulting fragment 1on 44.3 is CaH5O2+, or m/e73, which is observed in the

high resoluÈion spectra of both Iba and Iab. (It overlaps with CH3X2SÍ+

in the low resolution spectra of TBDMSi derivatives.)

The enhanced abundance of IZ+72)+ for 3r-O-TMSi-St-O-RX2Sí-

derivatives is 1íkely due to the fact that localizaËion of charge on the i: 1

3f-OTMSi group will lead to greater o-cleavage of the sugar ring (Scheme

4I) to produce a greater proportion of the open-ring form of S* (41.4.) ,

than would LocaLizaËion on a 3|-OTBDMSi group (which r¿ould lead prinarily 
;.i.i;,r¡
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I

ro [M-R]').

It is possible that these ions may also be formed from M* by loss

of JOH via Èhe sequence 44.5 '> 44.6 '> 44.4.

c) OÈher ion types

[B + H + RX.Si]+ [XV. 17, rbb - nl e24L]
-L

lB + zHl [XII.43 and )ff.36, Iab and Ibb -n/eL27]

--r"f is a fragment ion which is conmonly observed in the mass

specÈra of deoxynucleosides (15). For the SCTASi derivatíves of I and

II it is quite weak, buË more abundant for such derivatives of III-V,

especially deoxyadenosine (V). Genesis could be attributed to initial

charge localizatíon on Èhe base and subsequent fragmenÈation of Ëhe

molecular ion, but in the case of Vbaa and Vaba, metastable peaks indicaËe
+

[M-R]' as a precursor. Labelling of lab and lba shornrs partial incorpor-

aËion of the labíIe sugar hydrogen (í.e., [BlH+Y]+ or [B+H+Zl+).

The spectra of fully protected derivatives dísplay an analogous
.L

ion, [B+H+RX2Si]', that mixed sily1- group labelling indicates is

predominantly IB+H+Y]+. IB+H+TMSi]+ has been observed previously

wíËh TMSi derivaËíves of nucleosides (15).

other base-conËaining fragments such as [e+H]+ and [n+30]+ that

are observed in spectra of underivatízed nucleosides are usually in low

abundance for SCTASi derivatives.

I

YOCH;
-f

cH3x2siocH;r

H(X2SiOCH2)'

[XII.36 and XV.30, Iba and lbb - n/e1-45]

IXII.55, Iba and lbb -mle]-031

[XII.61 and )ff.43, Iba and lbb -ur/e89]

+
RX2SíOCH; is an intense ion in the spectra of nucleosíde deriv-

atives wÍth a 5r-O-RX2Si funcÈion and can be described as vOCHl. In the

spectrum of 3r-O-TBDlfsi-thynidine (Iab), Ëhere is a moderately intense

,::.::r' :'r.-.:

iili::ï:iì,.v
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ion at m/eL45, but the major component corresponds Èo [X2Si +C4H7OZ(SZ¡1+

the genesis of which has not yet been established. YOCH; is valuable for

ühe charact.erization of isomeric mixed síly1 derivat.ives; for example,

m/el 45 (TBDMSiOCTT* ) is the base peak for lbe, but is very weak for leb,

where m/e103 (TMSíOCHå) ís the base peak.

The najor precursor for Ëhis ion is probably the molecular ion,

where LocaLízation of the charge on Or, can lead to o,-cleavage of the

C4'-C5¡ bond:

- BcaHlt32z.
YO=CHe

However, oÈher precursors have been ínclicaÈed by metastable peaks: K*

(Scheure 42) anð, [M - R - J]+ (Scherne 36 for bis-sílyl derivatíves).

Metastable peaks for several derívatíves índicate further decom-

position of voCnf Èo X2SioCu!, nt."rmably through the fol1-owing rearrange-

ment (similar Ëo that proposed for HX2SiOSíX;, Scheme 40):

CH

,-rÇ,rrr, -,fò'=ttt
*,{(Ê'

M",
XZS¡OCHå ;: :..iì
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of (tq - n)+ by aAnother source

mechanism such as:

for this ion may be decornposition

- (cH2O + BCqH4VOzZ) (E

-TC2H3 o
H2 a\'> XzS¡-O-CHzCHg

[XII.48 and XV.37, Iba and lbb -nle115]
[XII.64 and XV.46, Iba and lbb -mle73l
[xII.67 and ß1.47, Iba and Ibb -m/e59]

These Íons are observed in the spectra of all SCTASi derivatives.
+

RX2Si' is presumably formed by sinple fission of a sil-ícon-oxygen bond,

and the others result from rearrangement of the R group as shornm belor¡.
+

CH3XZSi' is most abundant, especíalIy for TBDMSi derívatives (mle73,
+

MerSi') where iË is often Ëhe base peak. Ametastable peak for several-

derívaÈives signífies RX'SÍ+ as Ëhe precursor.

HzÇrH

'Çtf',*"iù'

I

PJ(2Si'
I

cH3x2si'

trxrsi*

HX2S¡-0{Hz

For convenience, these ions are desígnated as H(XrSiOCH2)+.

Another ion Ëhat probably has YOCH} as precursor is CH3(X2SiOCII2)+.

This can be derived by a mechanism similar to Ëhat proposed for
+

c%x2SiOsix; (Scheme 40) :

¡la-Ry).
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?Hs H..ørL-il.' . - TC2H3
xzsiû,-CHz 

- 

CHgX2S¡*
I

T
(T=H,CH3)

- TCgHS , H X2 S¡*

d) Fragmentations of the tetrameËhylene ring

A number of fragmenËs are unique for TMIPSi and TlfIBSi derivatives

and ínvolve fragmentation of the cyclo-tetramethylene ríng on the silícon,

with elímínation of the alkene CZH+. These ions are usually not very

prominent, but sometimes they can interfere with other íons, especíally

in the lor.r m/e range. Some common fragment ions that are observed are

listed below. Analogous fragmentations are observed in the mass specËra

of germa-cyclopentanes where only C-2 and C-3 are incorporated ínto the

ethylene produced (Ge is posÍtíon 1) (245).

eGc'z--"!o , >GcHz

$'á-
-r{o , Þr,á*

./oH
l@

in,
XoSi¿C-Ct-l

T t-.. :: ::.' ,:..

j j..:

R = !Pr, m/e
= !Bu, m/e

R = iPr, mle 99
= tBu, n/e113

L29
L43

'':...

- C.,H,LÁ}

role 101

nle 73
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C. SCTASi Derivatives of Ribonucleosides

1. Results

The mass spectral data for partial, mixed, and fu1ly O-sílylated

derivaÈives of ribonucl-eosides, and a discussion of Ëhe general aspect,s of

the mass spectra, are presenËed in thís section. Following Èhis, Section

C2 provides deËailed ínterpretaËions of the principal fragment ions of

2',3t,5 f tris-O-silyl derivaËíves.

a) Partial-O-SCTASí Derivatives

For ribonucleosides, the parËial O-TBDMSi derivatives of uridine

only have been studied. Since detailed labelling experiments have not

been performedr âny interpretaËions must be considered tentatíve and

mechanisms will not be discussed.

Figures 72 to 74 present Ëhe specËra of the three ¡uono-TBDMSi-

urídine derívaÈives, Vlbaa, VIaba, and Vlaab, while Figures 75 to 77 give

the spectra of the three bis-TBDMSj- isomers, Vlbba, Vlbab, and Vlabb.

All six compounds have distínctíve spectra. Table XVII summarizes the

importanÈ ions in t.he specËra and gives some tentaÈive assignments.

Although these uridine derivatives performed ¡¿ell during mass

spectrometry, the dírect analysis of partial derivaÈives in general Ís

not entirely suiËable. The migratÍon of Èhe 2'- or 3r-O-silyl group occurs

duríng GC, preventing the applícat,ion of GC/MS, and there ís always the

possibility of a slight amount of thermal-ly induced or eLectron-impact

induced migration of si1-y1 groups during anal-ysis by solíd probe mass

spectromeEry. Further derivaLization appears to be Ëhe best general-

approach to ËhÍs problem. In additÍon, the application of GC and MS to the

parËial derívatives of the more labíle nucleosides (cytidine and guanosine)

wíll definítely require this approach.
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b) Mixed AC/TBDMSi Derivatives

Treatment of the partía1 O-TBDMSÍ urídínes wíth acetíc anhydride

yielded mixed Ae/TBDMSi derivatíves with good GC behavior (some isomers

beíng separable), stabilÍty for TLC isolaÈion, and very distíncÈive mass

specËTa (Fígures 78 to 83). Table XVIII summarizes the ímporÈant Íons and

tentative assignments. Acetylation appears to be the besË procedure for

characÈerízi.ng the partial O-TBDMSi uridines by GC/MS. The suítabilÍty

for other nucleosides still needs to be examined.

c) Mixed TMSi/TBDMSi Derivatives

Trímethylsilylation of the partial O-TBDllSi urídínes gave mixed

TMSi/TBDMSi derívatives. Although isomers could noË be separated by GC,

they have good volatility (which should allow extension Ëo the more labile

nucleosíde derivaÈives), and GC/MS-SIR should be feasible considering their

distinctíve mass spectra (Figures 84 to B9). Table XIXc provídes detailed

assignments of major fragment íons. These data were invaluabl-e for the

elucidaÈíon of Èhe tïis-O-SCTAsí-ribonucleosidesf fragmenÈation mechanisms.

d) 2t,3',51Èris-O-SCTASi DerivaÈives

The spectra of. per-O-SCTASi ribonucleosides (Figures 90 to 94)

demonstrate the potential value of these derivat.ives for gas phase .

analytical chemistry. The spectrum of 2',3'r5'tris-O-TBDMSí-urídine (Vlbbb ':

Figure 90) is typical, with a very abundant tM-Rf ion and a number of

medium intensity fragmenË íons Ëhat provide considerable structural

infomat.ion. The latter is substantiaËed by Èhe sensitiviËy of the frag- 
fl

mentation pattern towards changes in the base, as demonsËrated by the

spectra of Vlbbb and VIIbbb (Figures 90 and 93), and substitution in the

sugar ring, as demonstraËed by the païtial TBDMSi and míxed Ae/TBDMSi

and Tl"fSi/TBDMSi uridine derivatives.
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The analogous 2t,3tr5tËris-O-TMSi derivatíves of uridine (Vleee)

and S-methyluridine (VIIeee), on the other hand, have specÈra that are

dominated by sugar fragments (especialLy m/e2L7) and that are rather
i.

insensitive to changes in the base. It should be noËed thaÈ ËrimeÈhyl-

silylation ís usually performed at hígh Ëemperatures to yield the 2tr3',

5tr4-tetrakis-O-TMSÍ derivative, Vleeee, that has a spectrum (Fígure 97)

not very different from that of Vleee. (The Èetrakís-O-SCTASi derivatíves

could not be forned (see Chapter V). )

It is interesting to examine the spectrum of Vlbbb at low electron

energy (20eV, Fígure 98). ![hile rhe relative abundance of [tU-n]+ is

increased dramaËically (useful for SIR work), several ions (n/eL47, 133,

101, 99,75, and 73) are suppressed. This usually indicates that the

1atÊer ions are formed in mulËistep fragmentatíons requíring high inËernal

energy.

Tables XIXa and XIXb present detailed assignments of ion types for

the various derivatives studied. Fragmentation mechanisms are discussed

in Section C2.

e) N,O-perSCTASi Derivatives

The fully l,IrO-silylaËed ribonucleosides also have potential

analytical value. The spectra of. 2t,3"5rËris-O-TBDMSÍ-N6-TBDMSi-adenosine,

Vrllbbbb (Figure 99), and 2t,3',5rtrís-o-TBDMsi-N6-TMSi-adenosíne, VIIIbbbe,

(Figure 100), have very abundant [M-R]+ ions. The former also has the

+
[Bt +H-R¡61' fragmenË ion that was observed for the ana]-ogous deoxy-

adenosíne derivatíve (Scheme 1-8). Figure 1-01- gives the specËrum of the

Tl.fSÍ derivative, VIIIeeee, for comparíson.

i:.ì.1:-:..jj

i ì'::rl; r: .::? -j)



100

90

BO

70

60

50

u0

30

20

10

N

l--
H

U)
z.
l.!
l-
z.

LLJ

H

t--
cf
J
tLl
cc

FLgure 72. Mass spectrum of 5r-O-TBDMSI-uridíne (Vlbaa) recorded on Fínnígan MS at 70 eV.

100

'¡1.: ¡

i'.',,

i 50

9.13

B .2?

7. 30

6. 39

5. rl8

u. 57

3. 65

2. J4

1" 83

0" 91

;4,..i,:,.

' 
'ri'

''.. . a,

;: r'ì

200
v1/ E

z.
Ð
H

F
ct
NI

z.
el

J
cf
F
Ð
F_

tJ-
Ð

N

250 300 350

t\)
à.
N)



100

90

80

70

60

50

u0

30

2A

10

ì{

t--

(n
z.
LLJ

l--
z.

U.J

H

t-
ctr
J
LLI
É

155 169

Figure 73. Mass specËrum of 3r-o-TBDMSí-urídíne (Vlaba) recorded on Fínnígan MS ar 70 eV.

100 150

6. 9U

6. 25

5. 55

200
Yl/ E

r{. 86

u.17

3. LI7

2 .18

¿-
Ð
F_
CI
NJ

z.
Ð
H

J
CI
t--
Ð
F
tJ-
Ð
N

250 300

2. 0B

1.39

0 " 69

350

N)
N

u)



100

90

BO

70

60

50

u0

30

20

10

N

F
(r)
z.
td
F
z.
H

UJ

t-
ctr
J
tr-,
E.

Figure 74. Mass spectrum of 2r'O-TBDMSf-urtdÍne (Vlaab) recorded on Fínnigan MS at 70 eV.

100

MT,T

358

150

7. 96

7.16

6. 37

5. 57

u. 78

3. 98

3,1B

2. 39

1 .59

0. B0

200
v/E

z
Ð
1--
G
f!
z.
trl

J
G
F
Ð
F
tL
Ð
N

250 300 350

N)
Þ.
N



100

90

BO

N

;1
F-

26
LLI
F
2.tr

ur

l--
CE

-)aLrl J
E.

LL7

r77

L43

Fígure 75. Mass spectrum of 3r,5fbis-O-TBDMsi-uridine (Vlbba) recorded on Finnigan MS at 70 eV.

l-87

r69

100

a :i:.."
)i...:)
t,
rl!: ij

150

MI¡I

472

26L

7.73

:\i:ir.
: :,: ..)

200

303

96

1B

r{1

6q

B7

09

32

55

77

M-R
4t5

25û
t4/E

300

z
Ð
F
C
lì.J

z-
cf

J
ctr
F
Ð
t--

tt-
Ð
¡-

350

397

rt 00 Ll50

l.J

(¡l



100

90

BO

10

60

50

u0

30

20

10

N

F--

U)
z.
LU
F
z.

Lrl

t---
cf
J
UJ
ftr

L69

LL7

L43

Figure 76. Mass spectrum of 2t,5fbis-O-TBDMsi-uridine (VfUaU) recorded on Finnigan MS at 70 eV.

T7L
zLL

100

269

26s

t50

MI^I

472
7. 93

7. 1U

6. 3U

s. 55

4. 76

3. 97

3. 17

2. 38

1 .59

0. 79
235

200

303

250
M/E

300

z.
Ð
H

t-.-
cf
l\I

z-
Ð

J
CE
f-
Ð
l-.-

u-
Ð
N

l:,i

350

379
397

u00 u50

NJ
N

Ol



100

90

BO

70

60

50

u0

30

20

10

N

t-
a
z.
L¡J
F
z.

UJ

F
cr
J
UJ
cc

L69

r47

Figlure 77. Mass spectrum of 2r,3rbis-0-TBDMsí-urídine (VfatU¡ recorded on FÍnnigan MS at 70 eV.

100 150

MüT

472

253

10. 73

9. 66

8.59

7. 51

6.rlu

5. 37

u. 29

3 .22

2. 15

1.07

200

265

M_R

4L5

269

250
t4/E

300

z
Ð
F
cf
¡h¡
Hz
Ð

J
CI
t---
Ð
F

tr-
Ð
N

3s0 u00 u50

NJ

!



248

ions in the specÈra of partia1- O-TBDMSiTABLE XVII.
derivatives of

ImportanÈ fragment

uridí-ne (Vf). a

Assignment m/e
mono-TBDMSiffi*/. bis-TBDMSi

Vlbba Vlbab Vlabb

M

M-R

M-R-H20

M-R-RX2SiOH

M-R-2I12O

M-R-RX2SíOH-II2o

M-R-H20-Crr2O

B+CHO+X2Si+PJ(2Sí

M-R-BTI

M-R-BH-Ii2O

M-R-BII-RX2SÍoH

(J+rr) Ë3;i;3*"'
C5H4O2RX2Si and (J-RÌ¡)

B+C5H4O(80)

B+XzSi+HzO

B+X2Si

(M-R-J):
fu-n-nc2u3o
Iu-n-nc2u2oRX2si

cH3x2siosix2
(M-n-r-cn2o):
{u-n-ncait5o2
[u-n-rcau4o2RX2sÍ

X2Si+C3Ii3o2QL)

B+2H

IÐ(2SiOClI2

X2SiOH

CII3X2Si

000
46. 37. 39.

7.7 7.8 0

5.6 11. 16.

3.9 6.7 7.7

28.

88.

63. 20.

37. 24.

o.5b 1.Bb o
100. 4s. s.9

3.0 9.4 8.4

4.3b 7 ,5b g.z

9.9 s.5 4.2

28. 46. 100.

18. 25. 4.7

58. 72. 16.

000
51. 53. 60.

3.5 5.8 0

7 .8 13. 5.6

o2.30
2.9 32. L6.

000
0 5.1 0

29. L7. 2.O

2.9 12. 2.9

63. 29. 24.

7.7 39. 10.
4.s 4.4 2.6

11. 34. l-0.

3. B 2.8 15.

39. 26. 3.0

19. 94. 100.

20. 0.8 0

16. 13. 4L.

15. 2.4 0
48. 47. 13.

28. 18. 9.3

6.2 6.3 6.9

7L. 40. 3.7

40. 51. 28.

100. 100. 58.

7.73 7.93 L0.7

358

301

283

NA

265

}{A

253

t{A

l_89

L7L

NA

269
1_s5

27L

797

r87

L69

L47
NA
I{A

LL7
NA

r29

l_13

89

75

73

15.

20.

L6.

55.

37.

472

4A5

397

283

379

265

367

313

303

285

L7L

269
155

2LL

191

L87

L69

23L
Lj.7

L29

113

89

75

73

26L

l'ot

r'.:ir::ì.4::'air

42. 24.

100. 34.

5. 8 2.4

70. s0.

4L. 39.

7"r+o 9.13 6.94 7.96

â Dat", given as relaËive intensíty % as recorded on Finnígan MS at
70eV; b Significant ísotopic contribution from ion type of lower mass;
NA = not applícable



100

90

BO

70

60

50

u0

30

20

10

:{

h-
H
(n
z.
t¡J
t--
z.

IJ

t--
cr
J
lrlc

Figure 78. Mass speetrum of 2r,3tbis-O-Ac-St-O-TBDMSi-uridíne (Vlbgg) recorded on Finnigan MS ar 70 eV.

L69

100

L7L

, -it:.:'

ìrìr,i:l

',1.t,:
r::ì li

150

MT,I

442

200

13.78

12. U0

'9s ,tt

2s0
1"1/E

11.02

9. 6U

8.21

6. 89

5. 51

u. r3

2.76

l.38

-2.
Ð
t---
cr
NI
H

z.
[f

J
ctr
t-.-
Ð
F
ll.
Ef

¡:

300 350 q00 450

l..J
F.
\o



100

90

80

70

60

50

It0

30

20

10

:\:

F--
l-{
(n
z.
trJ
¡-
z.
H

LLI

F-
ctr
J
Lll
E

Figure 79. Mass spectrum of 2',5tbis-O*Ac-3r-O-TBDMSi-urídine (VIgbg) recorded on Fínnigan I4S at 70 eV.

100

t\
,,i:ri

150

MI,t

442
9. 1B

B. 26

7. 35

6. 1t3

5. 51

q. 59

3. 67

2 .75

1.BU

0. 92

200 250
v1/ E

z.
Ð
þ-
cf
¡\¡
H

z.
Ð

J
ctr
t--
cl
l--

tL
Ð
¡i

300 350 r+ 00 u50

l\)(¡t
O



100

90

BO

70

60

50

u0

30

20

10

){

l--

tf)
z.
lrl
F.
z.
H

þ-l

H

F
cf
J
tl-l
É.

Flgure 80. Mass speetrum of 3r,5rbis-O-Ac-2r-O-TBDMSí-uridine (Vlggb) recorded on Finnigan MS at 70 eV.

100 150

MI^I

442
18. 00

16. 20

1U. U0 z.
Ð

12.60;
G
IN

10. B0 ã
Ð

9. 00
J
CI

7.20 g
F

5. ttO u-
Ð

3. 60 :{

1.80

200 250
vl/ E

300 350 q00 q50

t\)
ut
ts



100

90

BO

10

60

50

tl0

30

20

10

N

F
H

U)
z.
t!
t--z
LLI

H

t--
CE
J
l-rl
îE

L7L

L69

Figure 81-. Mass spectrum of 2t-O-Ac-3t,5tbis-O-TBDMSí-urídíne (Vlbbg) reeorded on Finnigan MS at 70 eV.

187

100 150

MJ,¡

5L4

200

261

,:i l

..1,:,:.j!:: l

283

7 .28

6. 55

5. 82

5. 10

u.37

3. 6tl

2.9t

2. 1B

1. U6

0. 73

250 300
yl/ E

285
325

Ð
H

F(ï
Ir.l

z
Ð

J
ct
L

Ðt-
LL
cl
¡_

350 u00 u50 500

NJ
(.¡l
N)



100

90

BO

70

60

50

u0

30

20

t0

N

F
H
(n
z.
LLI
l--z

LLJ

F-
CT
J
lll
(E

LL7

2L3

L69

Ffgure 82. Mass spectrum of 3r-O-Ac-2r,5tbÍs-O-TBDMSI-uridine (VIbgb) recorded on Flnnigan MS aË 70 eV.

100 150 200

MI,Í

5L4
8.27

7. 45

6. 62

5. 79

rl. 96

u. 1u

3. 31

2.Ug

1.65

0. B3

250 300
P\/E

z
cl
H

F
cf
l\¡

z.
Ð
H

J
G
F
Ð
t--

tL
Ð
:\:

350

4L5

u00 q50 500

N)
(Jl
U)



10

I

B

N

F

U)
z.
1!
t--
z.

Ld

t--
G
J
lrj
G

60

50

rl0

30

20

L69

LT7

L9L

Flgure 83. Mass spectrum of 5r-O-Ac-2r,3'bÍs-O-TBDMSÍ-uridine (Vlgbb) recorded on FÍnnigan MS at 70 eV.
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TABLE XVIII. Important fragment ions in
Ac/TBDMSi derivatives of uridine.a

Ehe spectra of nixed

bis-Ac-mono-TBDMSi mono-Ac-bis-TBDMSí
Assignment m/e Vlbgg Vlgbg Vlggb rnle Vlbbg Vlbgb Vlgbb

M 442

M-R 385

M-R-CH2CO 343

M-R-AcoI{ 325

M-R-AcOII-CI{20 283

M-R-RX2SiOH t.IA

M-R-RX2SiOH-CH2CO NA

M-R-2AeOII 265

M-R-AcOH-RX2SiOH NA

M-R-BII 273

M-R-BH-CH2CO 23L

M-R-BH-AcOII 2L3

M-R-BH-AcOII-CH2CO L71.

M-R-BII-RX2SíOH NA

M-R-BH-RX2SiOH-CH2CO NA

(u-n-¡):
fu-n-nc2u2olc
Iu-n-sc2n2oRX2si

C5H4O2RX2SÍ and (J-Rr^r)

B+c5II4o (80)

B+X2Si*H2O

B+XzSi

CII3X2SiOSíX2

C5Il4O2Ae

X2SiOAc

HX2SioCII2

X2SiOH

crl3x2si

Cn3CO

%t+o

t_89
lr{A

2LL

L9L

L87

L69

NA

139

LL7

89

75

73

43

00
40. 46.

19. 25.
1t ? o

4.2 12.

5.6 s .7

1. 9 2.0

2. B 64.

5.2 15.

26. 62.

2.5 4.3

1.9 rO.4

1l_. 42.

1. 6 4.L

28. l_5.

100. l_3.

51. 100.

8.5 1.5

22. 47.

L9. 32.

24. 31.

13.8 9.18

0 514

32. 457

7.4 4L5

6.s 397

2.O NA

325

283

13. NA

265

0. B 345

8.8 303

100. 285

L6. l.IA

2L3

L7L

0.6 26L
189

4.7 zLL

4.7 191

1.5 L87

28. L69

L47

L.4 139

64. LL7

0.5 89

2L. 75

l_6. 73

L2. 43

1_8.0

0

76.

1_t_.

L.7

00
6s. 88.

2.3 1.1
2.6 0.6

1r_. 0.4 2.7

L6. 5.3 0

3.8 8.5 88.

L7. 0.s o.7

2s. 3.8 0

8.4 L7. 16.

19. 100. 5.4b

36. L6. 23.

13.
5. 0b

23.

L4.

28.

31_.

L2.

53.

69.

78.

37.

100.

L2.

7.28

00
6.3 6.4

80. 38.

L7. 51.

9.5 3.9

65. 100.

5. 8 45.

1.3 2.8

87. 33.

73. 2.7

4L. 29.

83. 73.

10. 17.

8.28 7 .63

For footnotes see TABLE XVII.



100

90

BO

:{

t--

U)z
tl-l
t--
z.

LrJ

H

F-
CÏ
J
LrJ
E,

60

50

rl0

30

L69

L47 189 2L7
219

L29

299

Fígure 84. Mass spectrum of 2r,3'bis-O-TMSí-5'-O-TBDMSí-uridine (Vlbee) recorded on Finnigan MS aË 70 eV.

100 150 200

MI,l

502

7 .82

7. 03

6. 25

5. U7

Lt. 69

3. 91

3. 13

2. 3U

1 .56

0. 78

250 300
vl/E

333 355

z
E)
H
F-c
thJ

-¿
Ð

J
cf
t-.-
Ð
t--

LL
ef

N

350 Ll00

M-CHs
487

q50 500

¡\)(¡
o\



100

90

N
;7
F-

26
l!
Fz-trJ
LTJ

t
t-
CI
Jã
tljJc

103

147

L69

Figure 85. Mass spectrum of 2r,5rbis-O-fMsi-3r-0-TBDMSi-urídine (Vlebe) recorded on FÍnnigan MS at 70 eV.
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'Figure 86. Mass spectrum of 3r,5rbis-O-TMSi-2r-0-TBDMsi-uridine (Vleeb) recorded on Ffnnigan MS at 70 eV.
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Figure 87. Mass specËrum of 2r-O-TMSi-3t,5rbis-0-TBDMSi-uridíne (Vlbbe) recorded on Finnigan MS at 70 eV.
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FÍgure 88. Mass spectrum of 3r-o-TMSi-2',5rbís-0-TBDMSi-uridÍne (Vlbeb) recorded on FÍnnigan MS aÈ 70 eV.
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Fígure 91. Mass spectrum of 2'r3t r5rËrfs-0-TÌ,ITBSí-uridine (Vlccc) recorded on Fínnlgan MS at 70 eV.
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Figure 92. Mass spectrum of 2',3',5rtrís-0-TMlPSÍ-urídfne (Vlddd) recorded on FinnÍgan MS at 70 eV.
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Figure 94. Mass spectrum of 2',3t,5rtris-o-TBDMSi-adenosíne (VIIIbbba) recorded on Hitachí MS at 50 eV.
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TABLE XIXa. Mass spectral data f.or 2tr3'r5rtrís-O-TBDMSi-urídine
(vrbbb).

Line
JI
1t Assignmente

ElemenËa1
Composition
c-H-si-N-o

Exact Mass
Calcu-
lated

Measu-
ured

c

Rel. r
m/e Tnt.7.

1.M 127 -s4-3-2-61
lzø-st-z-z-ol
23-45-3-2-6
19-4L-3-O-4

17 -29-2-2-5
LB-35-2-2-3

L3-25-2-2-3

14-31-2-0-3
L5-33-2-0-2

L3-25-2-0-3

L2-23-2-2-2
12-2L-7-2-3

LL-L3-L-Z-4
LL-25-2-O-3

IO-23-2-O-2

L0-L9-r-2-2
l-1-19-l_-0-2

9-Ls-r-2-2
8-11-1-2-3

9- 7-O-2-3

8-2L-z-O-L
6- 9-L-2-2
5-15-2-0-1
7-L7-L-}-L
5- 9-1-0-3
4-13-2-0-1

5- 9-r-O-2

529.259

4L7 "23L
397 .L62

383.2L9

313.140

303.181

30]-.202

285.L34

283.130

269.L32

26s.064

26r.r34
23L.L24

227.L22

zLL.LLs

211.090

2LL.054

L9L.046

189.113

L69.043

L47.066

145.105

L45.O32

133.051

L29.O37

52g.254

4L7.23L

3g7.16r
383.220

313.140

303.182

301. 203

285.L34

586 0

57L 2.7

529 97.

4t7 7.6

397 3.9

383 16.

313 8.0

303 3.2

301 5.9

28s 8.3

283 4.8

269 4.O

265 35.

26L 26.

23L 6.4

227 2.9

zLL L7.

191 25.

1_89 2.9

t69 46.

L47 27.

L45 7.5

133 11.

L29 9.6

3.

4.

5.

6.

7.

B.

o

10.

2. M-CH3

M-R

lM-R-BHl or G

[M-R-RX2SíOH] or A

lJ+RX2Síl or lJ+zj
IB+CHO+RX?Sí+X?Sí]

orU
M-CH3-J

2RX2si+carLo2 (71)

[]f-R-RX2SiOH-BHl

or [A-BH]

11. B+RX2Si+X2Si-H

12. J+H

13. [M-R-2RX2SiOH] or L
14. M-R-J

15. I'Í-R-J-CI120

L6. B+H+RX2Si

L7. [RXZSi+C5H4O2I or D

18. B+RXSi

19. J-RTù

20. B+C5H4O(80)

21. RX2SiOSiX2

22. [B+X,Si] or F

23. CH3X2SiOSiX2

24. RX2SiOCH2

2s. x2si+c3%o3(87)

26. rlX2StOSiX2

27. xzsí+ca%o2(71)

283. 1_30

269.L33

26s.063

26L.L35

23L.L24

227.t24
211.l1-sbl

211.0e3c I
211. ossbj
L9L.046

189.115

L69.043

L47 .066

14s. losbJ
14s. 033bJ

133 .051

129.038

continued...
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TABLE XIXa. contínued

Line
# Assigrunente

Elemental
ComposíËion
c-H-sí-N-o

Exact Mass
Calcu-
lated

Measu-
ured

E

Rel. t
m/e Tnt .%

28. X2Si+C|H3O2$9)

29. RX2Si

30.

31.

32. B+2H

33. x2Si+C2H3O(43)

34.

35. X2Si+C2HO(41)

36. HX2SiOCH2

37. C5H5O(81)

38. X2SiOH

39. CH3X2Sí

40. HX2SÍ

4- 9-L-O-2

6-15-1-0-0
5-11-1-0-1
4- 7-L-0-2
4- 5-0-2-2
4- 9-1-0-1
5-11-1-0-0
4- 7-L-O-L
3- 9-1-0-1
5- 5-0-0*1

117 .038

lls.094
115.058

l,L5.O22

113.035

101.042

99.063

99.027

89.042

81.034

115 15.

LL7.O37

l1s.0e44ì
lls.os8c !

I

lls . o19cJ

113.037

101.043

ee. o64b ]
ss.o27a )
89.O42

81.034

rL7 7.6

113 l_.6

101 2.6

99 7.5

89 52.

81 s.3
75 15.

73 100.

59 5.6

Base Peak as ZX'O = l-0.57

"-t R.l"Èive contribution t,o inËeger m/e abundance:
a = major, b = nredÍum, c = mínor.

e Positive Íons; sígn lefË ouË for simplicity.
f- Measured on Hitachi ínstrumenË at 50 eV.



TABLE XIXb. Correlation of m/e values of
the mass spectra of tris-O-SCTASi derivatíves

principal fragment ions in
of ríbonucleosides.

Line
# AssígnmenË

Compound:
vrbbb Vlccc VIddd VIlbbb VIllbbba

L.M
2. M-Crr3

3. M-R

4.G
5.4
6. J+Z

7. U

9. 2RX2Sí+CaH3O2(71)

10. A.BH

l_l_. B+RX2Si+X2Si-H

12. J+H

1_3. L

1-4. M-R-J

1-5. M-R-J-CH2O

1_6. B+H+RX2Si

17. D

19. J-R
Itf

20. B+C5H40(80)

2l_. H(2SiOSiX2

22. F

23. CH3X|SÍOSíX2

24. RX2Sí0CH2

25. X|Sí+CaH3O3 (87)

26. rlXzStOSiX2

27 . X|S|+CaH3O2 (71)

28. X2Si+C|H3O2$9)

586c

57L

529

4]-7

397

383

313

301

285

283

269

265

26L

23L

227

zLLa-i

LLLA-J

191

189

L69
' L47

1454-,t
I

L45^-'

133

r29

tt7

664

649

607

495

449

435

365

353

337

335

295

29L

313

283

253s

n7a--i,

237a--!

l_91

24L

L95

L99

1714-l

L7:-a-)

185Tü

155

L43

622

607

579

467

435w

407

351

339

323

32L

28L

29L

299

269

23gs

223

237

191

227

195

L99

L57

L7L

185

155

].43

6ooc 6o9It

585 s94

543 552

4L7 4r7

4LL 420

3g7 406w

327 336c

301 301

285 285

2g7 307rü

283 292

27g 2gglr

26L 26L

23L 23L

24t 250

2LL zTL

225 234

205 2L4c

189 l_89

183 Lgzw

L47 L47

r¿sa-l L45a-1
ll

L4sa-" L45a-r

133 133

I29 L29

LT7 ]-L7

continued. . .
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TABLE XIXb. continued

Líne Compound:
/l essignmenÈ Vlbbb Vlecc Vlddd VIIbbb VIIIbbba

29. RX2Si

32. B+zH

1_l_5 L4'J" L27 1l_5 1_l_5

tJ-3 1134 rr3 Lz7 136s

89 l_15 115 89 89

81 81 81 81_ 81

75 101 101 75 75

73 gga gga 73 73

59 85 85 59 59

36. HX2SíOCH2

37" C5H5O

38. X2SiOH

39. CH3X2Si

40. rÐ(zsi

a Overlap of dífferent ion types.
b M"5or isotopíc contribution.
t Not present or not detectable.
w weak compared to vrbbb.

" Strorrg"r than for Vlbbb.

ì..':..',::\i'



TABLE XIXc. Mass spectral- data for mixed TMSí/TBDMSi derivatíves of urídine (Vf¡4.

Compound /l:
O-Substituents Y(5')

1.M
2. M-CH3

3. M.R

4, M-R-BH

5a. M-R-TMSíOH
5b. M-R-RxzSiOH

6a. BCzHzO+2TMS1
6b. BCzHzGITMSí*RX2Si
6c. BCzHzGl-2RXz St

7a. B*CHGIX2Sí+TMSI
7b. B+CHO*XzSi*RXzSf

9a, M-BC2H3O2TMSi
9b. M-BCzH3O2RX2Si

l-Oa. M-R-TMSíOH-BH
LOb. M-R-RX2SíOH-BH

L2a. B*CzH3O+TMSi
L2b. B+CzHgGlRXzSÍ

L3a. M-R-2TMSiOH
13b. M-R-TMSíOH.ruQ SíOH

l-4a. M-R-BCzHzOTMSí
14b. M-R-BCz 1{z OPJ(z St

Ion Typed
z(3')
lr(2' ) m/e

VIbee
TBDMSí
TMSi
TMSi

502

487

Vlebe Vleeb
TMSí TMSi
TBDMSl TMSí
TMSi TBDMSi rn/e

445

333

,:t

299tlt
27_L

259
zLt

0

L2.

24.

4.0

o:o

100.
o:,

:
6.9
67.

0

4.0

100.

4.7

o_,

r_.6
t:t

t:o

9.6
3.2

l-3.

3.l_
0

n,-u

o_,

0

5.0

82.

2.7

'.'
0.7
,:t

'-o
6.0
5.9

15.

1.2
0.5

46.

,_u

VIbbe
TBDMSi
TBDMSl
TMSi

544

529

487

375

397
355

34L
383

27L
313

301
259

285
243

227b
269

265

26L
2L9

,:t 16.

227b- i-8.
I269 ¡ 0
I

26s i S.o
t_
I
I2L9 i 70.
t-
I
I

*

Vlbeb Vlebb
TBDMSi TMSi
TMSi TBDMSi
TBDMSÍ TBDMSi

r';'1'-

' 4,,, ,a

0

4.8

i_00.

3.6

0.3
0.9

9.l_
0

0.3
1.0

1.3
5.7

2.4
5.6

6.3
0.2

6.9

22.
L.8

0

5.4

94.

3"7

3.4
0.4

29.
0

0.5
6.0

0.8
7.0

6.3
6.3

3.0
4.0

44.

2.2
24.

0

3.5

l-00.

3.0

0.4
0.9

0
l_.1

7.9
0

1.8
1.9

2.2
t_0.

L.4
1.3

33.

4.4
3.6

IAssÍgnment] e

tcl

-¡
I

I

I

I

I

I

I

I

I
I

û

lM-Ry-zoHl

lJ+zl

IB+CHo+X2 Sird.tY]

lJ+Hl

lM-R!ü-YoH-ZOHJ

lM-Ry-Jl

continued. . .
¡!
!
@



TABLE XIXc. continued

// lon ryp.d

15a. M-R-BCzHzOTMSi-CHzO
1_5b. M-R-BC2H20RX2Si-CH2O

16a. B+H+TMSí
l-6b. B+H+RXzSi

17a. TMSi+CsH¡+02 (96)
l-7b. RXzSí+CsHr+Oz (96)

L9. B+XzSi*C2H2O

20. B+CsHqO(80)

2La. RX2SíOSíXz
?Lb. (+23) TMSíOS1X2 or

CHaXz Sl0SiXz

22. B*X2Sf

24a. RXzSlOCHz
24b. TMS1OCH2 or CHgXzSfOCHz

25. X2Sl*C3H3O3 (87)

26, HXzSfOSiXz or
H(CH3 ) zSiOSiXz

27 , XzSi*CsHg OzQL)

28. XzSi*CzHgOz(59)

m/e

VIbee
TBDMSÍ
TMSí
TMSi

^18e i
I

-l
I

l8s- I

227br

i-69b-r
zuui 

I

znbj !

Vlebe Vleeb
TMSÍ TMSí
TBDMSí TMSi
TMSí TBDMSI mle

66.

8.9
18.

83.
4.6

4.6

15. c

o_,

6.5
3.1

35.
2.7

2.7

24.

57.

35.

8.6
63.

8.6

7.3

9.4

6.7

1_9r_

L47

o_,

5.6
L.2

100.
8.3

8.3

47.

42.

t_00.

3'.2
54.

3.2

6.7

8.0

4.2

169b-J 83.

1-45br 4.7
103 I og.

14sb--i 4.7

133 L2.

L29 28.

LL7 7 .7

VIbbe
TBDMSi
TBDMSí
TMSí

6;.

4.

z3L I t.t
189b_1_., 3.7

lgs I i z.z
zzTbr i o.g

rosb--r I za.
zlbl i i o.o

zLLbJ il u.o

i.el i i tr.
,rel_-.iJ r.z
147 I 34.

I

l-69b--l zs.

l4sb-l 1l-.
103 | 2.8

t-45bJ t-l.
133 6.7

L29 9.6

LL7 6.2

VIbeb Vlebb
TBDMSi TMSi
TMSi TBDMS1
TBDMSI TBDMSi

1.6
22.

2.3
3.0

100.
28.

28.

56.

22.
43.

100.

3.5
23.

3.5

8.0

15.

6.1

1_. I
3.2

5.0
r.4
81.
9.8

9.8

38.

3.2
37.

81.

5.0
45.

5.0

8.i-

7.5

6.6

IAssignment] e

lM-Ry-J-CH20l

ID]

tJ-R1ül

IB+X2 Si\d]> [B+X2Siy1
>> [ B*X2 S11 1

contfnued. . .

N)
\,1
\o



TABLE XIXc. contínued

i/ ton Typ"d

29a. RXzSi
29b. TMSi
39. HXzSi

36. IIXzSiOCHz or
H(CH3) zSÍ0CH2

38. XzSIOH

Base Peak

m/e

VIbee
TBDMSl
TMSi
TMSi

i-15

73

89

75

as zx5o

VIebe Vleeb
TMSÍ TMSi
TBDMSi TMSi
TMSí TBDMSÍ mle

8.9

99.6

24.

11.

7 .82

3.5

62.

4.4

7.4

L2.7L

Results expressed as relatÍve lnt,ensÍty 7" as measured on Finnigan lnstrument
at 70 eV.

ïon type overlap.
SignÍficant isotopic conËríbution from ion type of 1or¡er mass.

RX2Sí = TBDMSi

[Assignnent] of rnajor specÍes as deduced frorn Íntensity data.

2.3

6L.

1.8

7.5

11.61

b

c

d

e

VIbbe
TBDMSÍ
TBDMSí
TMSi

115

73

89

75

Vlbeb Vlebb
TBDMSí TMSi
TMSi TBDI'ÍSi
TBDMST TBDMSi

lr !'ì:l
:li.!'
, lì,. r'!r :ì:'

L2,

57.

62.

6.9

1_4.13

13.

83.

57.

9.6

9.20

4.L

60.

4.7

8.4

12.47

i,ti:

IAssignment] 
e

I r{xz siroH]

l\)
co
O
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TABLE XX. Metastable transiËions ín Ëhe nass spectra of tris-O-TBDMSI

derivatives of uridÍne and adenosine.a

Conrpound:

Transitíon vrbbb VIIIbbba

lM-Rl + [M-R-BH] or G 529 -> 4L7 552 -> 4L7
(328.7, 329s) (315.0, 315w)

[M-R] + [M-R-RX2SiOH] or A 529 + 397 552 + 42O
(297.9, 298vw) (319.6, 320n)

lM-Rl + [M-R-2RX2SíOH] or L 529 + 265
(132. B , 1-33m)

L+F

lM-Rl -> [J+z]

lM-Rl + [J+H]

RX2SíOCIIz -> HX2SiOCH2

RX2Si + CH3X2Si

lM-R-Jl + [M-R-J-CH2O] 26]- + 23L 26t + 23L
(204.4,204.5w) (2O4.4,204.5w)

[M-R-J] + RX2siocH2 26L -> t45
(80. 6, 80.5r¿)

u + cH3x2siosix2

265 -> t69
(l-07 .8, 108n)

529 + 383
(277.3, 277vw)

3]-3 -, L47
(69.0,69m)

145 + 89

552'> 292
(L54.5,155w)

145 -' 89
(54.6,54.7m) (54.6,54.7m)

LLs -> 73 115 + 73
(46.3, 46.5m) (46.3, 46.4n)

" D"t" given are: mp + md (p*(calc), in*(obs), intensity)
vs = very strongr s = strongr ü = medium, tü = weak,

vw = very weak
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2. Discussion of Fragmentation Mechanisns

This sectíon presents the proposed assígnmenË of ion types, and

mechanisms for their formation, for the SCTASí and mixed TMSi/SCTASi

derivaÈives of ribonucleosÍdes. As menËioned earlier, this seríes has

noË been studíed in as much detail as the deoxynucleosides. Many of the

interpretations should be consídered t,enËative, until complete labelling

studies have been performed. However, the assígilnenËs and mechanísms

proposed are consistent wÍth those made for the deoxy series, and a good

deal of evídence is available: high resolution data on Vlbbb, t'homologous

labellingtr wíth different bases and SCTASi groups, mixed TMSi/TBDMSí

derivaÈíves, and metasËable peak measurement.s. Tables XIXa t.o XIXe give

detailed assignments for most of the ions observed. Scheme 45 illustraËes

the proposed genesis of ímportant ions for the SCTASi derivatives of

ríbonucleosides. Many pathways are supported by metastable peaks, whíle

others are given supporË by analogous ions observed for the deoxy series.
J-

M: IXIX.1, Vlbbb -urle5861

The molecular íon is not detectable for TBDI,ISi derivatÍves of

uridíne and 5-methylurídíne, but is observed in l-ow abundance fcjr tris-O-

TBDMSi-adenosíne and tris-O-TMTBSí-urídíne and is quíte intense for the

TMIPSí derivative of uridine. The mol-ecular weight is besË determined
Ifron [M-R]'.

l-

lM - CH3l ' IXIX.2, Vlbbb -m/e57Ll

As in the deoxy series, this ion is observed for TBDMSi and TMSÍ

derivatÍves only and is generally quíte weak. One excepÈíon Èo thís is

the míxed rMsi/TBDMSi derivative vrbee, where [M-cH3]+ is of medium

inËensity and tM-R]+ is red.uced in abundance compared to the other ísomers.

This nay be due to the 2t- or 3'-oxygens of the cis-disilyl-oxy sysÈem

iai'.'.'
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Seheme 45.

derÍvatives of
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Summary of the genesis of ions in the spectra of SCTASi

ríbonucleosides. Other sources possible for some ions (c).

-BXcSiOH -+r 
-'- 

n

A'---------+l
lA - BHI+ ------l

L+

l.
'a

IB + X2Si] '
I

or F'

¿I
¡{l -+[M - R]'-

-r [G-Rx2sion]+------j
s 

-l 

r
[x2sí + C3H3O2 (Zr¡ 1+

+
[M-R-J]'

+ :',,..RX2SiOCH2 <-------c ¡:::::-

l"+,
[M-R-J-CH2O]'

-L

lJ + zl'
l

lJ+Hl'
I

[J - P.rù] '

IB + c5H4o(80) ]+

IB + CHO + X2Sí + RX2Si]+ or U+

X2SiOtt+<---- - - c

+ ['--] CH3X2Si0SíX2+
RXoSiOSíXo 

-+l
¿-----L I +

-> 
IÐ(2SiOSiX2

[2RX2Si + 71]+
+

+ l+ CHgXZSÍ-
RXoSi'--->l

LIJ- ßr 4 HX2Sí'
't

+
-r ¡----+ cH3xzsíoc]J.i

RX2SiOCH2'-+I +
1 -* Hx2siocgi <'------c
I
I
I
c
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'

inducing loss of CHr' from the Z- or Tl-TMSi groups, to produce a cycl-íc

silyloxonium system (which may be quíte stable).

+
lM - Rl ' [XIX.3, vrbbb - n/e529]

The [M - R]+ ion is very intense for all ribonucleoside SCTASi

derivatives, especially when compared Èo those of the deoxy series. The , ,,'

reason for the greater abundance is noË known; it may be due to the

formaËion of more stable ion strucÈures (perhaps cyclic silyloxonium

ions) and iess fragmenÈation. ,,.',; .

j. 1..::r...-

With the 2t ,3t ¡5ttrís-O-SCTASi derivatives, Ëhere is the possibíl-ity 
,,.,,,,,.,.,

of producing three different silÍconir¡m ions by loss of n. from ¡lt: ;"'"'-

[M-Ry]+, [M-Rz1+, and tM-Rr]+. Each of these may ínËeract r^rith electron

dense cent.ers within the molecule to yield cyclic silyloxonium ions and

thereby direct fragmenËatíon. The six already presented in Scheme 2l are

still possible, while Scheme 46 illustrates four more, due to the presence

ofthe2t-sí1y1oxygroup,tomakeatota]-ofÈenpossib1eprecurSorsfor

fragment ions in the spectra. It is expected that Ëhe four additional-

cyclic ions should account for any ions Èhat are unique to the ríbose

series. Exeminatíon of molecular models has revealed that other cyclic 
,,.,,,..:t..íons such as tM - Ryl;,, [M - *,o]I,, and tM - Rrf l are not sterically feasible. ''t',"

In the following interpretatíons, the mixed TMSí/TBDMSi derivatíves have ,.,,,r¡'1

been invaluable for rrisolaÈing" each of the three sílíconíum ions and

their daughter ions.

A+ [xü.5, vrbbb - nl e3971 
i,.'....

[M-R-RX2SiOH]+ i" observed for ribonucleosÍde derivatives, and

mixedTMSí/TBDMSiderivativesshowaveryStrongdependeneeuponthe

presence of a 5r-silíconíum íon and a specific el-iminatíon of ZOH. Thfs

fragmentation probably occurs by the same mechanism proposed for deoxy- ,,.,,,,,,,,,. ,,



Scheme 46. Structures of cyclic

28s

sílyloxonium ions specific for ribo-
íllusËrates six additional species

and ribo-nucl-eosides (where V = OW

nucleoside derivatives. Scheme 21

which are possíble for boËh deoxy-

for the latter).

nucleosídes (Scheme 22). Unfortunately, deuteratíon experíments have not

yet been perforned nrith this series of compounds for confirmation of l-abile

base hydrogen invol-vement. Metastable peaks (Table xx) do confirm [M-R]+

as Precursor. In general, A* is of lower abundance for the derivatives

of ríbonucleosides versus deoxynucleosides. This may be due to Èhe

possibility Èhat [M - Ry]+ carrÍes a much lower proportion of Èhe total

charge, or that other fragmentation paËhways are preferred.

tM - Rwlå

tM-q"tå,
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IXIX.13, Vlbbb -m/ e265)

This fragrnenË ion, of composíËion [M - R - 2RX2SiOH]+, is uníque to

the Ëris-O-silylated ribonucleosides IÈ is quite abundanÈ for derívatíves

of VI and VII, but weak for those of VIII. The ion may be produced in

part by loss of RXZSÍOH from A+, but a metastable peak for Vlbbb indicates

dírect fornatíon frorn [M-R]+ by a concerted Loss of two sílanol groups.

The mixed TMSi/TBDMSi derívatívesr spectra suggest a sËrong dependence on

ttre 2f -síliconiurn ion, [M-Ro,]+, and a preferred elimination of (YOH+ ZOH).

A mechanism Ëhat ís consistent !'rith thís information is given in Sehene

47. This ís probably the predomínanË mechanism, buË certaínly not the

only one that j.s occurring as evideneed by a small amount of non-specí-

ficity.

Scheme 47

.- (YOH* Z0H)
*

[u - n*]ä

- C5H4O2

x2s¡

F+



F+ IXIX.22 j vrbbb -m/el69l
-¡-a

[B+X2Si]' or F' ís an intense ion for the SCTASi derivatives of

vr and vrr' although only of moderate inËensíty for those of vrrr. A

metastable peak signifies L* as a precursor, and scheme 47 suggests a

mechanísm. The results with mixed derivatíves show that it is predom-

inantly [B+X2si!il1+, bur both [B*XrSirl+ and [B+X2Siz]+ ao occur. A

number of sources are possíble as shown in Scheme 48.

The related Í.on, E* or [B+X2Si+H2O]+, is not observed to any

exÈenË for ribonucleosíde derivatives. This is consístent with Ëhe

proposed mechanísm for deoxynuclecsídes in which v = H is required

(Schene 29).

Scheme 48

- 05H6EZ

...._ ---_. : , .::: :.r...r....: ' :. i: ::,:..1...
' ..j ,ij
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trq -n.,]ä

tM- RJ;

tM- Ryl;

fa -*

30.1 -+ 30.2

A+
30.3 -'
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IXIX.17 , Vlbbb - nl e2LL7

An ion of composi-tion lRxzsi +c5ï402(96)]+ ís observed for rris-
O-silylated ribonucleosides. In the spectra of VÏbbb and Vlccc iË over-

laps rvith tJ-Rl+ at n/e2lrL and m/e237, respecrively. ïr ís proposed

thaÈ this ion corresponds to c5H4vo*, or D+, which is observed. at m/e8l

(V = H) in deoxynucleoside spectra. The same mechanisms ín Scheme 28 and

34, are proposed Ëo produce an ion of Èhis structure:

D*

As expected, m/e81 (c5H5o+) is of very low abundance for ribonucleoside

derivat.ives.

G+ lXü.4, Vlbbb -mle4L7'J

[M - R - BH]+ is a fragment ion of mediu,:n intensity for ribonucleoside

derívatives. Metastable peaks sígnify [M-R]+ as precursor for this ion,

r¡hi1e mixed derivaËíves show no preference for formatíon from any

part.icular siliconium íon. Mechanisms sÍmilar Èo those in Scheme 3l- and

32 are proposed.

[G-CH2O]+ does not occur for fully protected ribonucleosides,

consistent with the same observatíon for deoxynueleosides.

[x2si + caH3o2 (zr¡ 1+ IXIX. 27 , VTbbb - nl eL297

This íon is observed in medium abundance and probably originates

from G* as suggested for deoxynueleosÍcles (Schene 32).
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lM-R-BH-RX2S1OHI+ IXIX. 10, Vlbbb - nl e2851

There is no meÈastable peak to indicaËe Èhe origin of thís ion.

The fact Ëhat it is abundant for all the isomeric mixed TMSi/TBDMSi

derivatives indicaËes non-specífic origins. Both IA-BH]+ and IG-RX2Si-
I

OH]' are possible assígnment,s, and mechanisms simílar to those presented

in Schemes 27 arrd 32 should be applicable.

[n-n-Jl+
[r"r-s-J-cu2o]+

lXrX.14, Vlbbb -n/e26Ll
IXIX. 15, Vlbbb - ml e23Ll

These ions were observed for the deoxy series, and are of comparabl-e

abundance for ribonucleoside derÍvatíves. The intensiËy variations and

mass shifts for mixed TMSi/TBDMSi derívatives confirm Ëheir composition

and indicate a dependence upon a 5r-si1íconíum ion, whíle aË the same

tine illustraËing Èhe value of these ions for identificaËion of isomeric

subsËituted derívatives. MeËastable peaks confirm Ëhe decomposition of

Â
H{H-OZ

[M-R-J]+ to [M-R-J-cn2o]+ and also ro Rx2siocn;. The same mechanisms

proposed.

lXrX.19, Vlbbb -m/eZLLl

specÍfic for ríbonucleoside derivatives with

Vlbbb and Vlccc, it overlaps wiËh ion D* aË

The proposed mechanism is as follor*s:

as in Schemes 35 and 36 are
+

lJ-R-l'

This fragrnent ion is

a 2r-O-SCTASi function. For

m/e2lL and 237 respectively.

- YOCH2{

[¡¡ -n.,]ä [¡- qn]*
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lB + c5H4O(80) l+ IXIX. 20, Vlbbb -mle1911

This unusual ion has no analog in the specÈra of deoxynucleosides

and does not occur for VIIIbbba. It is very abundant for compounds with

a 2t- or 3t-O-SCTASi group, especial-ly the former. One possíble precursor
J-

is [M - R - RX2SiOH] ' , which could decompose by a mechanism such as that

illustrated belors for [M - Rt¡, - YOH]+:

290

Hec - ZOSIXZOH 
"

[e * ao]'

I

lJ+Hl'
l-

lJ + z7'

These abundanË ions are useful for identifying isomeric substi-

tuted derívatives of ríbonucleosides. Theír counÈerparËs ín the deoxy

series are much weaker. Metastable peaks Índicate that tM-R]+ is the

precursor for boËh IJ+H]+ and ÍJ+Zl+. Mixed ÏMSí/TBDMSi derivarives

r¿ere valuable in the assignment of these ion compositions and the proposed

mechanisms. Peaks at m/e227 (Bc2H3orMSi+) for vrbee and vrbbe, and at

m/e269 (BC2H3OTBDMSí+) for Vlbeb and Vlbbb, confirm a composition of

[J+H]+; the low abundance of Èhis ion type for Vlebe, Vleeb, and Vlebb

signifies Ëhe requirement of a 5t-siliconium ion. siniLarly, íons at

ml e299 ([BC2H2OTMSi + TMSi]+) for VIbee, ml e34L ([BC2H2OTMSi + TBDMSi]+)

for vrbbe and vrbeb, and m/e383 ([Bc2H2orBDMsi+TBDMSi]+) for vrbbb

indicate that the Èwo silyl groups involved are z and !ü, and that tM - b]*

tM - q"- YoFIJ*

IXIX.12, Vlbbb - ml e2697

lXIX.6, Vlbbb -m/e3831

i.: r:'+!
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ís the precursor. It is inÈeresting to note that Èhe intensiËy of IJ+Zf
appears to be inversely dependent on the steríc bulk of W and Z, especÍally

t,he latter. The ion is most abundant for compound Vlbee, where Z = Ii =

TMSi. This behavior is presumably due to a greater ease of silyl group

migration with less sËeric crowding. (A weak ¡.1+z]+ also occurs for

Vleeb and Vlebb; this is probably due to fragmentation direcÈion by the

weak [M-CHS(y)]* íon.) Ions corresponding Èo [J+H]+ and [J +Zf+ are

very weak for TMSí derivatives of nucleosides, buÈ [J+H]+ is observed

Ín underivaËized nucleosides (\I = OH), although a different mechanísm ís

required (15).

The mechanism proposed for [J+Z]+ formatíon is given in Scheme 49.

Dfigration of. Z to Orr with fission of Cr,-C3, and Cr,-04, bonds, all

directed by the 5f-siliconium Í.on, explains Ëhe very specific nature of

the ion. The rearrangement rnay be assisted by concurrent migration of

[,I to the base to giveamore stable ion sËructure !2.2b. The mechanisms

proposed earlier for [J +Z]+ and, [J+Y]+ for deoxynucleosides (Scheroe 37)

may be operaËíng to a cerËain exÈent, but the 1o¡¿ intensity for deoxy-

nucl-eosides versus ribonucleosides indicates the importaÍrce of Orr ín

Ëhe mechanism.

For [J*H]*, the orígin of the migraËing hydrogen is not knor^m.

Any mechanism proposed should be consístenË r¿ith the fact that Ëhe

corresPonding ion is very r¿eak for SCTASi-derj-vatives of thynidine and

deoxyuridine. Scheme 49 illustrates that H4r or a hydrogen from one of

Zts alkyl substutuents are reasonable suggesËíons.
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Scheme 49

- C3H103SiX2

[u-nr]å,

- QHaO3SIX2

.. ..jf .ii..ij.i/.1j..1:1. ..,.. .r,: :

10')

49.!.a

49.1b

B
I

Æ-H
H-d/

,&zw
19.2a

[.r,2]*
49.2b

- ( C3 Ha03SiX2 * C6t-l¡asi )

[u-nr]i,
49.3b

B
- %H3O3ZS¡X2
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[ 2Rx2si + caH3o2 (zr¡ 1+ IXIX.9, Vlbbb - role301-l

In the spectra of TMSi derivatíves of ribonucl-eosídes, m/e2L7 ís

a very abundant fragment (sometimes the base peak). In the literaËure

(15), it has been identified as CrHr(OTMSi);. For the SCTASí derivaÈives

of ribonucleosides, the analog of Èhis ion, (RX2Si) 
ZCZHZú. 

(rn/e301 in

Vlbbb), is only of moderate abundance. Míxed derívatives reveal that both

l't+Z+711+ and IZ+W+711+ may be present, although the latter is very

prominenË for Vlbee (z = w = TMSi, m/e2il7). lY+z+711+ may be produced

from eiÈher M* or S* by mechanisms described previously for deoxynucleo-

sides (Scheme 44). The mechanísm for lZ+li+71]+ is not compleËely clear.

Scheme 50 suggests one possibilíty. trlhaËever the precursor or mechanism

of formation, the low abundance of these ions for tris-O-SCTASi derívaEíves

is probably due to poor competition with formatíon of [M - R]+.

/."

'É
Scheme 50

[Z*w*zt]*
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[XIX.7, VIbbb - urle313]

This fragmenÈ ion ís observed for tris-O-silyl derÍvatives of VI

and VII with a 2r-O-SCTASi group. Mixed derivatives indicaËe the ion
I

composítion to be predominantly IBCIIO+X2Sí!r*Y]', although there ís a

smal1 contribuËíon from IBCHO +XZSíZ+Y]+. There is no metastable peak

to indicate a precursor. One possíble mechanism Ís that íllusËrated in

Schene 5l-.

Sc heme 51

oz
I- H0CH=CH-CH-CH0

RX2SiOSiX;

cH3x2si0six
HX?SiOSiX;

-J-

x2sioH'

lxIX.21, Vlbbb - n/e1891

[XIX. 23 , Vlbbb - nl eL47 ]

IXIX.26, Vlbbb - rnle1331

lxffi.38, Vlbbb -n/e751

present for rÍbonucleoside derivatives as theyThese ions are

for deoxynucleosídes.

fÍ-rst íon, is more intense for

the facile interaction of the

leadíng to XZSíOI^I+ and XTSiOZ+

CH3X2SiOSiX;, Ëhe rearrangemenË product of the

ribonucleosides. Thís is probably due to

2f- and 3r-O-silyloxy groups (Scheme 52)

whích subsequenËly rearrange to CH3X2Sio-

++Sü,. X"SÍOH is quite weak f or the fu1-ly silylated derivatives as¿¿
discussed previously for the deoxy series.

l.: l

[M - Rw]ä



- (%rb%y + B%r-bo) , x2s¡ow+

[M-q]ä,

The first Lwo ions are not as abundant for ribonucleosíde deriv-

aÈives as they r,rere f or the deoxy serÍes. This may be due to the low
I+

abundance of K', an ímporËant precursor for YOCHi with Èhe deoxynucleosides.

The related ion HX2SiOCH; ís stil1 quíte íntense. Although meËastable

peaks indícate formaËion froro YoCHj, oËher sourees are probably more

imporËant.

- (C1H5O2Y + BCHO)

29s

Scheme 52

\w=RX2si)
cH3x2s¡0six;

*/(tt Z= RX2S¡)

I

YOCH;
--L

cHcx,siocH;
JLtL

HX2SiOCH;

x2s¡02

lxIX.24, vlbbb - m/e145J

t - , Vlbbb-m/e1031

[XIX.36, Vlbbb -n/e891

.;:.r'-r.;
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t:-r'i;\ i;:iî:r!ii::.:i::iali': :::;:t ::+ :.i I

" 'r -'i1_, -

-t-
RX?Sí'

-J-

cH3x2sÍ'

HX2Si-

[XIX. 29, Vlbbb - rnle115]

[XIX.39, Vlbbb - nle731

lXü.40, vlbbb - n/e591

These are prominent for ribonucleoside derivatives as they were

for the deoxy seríes.

Other ions

FragmenË ions correspondíng to S* and íts daught.er ions, K*,

[K-CHZO]+, and [RX2Sí +72f+, Ëhat were observed for SCTASí derívatives

of deoxynucleosides, are very weak or completely absent for ríbonucleo-

sides.

lB+Hl+, [B* 2H]+, and IB+H+Rx2Si]+ are present for the ríbo-

(except for VIIIbbba, wherenucleoside derivatives but, in low abundance
I

[B + 2H] ' is of moderate íntensity).
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D. Surnmary

Although many underivatized nucleosides yield aceeptable mass spectra,

volatile derivatives are generally preferred for electron-impacË MS, and

are essential for GC/MS. Trimethylsilylation is the most valuable 
:_:: ;.....

derivatization procedure available. However, research into new Ëypes of r::rlìr:';

derivatives is import.anË since it may be possíble to ímprove mass

specËral fragmenËaËíon behavior and derÍve more sËruetural information.
' :...1..,,.'

The use of two complemenËary types of derivaËives also allows more :::', ,.,::,',',
'.: :i.'

conf ident ttf íngerprint¡r ídenËif ícation' 
""".'.' 

'"
The SCTASi derivatives have excel-lent potential for mass spectro- r:'::'i :

metry. In addítíon to havíng charaeterisÈic spectra Ëhat provide detailed

structuïal information on modifications in both the base and sugar

moieties, Èhey possess good chromatographic properties, are easily

prepared,andaresËab1eforiso1ation.Inaddition,míxedderivaÈives

ËhaË are valuable for deËermining fragmentation mechanisms are relaËively

easy to prepare. 
.

Hopefully, the specËral int.erpretatíons proposed in this chapÈer i

should be valuable for future applications of SCTASi derivatizaÈion Èo MS, 
i.,',.,...,.,r.,

as well as the use of MS in characËerizing isomeric subsËituted nucleosides i,', ,,

t :;t;t''.t'

of syntheËic (and biologÍcal) interest. Of course there remains a great j,',",1',".,,,

t.

deal of work Èo be done ín these areas, particularly wiËh the cytosine and

guanine nucleosides.

r.;'iìir,,'. !: rr:..
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V. ¿pg_!ica_t'io"g__of Ste.ical-ly Crorde it
Gas Phase Analytícal _ç!g!F_g!Iy.

A. Introductíon

Sterically crow<ied trialkylsilyl ether Cerivatives have the poten 
,,,,., , ,

Ëíal of beíng excellent analytical derivatives for the c.hromatography and

mass spectrometry of a wide variel-y of hydroxylated cornpounds. A number

of features of analyticai value are apparent from previous experience
: t., .,,,.,¡,

with synÈhetic applications and the study of nucleoside derívatíves wíth rl:;',;1 r:

gas phase analytÍcal techníques: ,:,,';:'.;>;::,,,'
a::,: -.: .- .-.

(a) Their hydrolytic stabí1ity allows easíer handling, more

quantiËat,íve TLC, and isolaËion of scable, pure standards for reference

or for quantitatíve work.

(b) Most SCTASi derivatíves have sufficient volatility for GC

analysis. Also, theír increased steríc bulk and longer retentíon times

(relatÍve to TMSi derivatives) coufd give better separ:ation of ísomers

and mixËures, and an homologous series of derivatives could be useful

for structural ínferences by GC.

(c) The mass spectra of SCTASi derivatives have an abundant []I - R]+

fragment ion useful for determj-ning molecular weights and for GC/MS-

SIR analyses. Fragmentations are dírected by the SCTASi group, often

leading to structurally and stereochemically ínformaËive fragment ions.

An homologous series of derivatíves is useful for labelling, and mixed

derir¡atízation schemes allow a detaíled elucidaËion of fragnentation

mechanisms. (See clíscussion on pages 115 - 117.)

Therefore, thÍs chapter re-examines, from

some of the results reported in Chapters III and

analytical víewpoínt,

for nucleosides, and

::.:.¡::t.:.: a :.¡::t.
i :",1-, : ::.::i;¡.,

an

IV
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in addition, reports the results for Ëhe derivatization, chromat,ography

and mass spectrometry of anoÈher class of eompounds--steroids.

Steroíds were selected for several reasons, namely: (a) gas phase

analysís is accepted as the most potrerful analyËical method in this ateai

(b) silyl derivatives are commonly used for Ëhe TLC, GC, and MS of steroids;

(c) a large number of compounds are available, with a variety of different

types of hydroxyl functions; and (d) Ëhe separ¿tíon and characterízation

of certain steroid isomers presenÈs an interesting challenge for SCTASi

derivaËizaËion. Scheme 53 outlínes the series of steroíd derivatíves

examined in SecÈions 81 to 84 of thís chapÈer. The complete list of

individual derÍvatives appears in Table XXII.

DeËails and evaluations of reagent systens, wíth respect to the

sílylation of various functions, are presented in the next secËion,

follor¿ed by discussions of the chromaËographic and mass specËraf- behavior

of various derivatÍves. Finally, the application of SCTASi derivatization

Ëo Èhe analysis of a mixËure of steroid netabolites ís reporÈed in SecÈion

85.

The results in this chapter demonst,rate the dramatic effect of the

SCTASi group on stability during TLC, separations by GC, and mass spectral

fragmenLations, and illustrate the potential of sterically crowded tríalkyl-

silylation for the gas phase analytical chemístry of biologically irnpor-

tant compounds in general.

'....¡ r
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Seheme 53

SubstÍtuenEs Y,Z,Inl:

xry

XIIy

XIIÏy

=l{
= TBDMSi

= TMTBSi

= TMIPSi

= TMSi

Parent Compound

5-cholesten-3ß -ol-
(cholesterol)

5-cholesten-3ct-o1
(epicholes cerol)

3o,-hydroxy-5o-andro s tan-17 -one
(androsterone)

3ß -hydroxy-5g-andro s Ë an-17 :one

(epiandrosËerone)

a

Þ
c

g
e

JLlt

XIVy



301

Scheme 53 (continued)

XYz 1- 7ß -hydroxy-5c-andro s Ëan-3-one

(androstanolone)

XVIy 3ß -hydroxy-5 -andro s ten-1 7-one

(dehydroep iandro s terone)

)ffIIz 17ß -hydroxy-4-andros t en-3-one
( testosterone)

XVIIIyz So-andros t-2-en-3, 17ß -dio 1
(eno1 forrn of XV)

XIXyw 5ß-pregnane-3c, 20s-dioL

XXyzw 5 ß-pregnane-3o,, 17a,, 20a-triol-
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B. Results and Discussion

1. Derivatizations

The organic chemistry of derivatízation is one of the most importanÈ

considerations in the development of neqr gas phase analyt.ical procedures.

The followíng are some of the features desired for an analytical deriv-

atization method:

(a) It should be relatively sÍmple and suitable for mícro-scale

derivatizat.íons .

(b) The reaction should be fast and produce a síngle product Ín

quantitatíve yield, preferably under mild conditions.

(c) The solvent should readíly dissolve subsËrates and reÈain

products ín soluÈion.

(d) The reaction mixËure should be suitable for dírecË analysis.

(e) There should be no síde-reactions between substrate and reagenÈ

or solvenË.

(f) The reagent and the side-producÈs of Èhe reaction should not 
,

interfere with the analysí.s

(g) The derivatives should be sËable under experimental conditions.
.:.;",.'.t ':':

The first concern with SCTASi derívatizatíon Ís that with the I:.,r.:
:;' itt t t 

'; 
t'

extensive steric crowdíng ín the silyl groups, it may be diffícuLt to '':':':':"::i:

achieve fast, quantitative silylation. However, iË has been demonstrated

by Corey and Venkateswarlu (63) Èhat a variety of alcohols can be con-
i!-r. :;: -.-il

verted Ëo TBDMSi ethers in high yield under míld conditions by usíng the i ij

reagent TBDMSiCI with imidazoLe (In) as a catalyst and dínethyl-fornamide

(DMF) as a solvenÈ. This approach has since been exËended Èo other

sterÍcally crowded sily1 groups for the synthesis of nucl-eoside deriv-

atíves (66,67,69). .

" :1ì' ':'
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TABLE XXI. SCTASi Reagent Syst,ems*

Ax 1If SCTASíCl + 2M Im f DMF

Bx lM SCTASíCl + 2M In * PYR

Cx lM SCTASiCI + PYR

D lM TBDMSiIn * PYR

E lM TBDMSi2Ac + PYR

&
subscripË t'x" indicaËes Ëhe type of chlorosilane: b = TBDMSíCI,

c = TMIBSiCI, d = TMIPSiCI

For this study, wíth analytícal applicatÍons i-n mind, a number of

ne\,r reagent syst,ems for SCTASi derivatizaËion have been investígated.

These are lísted in Table )O(I and their reacËions with various functions

are discussed belor¡.

a) Sterically Accessible Hydroxyls

Reagent A (Þ to é) gave very fast sÍlyl-ations of all primary and

sterically accessible secondary hydroxyl functions studíed. These include

Ëhe 3c, 3$r 4o,, 6d, L7(2", a andß), and 20c hydroxyls of steroids and the

2' , 3t, and 5r hydroxyls of nucleosides, Even with Ëhe very sterically

cro¡.rded TMTBSi group, mosÈ reactíons were suitabl-e for analysís wíthin

an hour at room temperature and yíelds \¡rere quant.iÈatíve (i.e., >99.9i()

as shor¿n by GC and TLC analyses. Sterically hindered hydroxyl-s may

present a problem and are discussed below. As a precaution, and for

convenience, reactions were usually left overnight. If Èhere is any

doubt about the reactívity of certain hydroxyls, heating is advísabl-e.

DespiÈe its good reactivity, Reagent A is not ideal for all anal-ytícal-

work. The low polaríty cf the sil-yI ethers of some sÈeroids (e.g.,

choLesterol) resulted in Ëhe precipitatÍon of the derivaÈíves from the



304

DMF solvent. Although this is useful in Èhe synthesis and ísolatíon of

prrre reference standards, it is unfavorable for direct analysis of the

reaction. Addition of dichloromethane to the reaction mixture (with or

without prior removal of DMF) usually resulted in complete díssolution

of the producÈs.

Reagent B (Þ to d) r^ras found to be the best reagent sysÈem for

analytical work and was used for Ëhe preparation of most derívatives

discussed in this thesÍs. ReacËions r^rere found to be as fasË and quant-

itat.ive as for ReagenË A. In addítíon, pyridine is a better solvenÈ for

both substïates and derívatives studied, allowing dírect analysís of the

reaction mixÈure by GC. Occasionally, a crystalline precipítate was

observed but isolation and analysis revealed no substrate or derivaËive.

Therefore, iÈ was assumed to be the hydrochloride of either imídazole or

pyrídíne.

ReagenÈ C (Þ to d) is a much less reactive sysËem due to the lack

of inidazole as a catalyst. Although primary hydroxyls were silylaËed

faírly readily by all chlorosílanes, secondary hydroxyls requíred over-

night reacËion wíth TMIPSiCI and TBDMSíCI-, and overníghË heating at 80o

with TMTBSiCI. However, this reagent may have some a<ivanËages since, as

discussed bel-ow, enol ether formation was noË observed.

As analytical applicaËions of SCTASi derivaËives grol¡r ín number,

particularly for mult.ifunctíonal compounds, there will be a need for the

devel-opment of new silylating reagents. They will- probably be based on

silyl donors analogous to those already developed for trimethylsilyl-ation

(23). Recently, KuÈschinskÍ (109) has prepared a series of such reagents

for TBDMSi derivatization and invesËígated their reactívity with various

functÍonal groups. Príor t,o the publicatíon of Èhese studÍes, we had
.. :l::r'jlli

;-::¡ t,'
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made a prelÍminary investigatÍon of two ner¡r reagents: N-tert-buty1-dimethyl-

silyl imidazole (TBDMSiIn) and N,O-bis-tert-butyldimethylsilyl acetamide

(TBDlfsi2Ac) (66) . our results agree wíth those of Kurschinski (109).

TBDMSíIn is presumably an intermediate ín the reactions of ReagenËs Ab

and Bb, and in fact we have observed iËs presence in these reagenËs by

Gc/Ms. However, the fasË silylations díspl-ayed by Ëhese reagenËs are

probably due Ëo catalysis by HCl or TBDMSiCI. This is indicated by the

fact Ëhat when pure TBÐI'fSiIn rvas prepared, it was a very weak sílyl donor

in either pyridíne (Reagent Ð) or dimethylformamíde (see results in

Figure 19' Chapter III). This is a useful property for synthesis where

selecËive parËial silylations can be easily controlled, but one that. is

unsuiËable for analytical r¿ork. However, t.he addition of TBDMSiCI

(0.05M to 0.5M) Ëo Reagent D was observed Ëo dramatícal1-y increase the

reactivÍty. Símilar results were observed with TBDMSiTAc. The possíb1e

advantages for these reagents include the absence of HCl (and subsequent.

pyridine and ímídazole hydrochloride salt formaËion) released during

silylations by chlorosÍLane-based reagenËs, and as discussed belor¡, Ëhe

selecËive silylation of hydroxyls in the presence of amines. Thus, with

suitable condit.ions, these reagents could prove analytícally useful,

although none of the alternative reagents investígated thus far can

challenge the,poteney of Reagents A and B.

b) SËerÍcally Hindered Hydroxyl-s

Certain secondary and tertiary hydroxyls are sterically hindered

and could Present problems in the application of SCTASi derivatíves.

Such problems have been encountered even wiÈh trirnethylsilylation of such

funcËíons as the secondary 11ß or tertÍary 17o hydroxyls of steroíds.

Rather forcing conditions are required ín order to achieve trinethyl-
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silylation of such hydroxyls (L76,246,247). For example, treatmenË of

5ß-pregnane-3cr,L7a,,20û-trio1 (XX) with Tri-Síl Z at room temperature l-ed

prirnarily Ëo the 34,20o,-bis-TMSi eËher derivative (XXeae); complete

silylation to the tris-TMSi derivative (XXeee) was achieved by reaction

with pure TMSiIn (which acts as both solvent and reagent ) at 80o over-

night. With the TBDMSi and TMTBSi reagents (Ab,Ac,Bb,Bc), no detectable

17o,-OH silylation was observed, even after 90 hours at 80o. The on1-y

product produeed was Ëhe 3or2Oo-bís-SCTASi eËher derivatíve (XXbab or

XXcac). Thus, with the present reagents, SCTAS1 ethers of very sterically

hindered hydroxyls are not readíly produced. However, this behavior may

be used to advantage since, wíth SCTASí derívatization, one can be faÍrly

well assured that sueh hydroxyls will not be silylated; with Ërinethyl-

silylation there is always the danger of multiple derivatives being

formed unless forcing conditions are used to ensure complete silylatÍon.

Another sËeric influence on silylaËions using SCTASí groups may

occur for polyhydroxy compounds r^¡iÈh adjacenË hydroxyls. The fÍrst

siJ-yl group Èhat is atËached may hinder the next inconing sílyl group,

resulËing in slow formatÍon of the complet.ely derívatízed compound. It

was antícipated that such a sítuaÈion uight exísÈ wíth ribonucleosides.

Figure 102 gives the results of an experimenÈ ín which the silylation of

uridíne (VI) in ReagenÈ Ab at room temperaÈure was monÍtored by GC.

Analysis revealed that r^riËhin 10 min, the reactíon had proceeded to 92

mo1e7" of the bis-TBDMSi derivaËives (nosrly Vlbba + Vlbab) and 8 moleZ

of the trís-TBDMSí derivative (Vlbbb). Complete conversíon to Vlbbb

required about 5 to 6 hours at room temperaËure. Another experíment

showed thaË Reageni Bb gives almost identícal rates. HeaËing aË 80o for

one hour achieved quantitative silylation. The TMTBSi reagents (Ac and

t.-.,...
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REACTION TIME (hours)

Fígure 102. The derivatizaÈíon of urídine (0.05M) wíth Reagent Ab

aË room Èemperature (22"). GC analysis r¿as performed by method 2 (see

Experímental): aliquots r¡rere removed aË timed intervals and treaËed wiLh
TMSírm Ëo queneh the reaction and to prevenË ínjecËor port react,ion
errors. As íllustrated ín Fig. 30 (chapter rrr), this allows for the
determinaÈíon of Vr, mono-TBDMSÍ-vr, bis-TBDMSi-vr, and vrbbb as the
mixeci TI"ÍSí/TBDMSi derivaLives. Curves A and B give the mole % yíeLd
neasured for (Vlbba * Vlbab + Vlabb) and Vlbbb, respectívely. No trace
of unreacted urídine or mono-TBDMSi derivatives could be detected at 10

mínutes rreaction time.
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Bc), on the other hand, requíred heaÈÍng aË B0o o-¡erníght Ëo effect

complet.e derivaËization. Thus, there is a steric effect ín the silylation

of the ribonucleosíde 2t,3t -cis-diol system which can presenÈ problems

for analytical r^'ork if adequaËe condítions are not employed.

c) Partial and lufíxed Derivatizations; Silyl Group Exchange and
Mígration

ParËÍal derívaËízation, by Ëreatment of an unkno¡,rn compound with

less reagenÈ thanrequired for all reacËive groups (148rL49) ú by selectíve

silyl reagents (150), has been suggested as a structurally informatíve

technique. Sínilarly, mixed derivatízations by treatment of such partíal-

derivati-ves with dífferenË síly1 groups (53,248), or by treaËmenË of

compounds wiËh mixed reagenËs (36) can be useful for characterization of

compounds and elucidaËion of mass spectral fragmenÈatíons.

Since SCTASí reagents have excellent selectiviÈy under controlled

condiËions, they have considerable potential- for such applicatíons.

Chapter IV has already demonstrated the utílíty of partial and mixed

derivatives for the elucidatíon of fragmentation paËhways of silylated

nucleosides. This sectíon reports some of the results obtained with

sÈeroíds.

An illustration of the selectívity of SCTASi reagents is gÍven by

Ëhe TBDMSí derivatizatíon of 5ß-pregnane-3o,20o-dio1 (Xü). A reacrion

of this steroid r^riËh 1.2 equivalents of Reagent Bb gave the partial sil-yl

derivatíves, XIXba (3-O-TBDMSi-XIX) and XIXab (20-O-TBDMSi-XIX), in a

15:1 nole raÈío (in additíon to some unreacted steroíd and 3r2Obis-O-

TBDMSi ether derivaÈive, xrxbb). All producÈs \rere separable by GC (see

Table XXII and Figure 103) and r¿ere identified by MS. The equatorial

3-hydroxyl is ¡nuch more reactive than the 20-hydroxyl, although both are

secondary. (Hosoda eÈ 41. (75r77) have also reported such selectívÍty in
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the TBDMSi <ierivatJzatí'on of other steroíds") Treatment of this païtial

derívative míxture with Trí-SiL Z gave the míxed TMSi/TBDMSí derivaËives,

XIXbe ancl XIXeb, whích t/ere separable by GC (see Figure 103). These

proved useful in the ÍnterpreEation of the mass spectra of SCTASÍ

derivaËj-ves of XIX (see Section 84).

One concern ín mixed d.er-ivatizatíon schemes is the possibílÍËy of

silyl grouP exchange, especially rrnder the forcing conditions required

for Èhe silylatíon of sterically hindered hydroxyls. To investigaËe this,

TMSÍ and TBDMSi derivatíves of various steroids were subjected to díffer-

ent conditions and possible catalysËs. TMSi derivatives of cholesterol

(XIe), androsterone (XIIIe), and epíandrosterone (XIVe) were examíned

fírst. Although they were quite stable as isolated solids and in pyrídine

solut.íon (even with heating) , slor¿ decompositíon to Èhe underiva.tized

steroid was observed rvhen in a soluËíon of 214 imj.dazole in pyridine.

This was accelerared by the addition of imidazole hydrochloride (Im.HC1).
l

Itlhen they were dissolved ín Reagent Bb, complete exchange of TtutSÍ for 
l

TBDMSí (to gíve the TBDMSi derivatives) occurred wÍthin one hour at room :

temperature. Thus, the TMSi group is quite labile under these catalytic 
ì,.., ,:,,..

conditíons. All TBDMSí steroid derivatíves (XIb,XIIIb,XIVb, and XIXbb)r i:::;:::-::,'

,:. r,:'j.:
on the other hand, were sËable to a variety of condítíons such as: (a) ,,,,,1.':

neat TMSirm aË 9C" over 2 days, ox (b) a mixture of 50% TMSírrn arrd lM

imídazole (rrn) ín pyridine aË 90" over 2 days. Hor¿ever, when rm.HCl was

added to reactíon (a)¡ slow exchange of equatoríal 3-sí1y1oxy functíons 
p,,¡ ,,r, :,

l::': l - 'i

occurred (ín cornpounds XIVb and XIXbb). This also arose rnrhen an entire

TBDMSí derivaËízation reacËion mixture (i.e., steroJ-d + rBDMSicl * rm

+ PYR (or DMF)) was evaporated to dryness and then the resídue treated

directly wiih neat TMSiIm (502 conversíon of XIXbb to XIXeb after 50 
i,,i.,,:.::
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Figure 103. Gas chromatograms of (a) partial TBDMSi derívatízation
reaction of 5ß-pregnane-3cx.,20o-dío1 XIXaa, and (b) further TMSi d.erívatiz-
aËíon of (a) Ëo give míxed Tl"iSi/TBDllSí derivatives. CondiËions: column A

(f0% OV{, lm x 2rnm-ID), 260", 30 ml/rnin N2 carríer.

::

XIXeb
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hours at 90o). In'HC1 ís present in the TBDMSi reagent system and

cataLyzes the exchange. Axíal 3-silyloxy and 2O-silyloxy groups were not

affected by any of these condítions. Thus, derívatives should fírst be

isolaËed from Im'HCl if furËher derivatization ís Èo be performed under

forcing condit.íons.

Irlith Ëhese resulÈs in mind, the Èrimethylsilylation of Ëhe partial-

3,2Obis-O-SCTASí derivatives of 5$-pregnane-3c,L1a,2Oc-triol (XXbab and

XXcac) r.ras studied. There rrere türo reasons for this experimenÈ. Firstly,

eomplete derívat.í zation of all functions is d.esired for quantitative

analysís by GC (see SecËion 83). Secondly, it was of interest to

determine if SCTASi groups migrate beÈween adjacent hydroxyls (17- and

2O-OHrs), as has been observed for TMSi by Vouros (248) in the study of

mixed TMSi/dTMSi derÍvatÍ-zatíor- of. L7a,2O-dÍhydroxy sreroíds. In that

case, silyJ.ation of the z0-O-dTMSi derivative by TMSÍIm yielded the 17-O-

dTMSi-20-O-TI'fSi derivative, quantiËaËively, indícating that rearrangement

Þr as ÍllusÈrated in Scheme 54 (R = dTMSi), had occurred.

In the first experiment r¡iËh SCTASi derivatives, )O(bab (produced

in the reaction of XX wíËh Reagent Bb) r¿as ísolated by Sephadex LH-20

column ehromatography t.o remove In'HC1 from the reacÈion mixture (in

order to avoid cataLyzed exchange of the equatorial 3-silyloxy group),

and was treaÈed wíEh neaË TMSiIm. However, after 50 hours at 90", Ëhere

rnras still 4O7. unreacted XXbab, índicating Ëhe st.rong steríc influence

ÈhaÈ the 20-O-TBDMSi group has upon the attacking TMSi reagent. The

products consisËed of the 3,2Obis-O-TBDMSí-17-O-TMSi (Xxbeb) and 3117bis-

o-TBDMSi-20-o-TMSi (xxbbe) derivatives in a 5:1 mole raËio. These are

due Èo reacËions a and b of Schene 54 (R = TBDMSi), respectively. Thus,

migration of the TBDMSí group does occur, but not as readil_y as does

l: r,l
ì'r. :.ì.-:.]]..::r

it ::, :.:',¡,.',t
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TMSi. Thís may be due to the increased steric bulk híndering rearrange-

nent to a 3"-OH. It is obvious, however, that Èhese conditions are not

suitable for analytical work.

The trimethylsilylaËíon of XXbab was also attempted in Èhe presence

of In'HC1. The TBDMSí reacËion mixËure conËainíng XXbab (í.e. ' )O( +

Reagent Bb) was evaporated and treated directly wiËh neat TMSiIn. In

this case, the reacÈion proceeded more readily, wíth the Im'HCl acting

as a caËalyst for trimethylsilylation. AfËer 12 hours at 90o, 7O% lnad

been converted to the 3,20bis-O-TBDMSí-17-O-TMSi derivative ()übeb). No

migration of the TBDMSi group was observed. However, the remaining 30%

of the reacËíon produets rnras the 3,17bis-O-TMSi-20-O-TBDMSí derivative'

XXeeb, due to the exchange of the 3-sí1y1oxy group.

trlhen the ËrimeËhylsilylation of the 3,2Obís-O-TMTBSi derivaÈive,

XXcac, T,ras attempËed under similar conditions (with In'HC1 present), the

result.s were quite different from the TBDMSi experiment. After 12 hours

aË 90o, all hydroxyls had been silylated and there were three products:

30% )ücec (3,20bis-O-TMTBSi-17-O-TMSi), 30% XXcce (3,17bís-0-TI'{TBSi-20-

O-TMSi), and 40% XXcee (3-O-TMIBSí-17,20bis-O-TI'fSí). In this reaction, no

exchange of the equaÈorial 3-silyloxy group occurred, líkely due to the

increased hydrolytic stability of the TMTBSi eÈher; but, in addiËion to

silylatíon of the 17-OH Ëo gíve XXcec (reacËion a, Scheme 54), the

TMTBSi group migrated from the 17-0H to Èhe 20-OH to give XXcce (reacÈion

Þ). The third product, XXcee, was possibly formed by reactÍon c ín

Scheme 54. It is unlikely Ëhat XXcee rnras formed by exchange of the 20-

TMIBSi group of XXcec, since Ëhe more labíle 3-TMIBSi rÁras not even

exchanged.

Thus, the TMTBSi group appears to have a greater aptiÈude for
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migraËíon than TBDMSi, despite its greaËer steríc bulk. This agrees with

an observation of the behavior of the partial SCTASi derívatives of

uridine (VI); migratíon of a SCTASi group betr¡een the 2' and 3r hydroxyls

can occur under certaín eonditíons (e.g., see Chapter III, section 82).

In these cases, TMTBSí migrates far more readily than TBDMSi. The reason

for this is noË known at Ëhis time.

Although these reacËions are interest.íng, Ëhey are noL suitable

for complete derivatization of the pregnanetrÍo1-tyPe system for quant-

itative work. Moreover, they indicate that due to the labiJ-ity and

migratory abílíty of silyl groups, care should be taken in the application

of mixed derívatízation schemes to MS fragmentation elucidation.

d) Enol Sily1 Ether Format,ion

A possíbl-e source of error and confusion in Ëhe GC analysis of

sÈeroids is the formaËion of enol silyl ethers from certain enolizable

ketones. Enol- TMSi ethers of 3-, 17-, and 20-ketone functions have been

observed and Ëheír yields depend upon reagenÈs used and reactíon

conditions (249). It is now a coûmon procedure to protect such keËones

as methoxirne (MO) derivatives prior Ëo silylations in order to prevent

nultíple producË formation (168,249). However, it has been suggesÈed

Ëhat enol TMSi eÈhers of some ketosteroids could be analytically useful

derivatives (250)

In this study, enol SCTASí ether formation was observed for two

ketohydroxysteroids : 17ß-hydroxy-5o-androstan-3-one (XV, androsÈanolone)

and 17ß-hydroxy-4-androsten-3-one (XVII, testosterone). The chromato-

graphic data for both the Tl"lSi and TBDMSi enol- eËher derívatives are

gÍven in Table XXII. No such derivatives \¡rere observed for the 17-

ketosteroíds sÈudied. It should be noted ÈhaË enol eLher formaËíon is
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easier to recognize by GC for the SCTASi derÍvatives tha.n for TMS1 deriv-

atives due to larger retentíon incremenËs for the addition of each si1yl

group (see FÍgure 106, Sectíon B3). In some cases, the nultiple TMSí

product.s are not separable on a nonpolar column such as OV-l.

The yields of enol TBDMSi ethers of androstanolone were measured

for the different reagent systems. ReagentBbgave the greatesÈ rate of

formation--about 57" per day at Toom temperature. Thís can be compared

with about L"Á per day for Tri-Síl Z (TMSiIm in pyrídine). The DMF-based

Reagent Ab gave onLy 2% per day at room tempeïature. IÈ has been reported

that DMF reduces enol TMSi ether formation (168). ReagenÉ Cb did noË give

any deËectable enol ether formation even after reactíon for 2 days at 80o.

However, the overall low reactÍvity of this reagent detracts from the

advanËage of avoÍding enol eËher formation.

For testosterone, enol TBDMSi ether formatíon using Reagent Ab

\¡/as very slow--abouE 37" in L2 days. Trí-Sí1 Z gave a simílar rate for

enol TMSi ether formation. For both TMSí and TBDMSÍ derívatízations, tr^ro

' ísomeríc enol sílyl ethers were observed, along with a number of srnall

peaks. Fígurre 104 íllustrates the results for the TBDMSí reacËion., ..','

Chanrbaz et q!. (168) determíned that the enol TMSÍ ether products had

2r4- and,3r5-diene structures. The enol TBDMSi etherst ídentitíes were

tentaËively assigned by analogy according to relative retention tímes.

The srnaller peaks in Figure 104 are probably oxysí1y1aËion products as

proposed for the TMSi reactíon (168).

OËher reagenË systems for SCTASi derivatization may be found vrhÍch

are more selective for hydroxyls versus keËones, or alternat.ívely more

efficíent for enol ether formation. However, a better approach, in

general, would be Eo use MO-SCTASi derivatives

i.:;x'aïli:;tit:rat:l

l-r¡
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Figure 1-04. Gas chromatogram of TBDMSi derivaÈíves of testosËerone, produced by reaction at room temper-
ature f'ox L2 days wiÈh Reagent Ab. Peak ídentities are: 1 = TBDMSi-testosterone (XVIIb); and tentatívely:
2 = 3,17ßbís-TBDMSio-androst-2r4-diene, XXIbb, 3 = 3,179bís-TBDMSt0-androsr-3,5-diene, XXIIbb. The renaining
smal-l peaks are probably oxysllylatíon products. Conditíons: column 

^ 
(LOi( OV-l, lm x 2mm-ID), Z5Oo,

30 rnUmin N2 carrier.
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For some nucleosides, it is possíble to f orrn enol Ti"iSí ethers f rom

Ëhe base carbonyls if forcing conditions are used (f2B). I^Iíth the

SCTAS1 reagents and condiËions ernployed in this study, no base silylaf-ion

of eíther thlrnídíne or uridine vras observed.

e) SílylaÈíon of Anines

An addíËional reason for investigating otheï types of reagents ís

that they may have dífferent selecÈívities in Èheir reactions v/ith díff-

erent types of functional groups. For example, a reagent that Ís selective

for hydroxyls in the presence of amines would be useful (TMSiIm possesses

such a property (251) ) , as r.rould a ïeagent that is equally ef f icíent in

sílylatíng boËh. Reagents A and B (Þ to d) appear Ëo be midway between

these exËremes; in the sitylation of adenosine and deoxyadenosíne, the

base amj-no group is not silylated quantitatívely, even with heatíng.

Reagent D (lM TBDMSiIm/PYR), on the other hand, was found to be selectíve

for hydroxyls, not gi-ving any deËectable N-TBDMSí derivatíves. However,

iLs overall- low reactivj-Ëy is a limítation for anal-ytical work. As

pointed out later, N-SCTASi derivatives may be analytically useful and

therefore, research is continuing r,¡ith new reagent systems.

f) Isolation and Puríficatíon of DerivaËives

One of the advantages of SCTASi eËhers ís ttreír far greater

stabilíËy over TMSi ethers towards hydrolysis, permitting easier handlíng

and isolation of derivatives for use as standards. All the TBDMSí and

TMTBSi ether derívatíves that have been isolated are sÈab1e, crysËal-líne

compounds !üith sharp rùelting poínts (see Tabl-es III and XXII). They are

easy to purify by extractions and crystallízatíons, thin layer chromato-

graphyn and for steroids, vacuum sublímation. (The latter method has

been used for sÈeroíd TMSí ethers (25). ) The TMIPSi derivatives are noÈ

, 1: J.. .. rl . .: . - t-.. : -:-,:: ¡...r :,
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quite as stable: 1o-O-TMIPSi groups are labile enough that some hydrolysÍs

occurs during TLC isolations. However, the main applÍcation for thís

group in analytical r,rork is for incorporatíon inËo mixed derivatíves and

the elucidation of mass spectral fragmentation path\.rays. As shown below,

the TBDMSi and TI'fIBSi groups are, in general, the most useful ones for GC

and TLC. It should be noËed that haLonethyldirnerhylsilyL (37,40) and

pentafluorophenyldimethylsilyl (46) derivatives have been observed to be

more stable Ëhan Tt"fSi derivatives, but ít is noË possible to comment on

their stabilíties relative to those of SCTASi eÈhers.

Sephadex LH-ZO column chromaËography of sËeroid or nucl-eoside

reaction mixtures proved to be a useful method for removal of Ímídazol-e

and either DMF or PYR, and isolation of the SCTASi derivatives. This

technique has been used by Kelly and Taylor (97) for the ísolatíon of

steroid TBDMSi ethers from Reagent Ab.

It should also be mentíoned that SCTASi groups are readily removed

to yield Èhe orÍginal subsËrate by treatmenË of the derivative with

tetra-n-butyl arnmonium f luoríde in TIIF (63). Selective desilyl-atíon can

be achieved by slow, cont,rolled hydrolysis with 80% aqueous acetic acid

(67 ,69,83) .

2. Thin Layer Chromatography

The TLC data for Ëhe various steroid derívatives studied are

presenËed Ín Table XXII. The nobilíty of the sËeroid derÍvaËives depends

upon their polarity. UsÍng cyclohexane/ethyl acetaËe (9:1rv/v) as

development solvent, underivaxized hydroxysteroids remaín near the origin,

ketosilyloxysteroids have medíum mobility wÍth R¡ = 0.4 to 0.5, and silyl

ethers of hydroxysteroids have R¡ = 0.6 to 0.7. The more polar nucleoside

derivatives requÍre a more polar development solvent such as ether (see
ifj
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Tables III and VIII for data). It ís importanE Ëo note that R¡ va1-ues

for silyl derivaËives are independent of Èhe Ëype of silyl group used.

Thus, all the advanÈages of the use of TMSi ethers in TLC r¿ork (25-30)

are applicable to SCTASi ethers, i.e., greater mobilíty, less tailing

and easier recovery than underivatized compounds, and compat,ibility with

GC and MS methods. Most ímportantly, SCTASí derivaËives offer the

additional advantage of good sÈability under the mild hydrolytíc condítions

encounËered during TLC.

It has beerr observed ËhaË TMSí ethers of hydroxysteroids (usually

2o hydroxyl functions) are quite sËable under conditions of TLC develop-

ment (26), but Partial hydrolysis occurs upon elution and recovery (25).

This results in the necessíty to re-silylaËe materíal eluted from the

silica ge1 prior to furËher analysís by GC. TMSi ethers of phenolic and

1o hydroxyl funetions are far less sËab1e during TLC development. rn

our o$tn experíment.s, despite extensive care in dryíng TLC pJ-ates príor to

use and preventing exposure of spoÈted maËeríal to atmospheric moísture,

parÈial hydrolysís of such silyl ethers was observed during development,

and extensive decomposition occurred during elution from the silica gel.

For example, with 3rr5'bis-O-TMsi-thymidine (Iee, Rrether = 0.74), the

primary 5r-o-TMsi gïoup was partially losr during spoËËing and develop-

ment, resulting in sËreaking and an additional band ,*;tn"t= O.5Z) corre-

sponding Ëo the 3'-O-TMSi derivative. Elution of the 3r,5'bís-o-TMSi

derivatÍve for Ísolation (even under dry condítions) resulted in extensive

loss of both sil-yl groups.

SCTAS1 ethers, on the other hand, have been found to be very

stable under TLC conditions. No decomposition has been observed for aIl-

the TBDMSi and TMTBSi derivatives stud.ied so far. As mentioned above,

i:..:'iirî
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TMIPSí derívatÍves of 1" hydroxyls are slightly labíle and some hydrolysis

occurs during TLC isolations. Quantitative recoveries of all SCTASi ethers

of steroids (2" hydroxyls only) have been achieved by preparative TLC.

This nakes Èhe SCTASi ethers very suirable for coupled TLC/GC/MS and

TLC/MS analyses. Thus, group separatíons of hydroxy- from keËohydroxy-

sËeroids in a meÈabolÍte mixture have been achieved by TLC, followed

direcËly by GC/MS wíthout re-silylation (see Section B5).

It nay be possíble Ëo extend TBDMSí and TMTBSí derivatizaÈíon for

TLC Lo other funcËions such as carboxyls and some amines. For example,

the 3tr5r,N6-tris-TBDMSi-deoxyadenosine derivative, Vbbb, hras found Èo be

courpletely stable during preparative TLC development and elution (as

det.ermined by re-TLC, GC, and direct MS analyses). The 3r,5t,N6-trís-

TMSi derivative, veee, decomposed complet.ely duríng development to the

3tr5rbis-TMSi and 3r-TMSi derivatives. Of course, the N-TBDMSi group ís

far more labile Ëhan TBDMSi eÈhers: Vbbb graduall-y decomposes to Vbba íf

ít is not sËored under dry conditíons. However, this N-TBDMSi derivatÍve

is considerably more stable than TMSi ethers of prímary alcohols.

3. Gas Chromatography

The gas chromatography of the SCTASi derivatives of nucleosídes

has already been examined in detail Ín Chapter III. The fully protecÈed

derivatives of thymidine (r), deoxyuridine (rr), deoxyadenosÍne (v),

uridine (vr), 5-methyl-uridine (vrr), and adenosine (vrrr) appeared to

behave urell during GC r¡rith an ov-l stationary phase. For example, it

was demonstraËed Ëhat 3',5rbís-O-TBDMsi-Ëhymidíne (Ibb) was suirable for

quanËítative analysis (Figure 18). Unfortunately, some of the more labil-e

nucleosides could noË be anLyzed by GC as O-SCTASi derÍvatives, Míxed

derivatízation schemes \./ere suggesËed as possible soluËions to these
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problems, but have not as yeË been invesËigated ín detaíl.

At this stage ín the application of SCTASi derívatíves to anal-yËical

GC, a thorough understanding of the influence of the sílyl groups upon

chronatographic behavior will be very valuable in future work. This is

besË obt,ained by examining the derívatives of simpler compounds, such

as steroids, which are easier to r^roïk wiËh. Also, wíth steroÍds, there

is available a greaÈ deal of information on TMSi derívatives for the

Purpose of comparison. Table XXII presents the GC retentíon índices for

a variety of steroids and Ëheir Tlfsj-, TBDMSi, TMIPSi, and TI4TBSí

derivatíves, on both OV-l and OV-17 staËionary phases.

The first ínteresting aspect ís the influence of the type of

sËatíonary phase and Ëhe qualÍtative informatíon available from this. The

magnítude of the difference between the retention indices on moderately

polar (OV-17) and nonpolar (OV-l-) columns, ÂIOVU_OVI, ís a measure of the

polaríty of the molecule (10r101r139r153). Inlhen functions Èhat contribute

to the polarity are blocked with silyl groups, Ëhe AI value is reduced.

For example, the underivat,ized. ketohydroxysÈeroid, XVa, has a ÂI value

of 410; trímethylsílylaËion of the hydroxyl (XVe) reduces it to 259; and

further silylation of the ketone to Ëhe enol TMSi ether (compound )ffIIIee)

gives a value of 103. The underivatized hydroxysteroid, XIa, has AI =

277, whích ís reduced to 123 in the TMSi ether. thus, retention data on

two columns and derivaÈizat.icns reveal a great deal about the functíons

present in Ëhe molecul-e.

The AI values are not constant over Ëhe seríes of silyl derivaËÍves,

but depend upon the silicon subsËiËuents. hlith cholesterol (xr), the

derívatives have the following ÂI values: TBDMSi = L2L, TMSi = L23,

T¡{TBSi = L67, and TMIPSi = 184. This trend is accentuaÉed Tirith bis-silyl
ìr'Ì



TABLE XXII. Me1-ting pofnts and chromatographic data for steroid derívatives.

Parent Compound
Namea

Androsterone

Epfandrosterone

Y(3) z(r7) !r(20)
0-SubstituenËs

Androstanol-one II
TMSi
TBDMSÍ
TMIPSí
TMTBSí

H

TMSi
TBDMSi
TMIPSi
TMTBSí

H

TMSi
TBDMSl
TMIPSi
M{TBSí

Dehydroep íandrosterone

TesËosterone

MeltÍng
Comptda ?oint

No. ("C)

XÏIIa
XÏÏIe
XTIIb
XIIId
XIIIc
XIVa
XIVe
XIVb
XIVd
XIVc

XVa
XVe
XVb
XVd
XVc

XVIa
XVIe
)ffIb
)ffIIa
)NIIe
)WIIb

<0.05
0.49
0.49
0.49
0.49

<0.05
0.43

r_55-1s6 0.43
0.43
0.43

<0.05
0.44

LL6-LL7 0.44
0.44
0.44

<0.05
0.41

140-141 0.41
<0.05

0.30
0.30

oTLCb _"f 230

H
TMSí
TBDI'ÍSi

rov-t

2498
2485
2702 2740
2976 303L
2996 3055

2504
2566
2816 2870
3082 3r43
3113 31-7 6

2536
2587
2856 29L6
3110 3177
3L54 3222

2482
2555
2803

2602
2653
2920

260

GC DATAC

H

lMSi
TBDMSi

280 230

rov-t7

2600 2g}o ^T 
d

^'ovu-ovl-

2900
2823
306L 3L24

3464
3480

2946
2846
3L03 3L72

3494
3521

2898
2824
3059

3047
2934
3193

396 (230")
257 (230')
254 (260')
32L (260")
304 (260')

410 (230")
259 (230')
256 (260')
3L7 (260')
305 (260")

i
,1.i
¡
ì

t,

;'

:.
I

:

,ì

4L6 (230')
269 (230")
256 (230')

445 (230')
281 (230")
273 (230")

contfnued. . .

(,
N)
N)



Table XXII (conËfnued)

Cholesterol

Eplcholesterol

So-androst-2-en-3,1-79 -
diol (enol- of XV)

Andros t-2, 4-dÍen-3,L7 g -
dÍol-e (enol l- of XVII)

Androst-3, 5-dlen-3,L79 -
diole (enol 2 of XVII)

5$ -pregnane-3o, 2Oa-dioL

Y(3) z(L7) r^r(20)

H

TMSí
TBDMSi
TMIPSÍ
TMTBSÍ

H

TMSí
TBDMSi

TMSí
TBDMSi

TMSi
TBDMSi

TMSi
TBDMSi

H

TMSí
TBDMSi
TMIPSi
TMTBSi
TBDMSi
H
TBDMSl
TMSí

XIa
XIe
XIb
XId
XIc

XIIa
XIIe
XITb

XVIIIee
XVIIlbb

XXIee
XXIbb

XXIIee
XXITbb

XIXaa
XIXee
XIXbb
XIXdd
XIXcc
XIXba
XIXab
XIXbe
XIXeb

TMSi
TBDMSí

ÏMSi
TBDMSi

TMSi
TBDMSÍ

m.p.

0. 13
L20-L2r O.67
153-154 0.67

o.67
0.67

0. 13
0.65

10l_-102 0.65

0.64
0.64

0.61
0.61

0.61
0.61

< 0.05
0.60

105-1-06 0. 60
0. 60
0.60
0.20
o.20
0.60
0.60

R¡ EF-T;F nod no
rov-t

3071 3118
3l-36 3166
3395 3429

37 L7
3750

3055 3L07
3044 3074
3273 3303

2653
3L65 32l.B

f
3L97 3252

f
324L 3300

2647 270L
2783 2BL7
3266 3304

3886
3953

2908 2945
301_1 3065
2998 3033
3053 3089

--a:'.

'iri'l-l
.¡,1.
:ir::
.,i'

H

TMSi
TBDMSí
TMIPSi
TMTBSí
H
TBDMSí
TMSi
ÎBDMSí

rov-t7
260 280

3284
3529

3395 277 (280')
3289 r23 (280")
3550 LzL (280")
3901 184 (280')
3917 L67 (280")

^T 
d

^'0v17-ov1

27 56
32s5 3315

276L
33L2 3372

28LO
3383 3444

2854
3377

103 (230")
97 (260')

LzO (260')

L44 (260')

71 (230')
73 (260")

continued. . .
UJ
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TABLE )O(II (continued)

s -pregnane-30,, L7 a, 20a-
triol

Y(3) z(r7) r^r(20)

T}fSí
TMSi
TBDMSi
TBDMSi
TBDMSí
TMSi
T}fIBSi
TMTBSi
TMTBSÍ
TMTBSi

H

TMSi
H

TMSi
TBDMSí
TMSí
H
TMSi
TMTBSi
TMSi

TMSÍ XXeae
TMSÍ XXeee
IBDMSi XXbab
TBDI{Sí XXbeb
TMSÍ XXbbe
TBDMS1 XXeeb
TMTBSí XXcac
TMTBSi XXcec
TMSi XXcce
TMSi XXcee

Common name of parent compound; see Scheme 53 for IUpAC names, strucÈures,
and numbering system.

TLC development solvent: cyclohexane/ethyl acetate (9:j-rv/v).
GC daËa expressed. as Kovatsr reËention indices.
Temperature given in parentheses.

Tentative ídentif ícation.
NoÈ resolved from xvrreei rov_t approximately the same but couLd not be

deËermíned accuraÈe1-y.

b

c

d

ê

f.

R¡
rov-t rov-t7

230õ- 260õ 28õE 230õ-76õd 2goa

0.59
0. 65
0.59
0. 65
0. 6s
0.6s
0. 59
0. 65
0.65
0. 65

2920 2954
28Lt 2845

3/+60
3349
33L7
3LzI
4L09
3988
3896
3394

3027 3063
2B3B 2865

3548
337 0

3151

rt.1 :.,ì I tl
'ri.t |,

l,;t'',.,

^rd*-0v17-ov1

109 (260")
20 (260')
BB (260')
2L (260')

30 (260")

(,
b t\.)

Þ.
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ethers of diols such as XXIV (see Table XXX, Section B5): TBDMS- = 64,

TMSi = 80, TlfIBSi. = 162, and TMIPSi = 193. 
^I 

values consistenËly increase

ín the order: TBDMSi < TMSí < TMTBSi < TMIPSi. This order does noË corre-

late with either the molecular weight, steric bulk of the group, or

retention tíme. Evidently, the cyclo-ËeËrameËhylene ring increases the

polariËy of Èhe silyloxy group, possibly by rnodification of the bond

angles aÈ sÍlicon. The síze of the R substituent (Me < iPr < tBu) would

then account. for the overall trend, since a bulkier R group would help

to shíeld t,he oxygen from interaeËion wiÈh the liquíd phase.

A more imporËant aspecÈ of the data in Table )o(II is the effect of

the type and number of silyl groups upon the retenËíon indíces. As

demonstrated in chapter Trr, the substitution of TMSí by scrASi groups

increases the retenËion index; the increment,s (ôI) parallel the increasing

mass of Èhe si1yl groups: TMSi = 73, TBDMSi = 115, TMIPSi = L27. and

TMIBSi = 141 amu. The chromatogram in Figure 105 illustraÈes thÍs effecÈ

for the differenË cholesÈerol derivatíves. ReËentÍon íncremenËs are

nearly the same on the two columns, except for the slightly increased

retenËion of TMIPSi and TMTBSí ethers on OV-17. Table XXIII gíves the

average retention incremenËs due to the variation of an hydroxyl substit-

uent (including hydrogen for Ëhose sËeroíds that can be chromaËographed

without derivatization). The ôI values on OV-l due to Ëhe replacemenË of

one TMSí group by a SCTASí group are: TBDMSi = 260, TMIPSi = 530, and

T¡fTBSi = 565. These are slightly higher than those determined previously

for nucleoside derivatíves (Table IV). The reason for thís ís not knov¡n

at Ëhis time.

i.Iíth Èhe use of t\'ro Ëypes of derivatives and the measure¡nenË of

retention íncrements, iÈ is possible to deÈermíne Ëhe number of reactive



FÍgure 1-05. Gas chromatogram of a mixture of cholesËerol (xt(Ia) and íts TMSi (xxle), TBDMSi (xxlb), and
TMTBSí (nIc) derivatives. The peak for the TMIPS1 derivatÍve (yrXId) sras Ëraced from another chromarogram,
as indicated by a dotted l-íne. CondÍtlons: column A (L07" OV-l, l-m x 2mrn-ID), 2700, 30 rnUrnin N2 carrier.
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TABLE XXIII. Arrerage retentíon incrernents due to Ëhe variatíon of an

hydroxyl substituent from K to J, on tvro different types of statíonary
phases, OV-1 and OV-17.

(í) ôr3:;1

K J = it TMSi TBDMSi TMIPSí TMTBSi

H 0 60 320 s90 625

TMSí -60 0 260 530 565

TBDMSi -320 -260 0 270 305

TMTPSi -590 -530 -270 0 35

TMTBSí -625 -565 -305 -35 0

(ii¡ ôt3:;t?

K J = H TMSi TBDllSi TMIPSi TMTBSi

0 -90 160 500 s20

TMSí +90 0 250 590 610

TBDMSí -160 -250 0 240 260

TMIPSÍ -500 -590 -240 0 20

TMTBS1 -520 -610 -260 -20 0
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hydroxyls in Èhe compound under study. Sectíon 85 demonstraËes Ehís with

an acÈual application. This concept has been suggested previously for

chloromethyldiurethylsilyl (ClfDMSí) derívatives (31,36,42,43), whích have

an incremenË from TMS1 close to that of TBDMSi, and for dimethylalkylsilyl-

(alkyl = Et, nPr) derivatíves (Sf¡.

As mentioned in Chapter III, the reËentíon indices of TMSi deriva-

tives of hydroxylated compounds are not greatly unfluenced by the number

of TMSiO substituents. This is very useful for achievíng lorrr retention

times of polyhydroxy compounds, but can lead t.o problems with cornplex

mixËures. Thus, mono-, di-, and Ëri-hydroxysËeroids with similar skeletons

may not. be well separated. The use of SCTASi derivaËives can allow better

separaËions of some complex mixtures due to the dífferential reËention

increments which depend upon the number of SCTASi groups present. The

applícation discussed in Section 85 demonstrates this quite well. Thís

effect has also been sho¡¿n for CI"IDMSí derivatíves of steroíds (42) and

tri-n-alkylsilyl derivat,ives of cannabinol mixËures (49). The large

retention indices of SCTASi derivatives may also be of value wíth very

volatile compounds that do not separaÈe vrell from solvents or reagents

as Ëheir TMSi derivat.ives. However, the retention increment effect

imposes serious Limitations for the application of SCTASi derivaËíves to

some polyhydroxy compounds. Due to large retention indices, excessively

hÍgh colunn Ëemperatures may be required t.o achíeve reasonable retention

tímes for some compounds.

Some of the mosÈ interesting findings came from a sËudy of the

effect of different sily1 groups upon the GC separaËion of similar or

isomeríc compounds. The first compounds exemined were the posítionally

ísomeric steroids, epiandrosterone (XIV) and and.rostanolone ()ff). Although
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the underívatized st.eroids could be chromatographed and were easíly sep-

arated, the TMSí derivatives had very close retention indíces and were

inseparable on either of the two columns used in this study. The SCTASi

derívatives, on the other hand, afforded almosÈ complete resolution, as

illustrated in Figure 106. ALso shor¿n ín thís figure ís the improved

separaÈion of XV and its enol silyl ether ()ryIII) as TBDMSí vs. TMSÍ

derivatives. The improved separatíon of positional ísomers r¡ras used t.o

advantage in Ëhe analysis of a steroid metabolite míxture (Section 85).

The separations of varíous epimers are also enhanced by changíng

from TMSi to SCTASi derivaÈíves. Fígure 107 illustrates the separation of

androsterone (XIII) and epiandrosËerone (XIV) as TMSí, TBDMSi, TMIPSi,

and TMTBSí derívatíves. The underívaËized compounds are inseparable on

mosË conmonly used columns (see Fígure 2, Chapter I).

In Figure 108, the separaLíon factors for epimeríc and positionall-y

isomeric paírs are plotted for all sily1 groups, which are arranged Ín

order of increasing steric crowding around the silicon. The curves Ímp1y

that, uP to a poinË, separation of isomers increases with increasing sËeríc

crowding around silicon. Possíbly, the bulkier (sterically) that the

sílyI group is, the more the steroíds are forced into conformatíons which

accentuate the differences between isomers. A steríc effeet on steroid

epimer separat.íons has also been observed for dimethyl-sílyl, trimeÈhyl-

silyl' and chloromeËhyldinethylsilyl ether derivatíves urhere similar

proposals were advanced (31).

One oÈher aspect of the GC analysis of steroids was studied--the

suitabiliËy of scrAsi derivaÈives for quantiEative work. The first

requiremenÈ is that the reacËíons must yield a síngle producÈ in 1002

yield. It has already been shovm that this is the case wiËh primary and
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Fígure 106. Gas chromatogram il-lustratíng better separation of TBDMSí'(b) versus TMSi (e) derivatives of
epiandrosterone (XIV) and androstanol-one ()W), and the enol silyl- ether of the l-atËer (XVIII). Condltions:
col,r¡mn A (L0% OV-L, l-m x 2mm-ID), 235o, 30 nl_/min N, carrier.
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Figure J-07. Gas chromatogram of a míxrure of TMSí (e), tnousi (b), TMIPSí (d), and

of the epimeric sÈeroíds androsterone (XIrr) and epianclrosterone (XIv). The peaks for
(dotted lines) ürere traced from another chromatogram. Conditions: column A (L0% OV-L,

30 mUurin N2 carríer.
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Figure 108. The effect of steric bulk of the substituents at isomeríc

hydroxyls upon Ëhe separation factors (ratÍ-os of retentíon Èimes of iso-
meríc pairs, as indícated). AË the point marked g, ísomers are 98"Á

resolved on a packed column with 1940 plates (a typícal lm x 2mm-ID

column).
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sterically accessible secondary hydroxyls. The second requirement ís that

the derivatives have enough volaÈility and thermal stability to allow

passage through a GC column wíthout deeomposítion. Figure 109 illustraËes

the response curves for cholesterol and its TMSi, TBDMSi, and TlfIBSi

derivaËives. This form of presenËaÈion emphasizes losses during chromato-

graphy, particularly for small samples. The constanË relative molar

responses for TMSi, TBDMSi, and TI'{TBSi ethers indicate good chromatographlc

behavíor and thermal stability. With underLvaLízed cholesterol, on Ëhe

other hand, decomposition is evídenÈ with low injection quantities. In

addítion, the cholesËerol peak tails badly at trace levels compared to

Ëhe sílyl derivatives as illustrated in Figure 110. The TBDMSi and

TlfIBSi ethers have greater FID molar response factors than do Ëhe TMSi

ethers, due to a greater number of carbon and hydrogen atoms. Another

advantage for SCTASi versus TMSi derivatives for quantitative work Ís

that they are stable, easily purified, crystalline solíds that can be

kept as standards. This is useful in the preparatíon of sËandard solutions

for FID molar response determinations.

There are some problems wíth compounds possessing sterically

hindered hydroxyls. For example, in the silylatíon of XX, although only

the 3'2Obis-O-SCTASí eËher derívaÈives r^rere formed and ín quantiÈative

yie1d, slight decomposition during chromatography was evídent. It appears

Ëhat protection of al-l- hydroxyls is necessary for quantitative work. As

discussed earlíer, trimethylsilylation of the 3,2obis-O-SCTASí derivatives

of )O( is noË Practícal due to exchange and rearrangemenÈ reactions.

Acetylation or trifluoroacetylation should be a solution, since SCTASÍ

ethers are quite stable t.o aeylatíon conditíons. This has not as yet, been

ÍnvesËigaÈed.

;-:: :, t;



334

1.119
1.103

t¡¡
(t,
z
; l.ooo
Ø
l!
É,

o.6

1.0 tO. 100.

AMOUNT INJ ECTED (NANOMOLES)

Figure 109. FID relative molar responses of cholesËerol (XIa, t)
and irs TMSi (XIe, -ù), TBDMSi (XIb, -Ð-), and TMIBSi (XIc, -E-) deriv-
atíves plotted as a function of injection quantiÈy (on a 1-og scal-e).
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90 ng (.l8nmoles)
TBDMS¡-Cholesterol

XIb

27 0"

rl

56 78 91056
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Fígure 110. Partial gas chromaËogrems indicatíng severe Ëailing of
cholesterol, XIa, at trace level-s, buË good peak shape and sensiËivity
for TBDMSi-cholesËerol, XIb. Conditíons: column 

^ 
(LO"Á OV-l, In x 2run-ID)

r,riËh 30 url/min N, carrier and temperatures as indicatedi electrometer
sensitivity at 1 x 10-1 ¡afs.
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4. Mass SpecËrometry

a) Nucleosides

A deËaíled díscussion of the mass spectra of a variety of nucleo-

side derivatives has already been present.ed in chapter rv. For the

application of stericaliy crowded tríalkylsilylation to analytical uass

spectrometry, prÍmarily Ëhe fully O- or N,O-silylated nucleosídes are of

interest. The mass spectra of the O-perTBDMSi derívat.íves of thymídíne

(rbb), deoxyuridine (rrbb), deoxycytidine (rrrbb), deoxyguanosíne (rvbb),

deoxyadenosine (vbba), uridine (vrbbb), 5-merhyluridine (vrrbbb), and

adenosine (VIIIbbba) have been gíven in Figures 59,62,64,65,63, 90,

93, and 94' respecËively, and serve to íllustrate Ëhe basic behavíor of

the O-perSCTASi derivatives. For cytosine, guanine, and adenine nucleo-

sídes, the N'O-perSCTASi derivatíves would be the mosË appropríate for

analytícal work. In this respect, only Ëhe adenine nucleosides have as

yeÈ been investigated, but the results rrere quíte promísíng (see Figures

68 and 99 ror vbbb and vrrrbbbb, respectively). For comparison, Èhe

specËra of several TMSí derivaËives have been given in Figures 66 (Iee),

67 (IIee), 69 (Veee), 95 (Vleee), 96 (VIIeee), and 101 (VIIIeeee).

One of the mosË notable features of analytical value ín the spectra

of scrASi derivaËives of nucleosíd.es is the abundant [u - n]+ ion. This

is useful for deterrnining molecular weighË and should be of value for

In comparison, both the M* and [u - CttrJ+ ions

generally of low inËensíty. This is well illu-

of the uridine derivatives, Vlbbb and. Vleee, in

The spectra of the O-perSCTASi derivatives al-so contain a number

of fragment ions Ëhat provide considerable structural information, such

selected ion recording.

of TMSi-nucleosides are

strated by the spectra

Figures 90 and 95.
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as the type of base (E*, F*, C+¡ and the positions and Ëypes of substit-

uent,s in the sugar ring 1A+, D+, K+, [J + H]+, lJ + zl+ , [M - R - J]f ,

lM - R - J - cH2o1+, nxrsi ort, HX2SiocH;) . Deoxyribosides and ribosides are

easíly distinguished by the presence or absence of cerËain ions characËer-

istic of the former (E*, K*, m/e81 (D+)) and rhe latter (U*, L*, [J-R.,o]+,
II

lB + B0l' , lJ +Zl').

In general, SCTASi derivatives appear t.o be, at the very leasË,

complement.ary to TMSi derivatíves for the mass specËromeËry of nucleosides.

The two types of derívaËíves have quite different spect,ra Ëhat yield

different kinds of structural information. However, as demonsËraËed in

ChapËer IV, one of the superior features of SCTASi derivatizaÈion for MS

is the ease with which mixed derívatives can be prepared for detailed

elucídation of fragmentatíon mechanisms. In addition, the SCTASi deriv-

aËives may be isolated for MS by liquid chromatographÍc methods (TLC, CC,

HPLC) due Èo Èheir excellent hydrolytic stability (even for N-SCTASi

derivatives) .

Finally, it should be mentioned again, that since the silíconíum

ion rearrangements observed in SCTASi derivatives are dependent upon

the steric accessibílity of sí1yl groups and elecËron dense functíons, the

mass spectra of isomeric subsËit.uted nucleosides are very characterístic.

Thus, SCTASi derivatízation has Ëremendous potentíal for sËructural

elucidation of isomeric compounds by MS.

b) Steroids

Much has been published on the mass spectral behavíor of sÈeroíds

and thej-r derivaËives, not only because of their biologícal ímportance,

buË also from the viewpoinË of underst,anding Èheir fragmentaÈion processes

which are of significance to mass specËromeËry as a whole. The major
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fragmentat.ion routes are no\,/ Í/ell-defined, and a number of reviews cover

the mrmerous types of fragmentation patËerns found ín differenË steroíds

(10, 236, 252). However, there ís still much attention being given Ëo

the formatíon of steroidal derivatives suitable for Èhe locat.ion of

functional goups, the determínaËíon of sÈereochemistry, gas chromatography,

and combined GC/MS. Triurethylsilyl ethers have proven to be the most

valuable and widely used derivaËives of hydroxylated steroids.

This sectíon reporËs the characËeristíc mass spectra of SCTASi

derivat.ives of selected mono- and dí-hydroxy sÈeroids, and a trí-hydroxy

sËeroid vriËh a sterícal-ly hindered hydroxyl . The results demonst.rate Ëhe

dramaËic effect of substituËing a SCTASi for a TMSi group. The SCTASi

group initiates some important fragmentaËíons not, to our knowledge,

previously discussed. Recently, there have been three papers which

briefly out,líne the mass spectra of some steroid TBDMSi eÈhers (95-97).

í) Mono-hydroxy steroids

The mass spectral data for si1yl ether derivatíves of selecËed

mono-hydroxy steroids are presented in Tables xXrV and xxv. Many íons

contribuÈing to the general background below m/e200 and not considered

of strucLural value are not lísted. The series of compounds ínclude

isomeric variations whích illustrate differences between epimers, and

differences r¿hen the silyloxy group Ís substítuted onto ring A or D.

other compounds show that the spectra may be nodified by Ëhe presence

and position of a double bond. To allow easier comparíson of the

fïagmentation patËerns of TMSi and SCTASi derivatives, Figures 111 to I22

illustrate Ëhe mass spectra of TMS1 and TBDMSi ethers of xr, xrrr, xrv,

KV, XVI, and XVII.

The general feaËures of the specÈra of the TMSi derivatíves are in
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agreement r,rith earlíer observaËions (L2). Thus, the M* and [M-CH3]+

ions, while observed in each spectrum, have relative intensities which

vary erratically from compound to compound. Sínce the expelled CH, group

can orgínate from either the TMSí group or one of the angular positions
+-L(203), both M' and [M - CH3] ' are potentíal precursors for loss of TMSiOH

and, as discussed below, the stereochemistry of the molecule is an

important considerat,ion in these processes. Other characterístic fragment

ions from TMSi ethers of 3ß-hydroxy-As-steroíd.s, ïepresented as [M-56]+,
+

[M-129]', and m/eL29, arising from cleavage of ríng A have been well

documented (203, 253-255) (also see Scheme 11).

By comparíson, all of the fragmentatíons in the preceding paragraph

are very much suppressed in the mass spectra of the SCTASi ethers. The

molecular ions are very weak, buË Ëhe íntense íon (often the base peak)
+

at [M-R] seïves as an indicator of the molecular weight. As díscussed

for the nucleoside derivatives, this ion is the ulËimate precursor of

mosË of the abundant ions. This, together wíth Ëhe general unavailability

in steroids of elecËron dense centers r^riËh r^rhich the síliconíum ion ean

interact, results in a simplification of the mass spectra since pathways

from alternative precursors are suppressed. 0f course, whíle this may be

an advantage for GC/MS-SIR, ít could also be a disadvantage if structurally

ÍnformaÈive fragmentaÈions are not observed.

One of the most interesting íons arises by eliminatíon of HXTSiOH

+fron [M - R] ' , the process eonfirmed in Ëhe spectra of TBDMSí ethers of

cholest.erol, androstanolone and epiandrosterone by the presence of a sËrong

metastable peak (Table XXV). Although previously observed. ín the mass

sPectra of TBDMSi eËher derivatives of testosterone, 17$-hydroxy-5(ct, and

ß)-androsËan-3-oner S-androsten-3ß,17ß-diol and 20s-hydroxy-4-pregnen-3-
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one (95) ' and also halomethyldimethylsilyl eËhers of several steroids (43)

(y.iqg infra), iËs nechanistic origin \^ras not discussed. The ion product

must be formed by a double hydrogen rearrangemenL to Èhe eliminated neutral

species. As suggested in scheme 55, a t\,/o step process could be a possi-

bility. However, the sequence 55.1 -> 55.2 + 55.3 should not be very

favorable. Even though a st.able allyl carbonium íon is produeed, Ëhe

step 55.1 -+ 55.2 would have a high activation energy, not only because Sí-H

bonds are weaker than C-H bonds, but mainly because the secondary carbon-

ium ion, 55.2, woulC be much less stable t.han Ëhe initial siliconium ion,

55.1. In addit.ion, this type of mechanism cannot explaín the observed

intensity variatíons of [M- R-HX2SiOH1+ for varyíng stereochemistríes.

This is well illustrated in Figures 114 and 116 by the dramatically

dífferent spectra of the TBDMSi ethers of the epimers XIII and XIV. The

dífference in the spectra ís due to Ëhe preferred elímination of HX2SíOH

from [M - R]+ for the former.

convincing evidence for the mechanism \¡re ProPos 
Éx r.3a

Ht * o-/2 \

trIe believe that such observat,ions provide

-.*'giql - - -- - -,**.r,r:dl

fr}.ssrb

d|rå'3"

55.!"
-l-

lM - Rl'

55.2a

Hz- 9

55.2b

l-------'*r.rr'+l
55.lb

Schene 55. lM-R-HX2SíOHI+
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Initially, $re consider the formatíon of [M - R - HX2SiOH]* Ín the

specËra of 3a-sily1oxy-5ct-steroids. Fígure 114 and Table XXIV indicate

that this ion ís of very high inËensity in the spectra of SCTASi ethers

of androsterone (XIII). As íllustrated in Seheme 56, two favorable trans-

iËíon states, 56.\a and 56.1b, can be proposed, based on Ëhe more prob-

able chair conformation of ring A, from whích HX2SiOH can be eliminated

via concerted bond rearrangemenËs. Models reveal the development of líttle

strain or steríc inÈerferences, and sufficiently close approach of axial

i{1 or H5 to O and equatorÍal H2 or H4 to Si, for transfers to occur.

ConsequenËly, the activation energy should be 1o¡^r compared to the alÈern-

ative in Scheme 55, the dríving force for Ëhe fragmentation beíng form-

ation of the stabl.e al1yl carbonium ions 56.2a or tþrzb, the former beíng

presumably more stable because of Èhe involvement of Ëertiary C5. Other

Scheme 56.

*t' J-

[M-R]'
Þt'-å-

!É¿b
Ring A,

I

I

| -HX2Si 0H

I
HX2S¡ 0H

-H
56 J"
Ring

chair
A, chair

dl df
56.2a t9-2blM-R-HX2sioHl+
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examples of Lhe formatíon of [M - R - HX2SiOH]+ io the mass specÈra of

3o-si1y1oxy-5o,-sÈeroids are found by inspection of Ëhe spectra of the

halomethyldimethylsíly1 ethers of androsterone and ll-keËoandrosterone

(43) where intense ions of m/e 27i. and 285 respectively, assignable Èo

56.2(a or b) are observed. rn a símilar way [M-R-IÐ(.síoH]+ i" the base¿-
peak in the mass spectrum of the chloromethyldimethylsilyl ether deriv-

ative of the 3ß-hydroxy-Sß-steroíd epíetiocholanone (43) for which rhe

favorable multicenter transitíon sËates 57.la and 57.lb can be proposed,

in whích an axial hydrogen is transferred to oxygen and an equatorial

hydrogen Ëo silicon, in the preferred chair conformatíon of ring A.

t
lM-Rl'

x2s¡---__-
IZ=lb
Ring A, chair

56.2a ts-zb

i): l:;

;)

0-
/

H X2S¡0H

ÞJ-L^
Ring A, chair Schene 57.

Next we consider Êhe formation of [M - R - Hx2sioH]+ in the mass

specËra of 3ß-silyloxy-5o-steroiàs. For epiandrosterone (XIV), Èhis íon,

though sËÍll importanË, has a much lower inÈensity ín the spectra of the

SCTASi ethers (Table XXIV and Figure 116) and halomethyldimethylsilyl

eËhers (43) than in the spectra of the isomers discussed above" In these

compounds the silyloxy group occupies an equatorial posítíon in the chair

conformation of ring A so thaË conversíon to. the boat form is required

before concerted bond rearrangements leading to eIÍminatÍon of HXTSiOH

can occur. Once the chair + boaË transformaËion, 58.1 -> 58.2, has occurred

models confírm the favorable nature of the transíËion state, s9.2, buÈ

-HX2S¡ OH,/ 
'H

,/



58. 1, [" - *]*
Ring A, chair

Scheme 58.

58.2

Ring A,
boat
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\2sioH
!!- 1"

+
lM-R-HX2SiOHI'

because the boaE conformation is less probable the int.ensity of [M - R -
+

HX2SiOHI' is reduced. Additional supporË for this proposal ís obtained

from the spectra of the halomethyldimethylsilyl derívatives of the 3o-

hydroxy-5$-steroids etÍocholanone and ll-keÈoetiocholanone (43), where

the silyloxy group occupíes an equatoríal position in the chaír form, and

where the abundance of [M-R-HX,SíOH]+ i" quíte low.

The presence of a As double bond has a significant effect on the

foregoing fragmentations. The mass spectra of the silyl ethers of chol-e-

sterol, XI, and epicholesterol, XII, (Table XXIV) are very simílar, the

relative inËensities of the [M-R-HX2SiOH]+ ions, in both cases, being

reduced to levels observed in the spectra of the epiandrosterone deriv-

atives. Thís may mean Ëhat the participation of C5 in allyl carboníum

ion formatíon (which is not avaílable to cholesterol, epícholesterol and

epiandrosterone) ís importanË for androsËerone derívatíves, or that. the

Ëendency of C, to adopt trígonal planar hybrídization modífies Ëhe

conformational preferences of ring A.

[M - R - HX2SÍOH]* i" of high abundance in the spectra of the SCTASi

eËhers of androstanolone, XV (Table XXIV and Figure 118), and an analo-

gous mechanism in Scheme 59 is proposed for a l7$-silyloxy substiÈuent.
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+

,Ç -S ixz

lffi
59.1, ["-*]*

7lÞ v.z

Scheme 59. 59.3, [M-R-HX2Sí0H]+

Because ríng D is nearly planar this sequence should occur with about

equal faciliËy for a 17o,-silyloxy subsËituent. This expectatíon j-s sub-

stanÈiated by the almost identícal intensitíes for Ëhe analog of this

species in the mass spectra of steroids epímeric at C17 reported in

SecËion B5 of Ëhis chapËer. To rationaLíze the hígh abundance of this

ion, and also a subsequenË decomposíÈion (vide infra), structure 59.3 is

a likely alternative to structure 59.2.

The foregoing observations suggest that favorable conditíons for

HX2SiOH elimination from a gíven ríng occur when the silyloxy group is

axially locaËed in a chair conformation and a stable allyl carboníum ion

can be formed. More work is required Ëo further define the condítions for

this eliminaËion but these resulËs hold promise that HX2SiOH loss, because

of the multi-center nature of the transiËíon state in Èhe eliminatíon

reacËion, may be Êhe most powerful diagnostic rearrangement thus far

report.ed for stereochemícal el-ucidation, parËicularly for distÍnguishíng

between epimers.

The foregoíng proposals are based on consideration of earlier

discussíons of Ëhe stereochemical-1y influenced loss of HrO or TMSiOH in

Ëhe mass spect,ra of many sterols anci theír TMSi eËhers. For the former

i¡.ì.:.:..-:..:
lì.-,: .. 

'f;É :

ßllr4
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el-ímínatj-orr, deuteri-um labelíng studíes revealed that HrO loss occurred

preferably vía a 1,3 mechanism and was influenced by the approach of the

oxygen atom to hydrogens in axÍal positíons and by Ëhe probability of the

requíred boat or ch.aír conformation of the steroid ríng (256). Deuteríum

1-abeling studies of TMSiOH elimínaEíon are sparse but available evidence

(203) ind.icaËes that from the Tl,fSí ether of cholesterol both a 1,3 elím-

ínatíon (ínvolving transfer of H1 to oxygen, 60.1 -> 60.2) and a I,2

elíminaËion (ínvolving abstraction of H4, 60.1 + 60.3) occur. Presumably,

the driving force for the unusual latter fragmentatíon is delocalízation

of the ion radical center over the A5 double bond, C3 and C4 atoms,

effectívely loweríng the actívation energy component of the reaction.

Studies of 16O-labeled TMSi ether derívatives of several steroids (257)

also support Ëhe preceedíng arguments. Eliminatíon of TMSiOH occurs much

less readíly from the 3p-silyloxy region than from the 3a-silyloxy or

l-7ß-silyloxy regions of skeletally saturated 5o¿-steroids, i.e. suffi-

cíentl¡' close approach of axial sílyloxy group and hydrogen is preferred.

- TMSiOH

-

TMS¡O
60.2

f,

60. 1, M'
fo

60.3

Scheme 60.

A promÍnent ion at m/e 161 in Ëhe mass spectra of the SCTASÍ ethers

of )ilr (see Fígure 118) parallels the high abundance of the [M - R - HX,_SíOH]+

ion (which ís ccnfírmed to be its precursor by the observatíon of a strong

meËastable peak) . I,rIe propose Èhat this characteristic ion is f orrned by

fission of ring B, inítíated by strucËure 59.3 via the mechanísm given
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Scheme 61.

--€
61.1 6L.2

61.3
61.4, 

"r"rlmle ]-6]-

ellg_---

59.3
+

lM-R-HX2SiOHI'

in Scheme 61. Each step ín Èhis sequence should be of low activation

energy. Thus, the físsion of the 8-9 bond extends the length of the

conjugated system as does the transfer of H, to C9 via a 6-membered cyelic

Ëransition state (É1¿ -> 6L.2). 6L.2 + 61.3 extends the conjugated

sysËem, while for 61.3 + 61.4 a stable neutral ís elimínated. This

mechanism would also account for the low abundance of íts analog in the

mass spectra of the testosterone derivatíves, in accord with unfavorabl-e

vinylic 5-6 bond cleavage suppressíng the sequence 6I.2 + 6I.4. To our

knowledge thís type of fragmentaËion of the steroid skeleËon has not been

previously reported for even-electron íons.

Ions of low abundance correspondíng to loss of H20 from various

precursoïs aïe observed in these spectra. Extensive rearrangement ís

presumably required for their appearance. ApparenËly the presence of a

suitably located double bond, or a keto funcËion enhances their formation.
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Perhaps, in the latËer case, enolization is a necessary sËep in the

reaction.

other ion Ëypes of hígh intensity listed in Table xxrv not

accounËed for by the previously descríbed processes appear to be mostly

residues of the steroid nucleus or Ëhe silyl group. The x2síoH+ ion is
of particularly high abundance and is probably formed frorn [M - n]+ ty
processes such as those in Scheme 62 (supported by a metastable peak

for XVb)

x>Ë' 
,lli

62.L, [M - R]+

Scherne 62.

_(tJ -{

, p-è'(l

lÏ)
fu,,,2- 
7 62.2, [M - R]+
t+

X2Si=0H

62.3
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TABLE XXIV. Partíal mass spectra
mono-hydroxy steroids. a

Steroid Ion type:
(Derivative)

M+

XI. Cholesterol
e. TMSÍ 458/30
b. TBDMSi 500/0.6
c. TMTBSi 526/0.3
d. TMTPS1 5L2/ L.2

XII. EpicholesËero1
e. TMSi 458/28
b. TBDMSi 500/0.30

XIII. AndrosËerone-
e. TMSÍ 362/25
b. TBDI.{Si 404/2.4
c. TMTBSi 430/2.3
d. TMIPSi 4L613.9

XIV. Epiandrosterone
rMSi 362/45
TBDMSÍ 4A4/2.2
TMTBSi 430/6.7
TMIPSi 416/5.9

XV. Androstanolone
e. TMSi 362/I0.3
b. TBDMSi 404/0.70
c. TMIBSí 430/2.4
d. TMIPSi 4L6/4.5

XVI. Dehydroepiandrosterone
e. TMSi 360/9 .0
b. TBDMSi 402/0.39

XVII. Test.osterone
e. TMSi 360137
b. TBDMSi 4O2/1.3

of trialkylsilyl derivatj_ves of

e.
b.
c.
d.

I
(M-cH3)'

443/8.6
4Bs /2.3
sLL/0.7
4e7 /-
443/7.8
4Bs / 2.0

347 / 32
389 / r.3
415/ 0.7 \
40L/-

347 / t00
389 / L.7
4Ls/O.98
401/-

347 / 16.4
389 /2.0
4Ls / L.6
40L/ L.3

34s/ 2.4
38714.r

34s/ L2.s
387 / L.9

t
(M-s6)'

402/- ,
444/ 37:
470/ 4oL
4s6l-

4021-
4441 37L

3A614.2
348/ L7 .6L
37q/zzt
360/-

306/ 4.8
34s/28+
37 4/ 3Lr
360/-

306 / 4.8
348/ L8.7L
37 4/25í
360/L.2

304/8.8
346/ zsi

304/7.s
346/28í

I
(M-R)'

b
443/ 100
469 / L00
469 / r00

b
443/ L00

b
347 / 56
373/70
373/ 66

b
347 / L00
373/ r0A
373/ t00

b
347 / s9
373/7s
373/75

b
34s/ L00

b
345/ L00

(M-R-H2O)+

42s l-
425/2.6
45rl 3.5
4sLl L.s

42sl-
42sl L.3

329 /-
329 /0.24
3ss/-
3ss/o.44

3?-e l-
329 10.2
35s /O.4s
3ss /0.44

32e/-
329 /0.7L
35s/ L.7
3ssl1.0

327 l-
327 / 3.6

327 /-
327 /0.18

b

c

i

Fínnigan model l015 quadrupole mass spectrometeï, corrected for
mass dÍscriuinaËion.

same as 6t-cnr¡+
t-

Seme as RX^Sí
¿

Uncorrected intensÍty. Contains signÍficant isoËopic contribution
from ion type of lower mass.

contlnued . .



TABLE XXIV. (contlnued)

(M- r (¡pn-
RX2SIOH)+ 

'nXrSrOn)+

xT e. 368/4L
b. 368/5.5L
c. 368/ LL.7
d. 36817 .7

xïï

XÏÏI

e.
b.

368/38
368/3.54

272/79.
272/2L:
272/20:
272/24L

27213L
272/1.6:
272/r.O:
272/1.8L

367 /1.8
367 / t0.5
367 /8.8
367 /e.7

367 I 2.2
367 /11.3

271/ s0
27rlL00
27 Ll L00
27 Ll 100

27 Ll 16.9
27L17.5
27 L/ 5,4
27rl6.L

e.
b.
c.
d.

(M-cH.-
Jt

RX2S1OH)'

353/L8.2
353/ L.7
3s3/4.0
353/2.6

3s3l 15. B

3s3l1.0

257 /22
257 /2.0
2s7 /1.8
2s7 / 2.4

2s7 /12.0
2s7 /1.5
2s7 lO.94
2s7 /2.2

2s7 / t9.7
2s7 / L.r
257 /L.9
257 /6.3

2s5/s.6
2s5 /0.9

zss/7.4
25s/0.37

XIV e.
b.

d.

(M-R-
HX"SíoH ,

"-cHo)-

3sLl-
3sL/-
3s1/0.3
35r/-

35r/-
3sL/-

zss/6.2
255 /4.9
zssl 6.9
25s/6.4

2ss/7.2
zss /s .3
zss/6.s
25s/8.2

zss / L,6
2s5/7.3
zss/9.4
25s/L0.L

2s3/0.77
253/L8.9

XV e.
b.
c.
d.

(M-R-
HX^SiOH

'-rror*
349 /-
34e /-
34e l-
34e /-
349 /-
349 /-
253/6.7
2s3/8.2
2s3/8.6
2s3/7.9

2s3/3.s
2s3/3.3
253/2.6
2s3/3.L

2s3/ 0 .60
2s3/s.6
2s3 /6.0
2s3/ 6. t

zsLl0 . L4
zsLl 3.4

zsLl t.L
zsr/2.7

272/25 , 27I/4.4
272/ 14.6L 271166
272/22+ 271/ss
272124L 27 !/ 84

XVI

XVII

e. 270/7.5, 269/0.
b. 270/z.sL 269/9.

t*^ïlt1* Rx2slocaH4* xrsrou*
oc3H4)'

e.
b.

270 I 29
27013.7L

rììj
).,,.

üi

329 / 44
329 / 0.6
329/0"7
329 /r.9

329 / 42
329 /0.s9

233/12.4
233/-
233/-
233/0.36

233/9.1
2331-
233/-
233/-

233/0.46
233/-
233/-
233/-

231/ rL.5
23L/0.6

23LlL.7
23r/-

26e /1.7
269 /13.6

5
7

L29 / L00
L7r/s.7
197 / 3.4
183/ I I .0

129 / L00
L7 L/ s.4

L29 / 37
17L/2.5
Le7 /-
183/1.r

r29 / 3r
L7 rl 3.5
r97 /0.90
183/0. 82

L29 / r00
T7L/ B. T

r97 /s.2
LB3/ L7 .8

L29 / L00
L7 LlL6. L

r29 / 100
L7L/ t9

7s/27
7517 L

LjLl62
101/s1

75/41
75/e4

7 s/ r00
7s/69

L0r/ 47
L01/ 43

7s/93
7s/97

r?L/42
10 1/sB

7s/ 22
7sl 100

10 1/ 100
10 1/ 100

75/rL.8
75/87

7sl2s
7s/ 6L

I.

tj
l¡

it

2s3/3.
2s3/2.

3
3 (,

\o



TABLE XXIV. (contínued)

XI e.
b.
c.
d.

.L
ru(2s1'

73140
11s/3.8
L4rl3.6
L27l6.r

73/ 5L
1ls/s.8

73/6e
LLs /2 .3
L4t/r.4
L2712.8

73/sr
LLs / 2.7
L4L/0.90
L27 /2.5

73/ 43
LLs /8.9
L4L/7.1
r27 / L9.2

73/26
LLs/7.2

73/74
LLs/ 6.s

XII

XIII

J-
MeXrSl'

c
73114.6
9e/12
99/L7,5

c
73/20

c
73/12.s
99 /13.8
99 /13.9

c
73/Ls.0
99 /9 .8
99 / Ls.4

c
73/ 35
99 /26
99/40

c
73/27

c
73/ 30

e.
b.

e.
b.

d.

cLzHLT+, 6L.4

xrv e.
b.
c.
d.

XV e.
b.
c.
d.

L59 / 2L
Lsg / 14.7
159 /2r
Lsg /L8.6

L59 lzs
rsg / 2L

2t5/25
16 r/8. 8

XVI

)ryII

Other Lons

e.
b.

e.
b.

r47 / 19

L47 / L0.8
147 /21
147 /t3.0

L47 /L7.4
t47 18.7

L55l 3s

L4s/ 30
L4s / L2.r
L4s/ 22
L4s / Ls.8

L4sl29
L4s / rs.9

T6L/ 12,
L6L/76
L6r/94
L6t/ 84

2r5 / L6.7
L6L/ Ls.2

Base peak
as ZXso

6. 61
L2.62
9.s4

r0. 43

6.28
LT.22

5 .60
15.73
13.10
13.42

7 .35
15. B6
20.25
16. 5C

12.00
10. 51

7 .99
7 .35

20. r5
11. 09

7 .59
13.85

149 /23
r47 / L8.3 r45l L8.7

Lss / 28

226/26 147 /38
r4s I 16.s g)

(Jr
o



TABLE XXV. Metastable transftlons

Transltion

y+ * (lt_R)+

(M-CE")+ + (u-CH"-42)+
J+J!

(M-CH3)' + (M-CH3-HXRSÍOH)'

(M-R)' + (M-R-H,O)'

@-R)+ * qu-n-+ã)+

(M-R)+ + (M-R-irX2SloH)+

(M-R-rÐ(2ston)+ ->

tu-n-nxrsl0H-H2O)+
(M-R-HXrsioH)' + L6l

-r 
'=oHF(M-R)' * Xrsl

fn the mass speetra

Cholesrerol (XIb)

t D"t" gÍven are: mp*ftd, n* (cal-c),

vs = very strong, s = strong, m =

443+425,407.7,=408 rn

443->367,304.0,=304 s

of TBDMSÍ ethers of mono-hydroxy steroLds.a

Epiandros terone (XIVb)

404+347,298.0,=298 n

389+347,309.5,o310 vw

n* (obs)

moderate ¡ !f = weak, rnu = very weak

347'>27L,2L1.7,=2L2 s

27r->253,236.2,236 m

Androstanol_one (XVb)

404->347,299.0,299. 3 s

389->271,188.8,=188 n

347'>329,311.9,=312 m

347+303,264.6,=265 m

347+27 L,21.L.7,=2L2 vs

27L-r253,236.2,=236 s

27L+L61,95.65,=96 
"

347->75,L6.2L,16.3 w

(,
('¡l
F
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Figure 1-11. Mass spectrum of TMSí-chol-est,ero1 (XIe) recorded on the Fínnígan MS at 70 eV.
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Ffgure 112. Mass spectrr¡m of TBDMSi-cholesterol- (Xft¡ recorded on the Finnigan MS at 70 eV.
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Figure 113. Mass spectrum of TMSi-androsterone (XIIIe) recorded on the Finnigan MS at 70 eV.
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Figure 114. Mass spectrum of TBDMSl-androsterone (XIIIb) recorded on the Ffnnlgan MS at 70 eV.
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Figure 116. Mass spectrum of TBDMSi-epfandrosterone (XIVb) recorded on the Finnígan MS at 70 eV.
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Figure 118. Mass specËrun of TBDMST-androsËanolone (XVb) recorded on the Finnigan MS at 70 eV.
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Ffgure 1-19. Mass spectrum of TMSf-dehydroepiandrosterone (XVIe) recorded on FfnnÍgan MS at 70 eV.
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Figure 120. Mass spect,rum of TBDMSi-dehydroepÍandrost,erone ()ryIb) recorded. on Finnigan MS at 70 eV.
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Fígure 121-. Mass spectrum of TMSí-testosterone ()wIIe) record.ed on the Finnfgan MS at 70 eV.
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íi) Di-hydroxy steroids

The mass spectral dat.a for the silyl ether derivaÈives of 5ß-

pregnane-3or20o-dio1, XIX, are presented in Tables XXVI to XXVIII.

Figures L23 to 126 illustrate Ëhe striking difference between the spectra

of the TMSi and SCTASi ether derívatíves and emphasize the potential of

the latter for analytical work. The spectra also íllustrate the mass

shifts that occur upon change of R and X2 substituents on silicon. The

high mass region of the specËTum of the TMSi ether contains ions only

of very 1or¿ abundance. The íon of m/e 117 (Scheme 63) characterizes

the side chain attached xo Cy7 but other abundant ions of diagnosËíc

value are lackíng. In contrast, the specËra of the SCTASi eÈhers have

an abundanË ion at [t'l-n]+, which serves to índícate the molecular weight"

In the hígh mass region the only other really prominenË ion corresponds
-Lto [M - R - RX2SÍOH - IÐ(2SiOH] ' . Several routes Ëo this specíes are possible

as shovm by Scheme 64. There is evidence that both proposed structures

64.4 and 64.8 occur. A metastable peak indicates sequentíal loss, firsË

of RXTSiOH and then of IIX2SiOH frorn [M-R]+. Furthermore, mass specËra

of the partially silylated sÈeroíd, and míxed silyl derivatives (Table

)OffIII), show that ín addítíon t,o the previously díscussed eliminations

of RXTSiOH or HXTSiOH fron ring A of a 3c-si1-y1o>ry-5ß-sËeroi-d, elÍminatlon

of eiËher of these species from Ëhe region of rÍng D also occurs. An

anal-og of 64.7 has also been observed. ín the mass spectrum of the TBDMSí

364

63.2, mle LL7 - TMSi

rnle 159 - TBDMSi

m/e 185 - TMTBSi

\+.
,¿^Þo-s¡xaR - [1i +

lÐ cH3cH=o-sixaR

-L
63.1, M'

Scheme 63.
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Scheme 64.

64 .L,
I

lM-Rl'

RXzSi

( Y 64.2

- .ellJ r^t - * - RX2sioHl+

lt

x2s¡0" -A-\
.ro/ \*'Y \ -ù\W\

\ ,,^-,)-ot 
ixza 

----? 
64.4

ôLÀ}) [M-R-RX2sioH,
(-{-J - uxrsioHl*

64.3, [M - R - HX.,SiOttl*
¿

64.6

lM-R-nXrSiOnl*

lM - R - RX2sioH - nxrsioul+

.L

lM-Rl'

64.7 , lM-R-nXrSiOnl*
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ether of 20o-hydroxy-4-pregnene-3-one (95).

The fragmentation in Scheme 63, which characterizes the side chaj-n.

also occurs readíly ín the mass spectra of the SCTASi derívatives. There

is also another abundant íorr, 65.2, indicatíve of the c' sícle chain and

r^7e propose Ëhe mechanísm in seheme 65 as its mode of formation.

+-l]}
-> CH.CH=OSiHX2

65 .1, [M - R]+ 65.2
65. 3

Scheme 65.

Most of the other íons ín the spectra aríse by now familiar pathways,

and many involve losses of cH' R, H2o or RXrsioH. There are tvüo other

fragmentatíons for which Ëent.ative proposals are made. Table XXVII lists

metastable peaks for Ëhe elimination of 90 amu anð. 42 amu from [M - R]+.

The former may be an analog of the HX2SíOH elímination in whích the CrU

nethyl group ís lost, rather Ëhan H from cru, to give ion 65.3. Thís

ion has the same mass as [M - cH. - RX2sioH]+ in the spectra of the TBDMS1

ether derívatives, but analogs were of neglígíble í.ntensity ín the case of

the other derivatives. The loss or. 42 amu from [M-R]+ may ínvolve elim--

ination of C3HU f rom Ëhe ínËact TBDMSi group. I^le have observed a meta-

stable peak for a sj-milar transítion ín the spectra of TBDMSi ether

derívat.ives of simple molecules vrhere íts origin Ís noË ambíguousr e.g.

for the transition 189 '> r47 ín the mass spectrum of (tBuMe2si)ro,

The silyl ether derivatives of compound XVIII (Scheme 53 and Table

XXVI) were obtaíned as secon<lary products in the silylation of andro-

stanolone (XV) via enolization of the ketone. Two possible enols were lr i:'liìi I :

i
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considerec, having either a Lz or A3 double bond. The enol was assígned

as 5o,-androst-2-en-3,17ß-dio1 from the mass spectra of the síly1 ethers,

XVIIfee and XVIIIbb, on Ëhe basis of the fragmentations in Scheme 66.

Ions at m/e L43, L42, and L27, corresponding to speeies 66.6, 66.3, and

66.4(a or b) respecËive1y, are very abundant ín the mass spectïum of the

TMSi ether. The presence of a Â2 double bond inítiates fissíon of the

1-10 bond, 66.L -> 66.2. 66.2 may then decompose eiÈher by fissíon of the

4-5 bond to give the stable radical íon, 66.3, and a stable neuËral species,

or b¡r hydrogen transfer, possibly vía the 5-membered cyclic transit.ion

state, 66.5, to give an allyl radícal and the stable íon 66.6.

RMe.sn4l
I

66.1, M'

2
I

RMe2SiO;ñCH,

66.3, R=Me: m/eL42

R = tBu¡ m/e184

l-*

f(
Me2Si=0\

þþ-!^' m/eL27

r;.leI43

n/e185
\ \- RH

\

)',-t1

..H2 ,

',iÀl
RMers ö^¡¡

66.5

Scheme 66.

-

Hre* C¿

-

'Yl

-R

+l
RMe2s'o â¡

66"6, R=Me:

R = tBu:

MerSrfy

66.7 , m/ eI28
96.!b, ml eI27

l¡i:i"ilÌ:'i::r.::
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As shovm, 66.3 and 66.6 are Ëhe likely precursors of m/e I27, either form

(66_4^ or b) of which should be very sËable, while the radj.cal ion, 66.7,

of m/e 128 ís only prominenÈ when iË is formed by elímínatíon of the bulky

t-buty1 radical from 66.6. As anticípated, 66.3, 66.6 artd 66.4 are more

abundanË for TMSj- ethers than TBDMSi eËhers. Our assígnment oÍ. a L2

rather than a A3 double bond

sËeroíds where the yield of

LOO"/" (25S). The Â2 enol was

A3 enol.

Another noËeworÈhy feature of the spectrum of the TBDMSi eËher of

XVIII, which is useful in recognLzing that an enol ether system is pres-

ent' ís the unusually high abundance of Ëhe molecular ion. Presumably,

Êhis is caused by the stabilizing ínfluence of the Â2 double bond on a

positíve charge on the silyloxy group by charge delocalization. other

ions in the high mass region can be explained by mechanisms already

given, the high abundance of [M - R - HX2sioHl+ b.irrg consísËenË with the

presence of the l7ß-silyloxy substituenË.

An interesting feature of the spectra of bis-(SCTASi)-ethers is

Ëhe relaÈively high abundance of the doubl-e silÍconium íons [M-2R]2+,

reflecting the considerable stabÍlíty of siliconium ions, especiall-y when

remoËe from other functional groups, and from each other. They were

recognized by isotope peaks at hatf-integral m/e values and their

disappearance when the electron energy rras reduced to 20 eV.

is in accord with acetylat.ion of 3-keto-

the Â2 form of the enol acetate approached

about 2.1 kcaL/mole more stable than Èhe



TABLE XXVI. ParLial mass spectra of bis-O-trialkylsilyl derivatives of di-hydroxy steroids.a

Ion type

M+
-l-

(M-CH3)'

(M-29)f
I

(M-R)'

(M-R-42)+

(lt-nx^ston)+
z-

(M-R.HX^SiOH),z-
(M-CHq-RX?SiOH) '

l-
(M-R-RX2SIOH)'.t

(M-RX2Si0rZrì 
_

(M-Rx2sÍoc2H5)'

(u-n-nxrsiõn-nro)+
(M-2RJ(2SiOH)'

(M- R-Rx2 s ioH- rÐ(2 siou).+
(u-urr-ãnx2siont+
(M-R-Rx2siõcOur)+

ru(2síoc4H6' ' 66.6

RX,,Sloc/H.', 66.3'I+J

SËeroid:

Derívat,lve:
llz

5ß -Pregnane-3u, 2Os-d io1
TMSi TBDMSi TMTBSi TMIPSí

XIXee XIXbb XIXcc XIXdd

464/0 . L2

449 /L.B
43s /-

b

407 /-
374/0.88

373/-

3s9 /0.51
d

34713.0

346 / 3.3

34110.0s

284/4.2

283/ t.2
269 / 3.5

NA

NA

NA

s48/-

s33 /2,5
srg /-
491/89

449 /3.7
416/-

415/1.0

4Ol/2. Lc

3sel7.s

389 /-
388/-

34r/1.3
284 / 6 .8r
283/29

269 /2.s
NA

}{A

NA

600 /-
s8s/1.s
s7 L/-
s43/9s

s0r/-
442/ L .0r
44112.0

427 /-
38s/13.3

4Ls/-
414/-

367 /2.9
284/9.2í

283 / 3s

26912.5

NA

NA

NA

s72/-

ss7 /-
s43l-
s29 / 100

487 /-
428/O.sgj-

427 /2.2
4r3/-
3Bs / L4.9

401/-

4001-

367 /2.s
284/8.8í

283/3L

269 /3.0
NA

NA

NA

5o,-Andro st- 2-en-3, 17ß-d Ío1
TMSi TBDMSí

XVIïIee )$IIIbb

434 / 39

4Le /6.9
40s/10.3

b

3771-

344/1.5

343/ 1.7

329 /0.82
d

NA

NA

3Lt/-
2s4/ L.3

2s3 / 0.5

239 /2.0
277 /0.28
r43/ r00

r42174

sLB/ 43

503/s.7

489 / r.2
46r/ 6L

419 /-
3861 22r

3Bs / 62

37t/r.8
329 / s.8

NA

}{A

3s3/-

254/ 2.6t
2s3/12.r
239 /r.L
277 /2.2.
LBs / L6.4

L84/ L.3

contÍnued . .

(,
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TABLE XXVI. (eontinued)

Ion type XIXee

x2sloc4H6n ' 66.7

x4slocr_H"' , 66.4
L + J _L-

ru(^síoc^H.'
¿ J4-L

RX2S1OC2H 4' ' ,þJ_2
Ð(,SíO=CHCH3' r 65.2

XrSi=OH'

RX2Sí,
4

MeXrSi'
- tJ-

(M-2R)' '

Other peaks

Base peak as %f,so

NA

NA

Lze / r.3
I 17l100

103/ 1. 6

7s/ LL.0

73/ Ls.4

e

217 /0.91

XIXbb

t\IA

NA

L7 t/2.4
Lsg / 46

L03/28

7s / t00

lrs/8.9
73/26

2L7 /1r.5
L4s / 26

tL7 /38
12. 03

4

b

c

d

e

f

Quadrupole mass spectrometer, corrected for mass discrimlnation
Same as (M-cH3)+

At least partly asslgned to structure 65.3 NA = not appl_icable
Same as (M-C%-RX2SíOH)+

Same as RX2SÍ'

Uncorrected fntensfty. Contalns sfgnlfÍcant lsoÊopfc contribution from fon type of l-or,ser mass.

XIXcc

NA

t{A

L97/L.T

Lgs /70

129 / 46

101/100

L4L/s.8

99/2L

243/ L2.9

285/ r0.2

9.45

xrxdd

38.08

NA

NA

183/1.0

L7L/7L

129 / 4s

L}r/79

127 / L7

ee/27

243112.3

zgs/9.8

9.94

XVIIIee

128/6.4L

127 /37

129 /29

¡{A

NA

7s/ 32

73/60

e

202/ L9 .7

XVIIlbb

128123

r27 / 16.9

L7 L/ 8.2

NA

NA

7s/ r00

11s/10.2

73/ 82

202/26

4L7 / 2.3

20L/ 25

8.1610. 10

(,
!o



TABLE XXVII. Metastable transitions

Transítion

ld + (u-p¡+

¡¡r + (M-R-HX2SÍoH)+

(u-n¡+*çt-R-42)+
(M-R)++(M-R-44)+

(M-R) ++ (¡í-R-HX2SloH) +

(M-R)+->(M-R-g0)+

(M- R) ++ (U-R-RXz S iOH-HX2 S iOH) +

(M-R-HX2 S loH ) 
++ (M- R-HX2 S f OII-PJ(2 S f OH ) 

+

(M-R- ru(2 s f 0H ) 
+-+ (lt- R-Ð(2 S 1OH-HX2 S iOH ) +

in the mass spectra of bis-TBDMSÍ ethers of di-hydroxy steroids.a

XIXbb XVIIIbb

b.tt given are: rp * *d, mJ<(calc) , n*(obs)
vs = very strong, s = strongr rtr = moderater rü = weak, uv = very weak

49L->449, 4L0,6, 411_ s

49L+40I, 327 .5, =

49L+283t 163.J-, ''

359+283, 223.L, 223 m

328 m

l-64 m

518+461,

518+385,

461+417,

461+385,

4L0.3,410
286.L, 286

377.2 =

321.5, =

VS

m

385+253, 166.3, L67 r¡w

378 w

322 vs

(,
\t
F



TABLE XXVIII.
Partial mass spectra of partial

3ct-subs tltuent:
20o-subs tituenË:

Ion type m/e
-L

M.

(tt-ctt^)+
¿

(M-R)'

(u-n-u^o)+
z-

(M-R-TMStOH)'

(M-R-ID(^SiOH)+
-LCZtHZt' , 64.4;or 64.8

MerSiO=CHCHT'

XrSl=OH'- ,¿-
(M-R-CH3)''

0ther l-ons

Base peak as %tso

and mlxed

TBDMSiO
HO

XIXba

434

419

377

359

NA

30r

283

NA

75

181

285

257

siLy1 derÍvatfves of

0,97

1.7

83

2.8

8.7

29

100

0.8

8.6

10, 88

HO

TBDMSiO
XIXab

u nxrsi = rBuMe2si

0. 17

0.97

44

to

4.L

8.2

100

9.1

13.9

8. 05

5ß-pregnane- 3o, 204-diol. a

m/e

506

49L

449

NA

3s9

373

283

LL7

75

2L7

TBDMSlO
TMSiO
XIXbe

0. 87

3.1

52

4.0

0.53

14. r

100

7L

2.5

NA = not applicable

TMSiO
TBDMSiO
XIXeb

0.38

4.2

89

10. 4

1.3

26

31

100

13. 0

16.15 10.90

(,
!
N)
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. 378

íií) 5ß*Pregnane-3a,17cr,2Oo-rriol (XX)

Thís steroíd r¿as studied because of the analytical problems assoc-

iated wíth the difficulry of sílylaríon of highly hindered hydroxyl

functíons (I76,246, 247), and the interesting observations on the sílyl-

ation and mass spectral behavior of. L7a,20(cx,,ß)-dihydoxy steroids (2hB).

As clíscussed earJ-ier, attempts to convert Ëhe.l7cx-hydroxyl of XX to its

SCTASi eËher !¡ere unsuccessful and only the 3o- and 20a,-hydroxyls were

sí1ylated. Trímethylsílylation of these partial sí1yl derivatíves gave

the 17c¿-TMSí-3o'20cx,-bis-SCTASi ether derivatíves (but in non-quantitatíve

yield due to side reactions).

The spectta of. the bis- and trís-sily1 ether derívatives 1¡rere

useful ín clarífying some of the observed fragmentatíons. DaËa are given

in Table xxrx, and spectra of the derivatíves xxeae, xxeee, xx.bab, and

XXbeb are illustrated in Fígures 128 to 131.

rn the spectra of all derivatives of xx, the ions in the high

mass region are of 1ow abundance, even for the SCTASí derír'aËives. Many

of the ions correspond Èo losses of TMSíOH or RXrsioH from M* or [M - R]+.

A major fragmentation, which establishes the ídentiËy of the 2oo-oxy

function, involves cleavage of the 17-20 bond with abundanË ions result-

ing from retention of the chaïge on either fragment, 67.! or 67.2, as

has been observed Ín rel.ated steroids (248, 259, 260). ron 67.L,

abbreviat"d to q+, is the ultimate pïecursor of many promínenË ions formed,

where applicable, by sequenÈíal elíminatíon of H, H2o, TMSíOH, RX2síoH

or Me2Si=CH2. A metastable peak was earlíer reported (248) for elímin-

ation of H froin Q+ of TMSí derivatíves. Two major ion types which arise

in ËhÍs are observed aË m/e 273 and 255. For the latter, which is the

base peak in several of the spectra, a 1,3 axial eJ,Írninatíon of ZOH wíth
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YO"

67 .L, Q+z
Y

H, TMSi

TMSi, TBDMSi, TMTBSi

þ9-2"

Schene 68.

mle255

O:SiMe^
(\)cHÍ

È""2
- M%Si=CHz ,

Me+
)C= 0 SiXzR

H'

67 .2

Scheme 67.

+
OH

69.L, ¡q - 
"on1*

Schene 69.

69 .2, Crnttrron+



a concomitant 1,2 H shifË ís proposed, 68.1 + 68.2(a or b), to

380

gíve a

si1yl etherstable carbonium ion. For the formation of. m/e 273 from a 17

derivatíve, el-ímination of MerSí=CH2 is proposed (Scheme 69).

The 17cl¿ and 20o silyloxy functions are close enough to ínteract.

A siliconiuin ion, once formed by loss of R, has a great tendency to inter-

acË r^rith accessible electron-dense sites, such. as the lone pair of an

oxygen atom. A number of important ions arise in this way. Thus, stable

al1yl carbonj-um ions 70.2 and 79.3 could be formed via a mutí-centered

0-+
li---six2

70.7a,

70 " 1b,

Z

lM

lM

f,

-Rl'
-R-

Scheme 70.
I

70.3, cztnzi
(same as 64.8)

R XzSi

¡(0H)oz

RX2SiOHI+

70.2, RX2SíOC21H32+

-RXzsioHj

transÍtion sËate 70.1 (a or b) ín which the 174-oxy function is Ëransferred

to Si and HrU is Ëransferred ro 0ZO r¿íÈh eliminaËíon of XrSi(OH)OZ. A

second ion type owes Íts genesís Ëo 71.1 -> 7L.2, in which the 17cx-oxy

funcËion migrates to silicon. Other high intensíty íons are RX2SiO=SiXe]
+

and MerSiO=SíX, which are typícal of many compounds containing silyloxy

groups close enough Ëo interacË (see chapter rv). The former ion ís of

much lower abundance than the latter because the tBu radical is lost more

+readíly than CH3. l-urthermore, we have observed that ËBuMerSíO=SiMej
r.rt:::- :ì'' :l:
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decomposes by eJ-imination of C'HU to gíve MerSiO=SiMe|.

l$)*-'
7L.T, [M - R]+

1,2 H shif t?

-lb1þ Me r-

)c=o ?i 
x.¡r oz

7 L.2

Scheme 71.

i.'rì, it.r'.t :;..1,



TABLE XXIX. Mass spectral data for partial and mixed sí1yl derivatíves of 5$-pregnane-3d,r17*,2gcr-triol.

Ion

3o,20o-substÍtuents:
17s-substituent, :

a ll:

M+
J-

(M-CH3)'
!

(M-R)'

RX2SiOC2l rrr* 
'70.2

(M-R-RX2siou)+

Q*, 67.L
;-

(Q-tt)'
+

cetH¡r. ' 7o '3
(Q-irro)+

(Q-n-n)-

TMSiO
HO

XXeae

480 / 1.8

465/0.s

NA

NA

NA

363/10.s

362/ 14.2

283/4.1

34s/3.5

NA

b

NA

27 3/ 3s

272/ Lg ,0

zss/ L00

NA

NA

(Q-rusion¡+
(Q-rurrsrou)+

ctgHzgoH', Sé
(Q-H-TMS1oH)'

c 
LgHzT+ , @|.

RXrSiOSíMer'

MerSiOSlXr'

TBDMSiO
HO

XXbab

s64/0.2

s49 /-
507 / 2.1

4rs /1.6
375 /2. t
40s /0 .96

404/L.L

283/37

387 /2.5
347 /4.7

NA

b

273/LL.4

NA

zss / 6r

\IA

NA

TMTBSíO
HO

XXcac

616 / 0 .60

601/0. rs

559 / 5.3
44t/2.9
401/ I .0

431/0.31

430 lO.47
283/ 22

4r3/1.7
373/0.86

NA

b

273/2.s

NA

zss / L9 .L

NA

NA

or 69.2

TMSiO
TMSíO
XXeee

ssz/3.2
s37 / 1.6

NA

NA

NA

43s / 62

434 /-
283/ 4.s

NA

NA

34s/12.6

NA

273/-

344/-

Lssl L00

NA

147 / 33

TBDMSiO
TMSiO
XXbeb

¡;,.)
;1.,1 l:
:ri: i Ìt

i:.1r.l

636 /L.8
621 /0.70
s79 / 4.9

4rs/-
447 /-
477 / 64

476/-

283/L9.3

NA

4r9 /-
387/3.s

34s/s.4

273/ 4.6

NA

2s5/ 100

L89 / LL.2

147 / 82

continued

TMTBSiO
TMSÍO
XXcec

688/0.28

67310.28

63r/ 2.3

44r /-
473/A. L9

s03l 100

s02/-

283/2L

NA

445 /-
413/3.s

34s / 5.6

273/-

NA

zss/9s

zls/L7 .0

':'.''.'
(/)
Oo
N)



TABLE XXIX. (conrinued)

ron typea xxeae

+
c?Háosfx?oz' , 7L.2

-J

RX2SiOC?H ¡' ' 67.2
+

TMSioC^H .' - 67 .2.¿ 4
RX?Si+

-f

x?sÍoH'
-r

MerSiOH'
!

MerSÍ'

Other lons

Base peak as %Eso

Ltg / 29

NA

LL7 /6L

NA

NA

7s/42

73/ 64

zLs / 26

8.67

t nxrst = TBDMSi or TlfIBSi

b Sr*. as CrrHrrott+

c Possíbly formed by rearrangement of
d S"r. as X,SíoH+

NA = noË applicabJ-e

XXbab

1 19l 100

Lsg / 8L

NA

LLs / L7 .8

7s/82

d

73/ 58

zLs/ LL.t
8.47

XXcac

145/ 100

18s/31

NA

L4L/6.2

L}L/ 4s

NA

NA

13.00

XXeee

19L/6.0

NA

Lr7 /r8.9
NA

NA

75/17.9

73/ sL

zrs/ rs.8
LI,82

YJ(beb

,j.]

19 1/30

Lsg /25
(Lr7 /6 . Ðc
1ls/10.9
7s/ 39

d

73/65

2L5/ L9.3

7.7r

17o and 20o sf1-y1o:{0' groups (248) .

XXc ec

2r7 / L9 .4

r 8s/ 15. 0

NA

L4r/7.4

L}L/ 40

7s/ LL.6

73/ s8

7.37

(¡)
@
(¡)
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Fígure 128. Mass spectrum of 3,20-bis-TMSl-pregnanetriol (XXeae) recorded on FÍnnigan MS at 70 eV.
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5. Application of SCTASi Derívatives to Steroid Metabolites

A number of metabolites of. 2ur3cr-cyclopropano-5o-androstan-l7S-o1-

(XXIII) were earlier identified in the crude neuËïal steroíd fraction from

ß-glucuronidase hydrolysis of Ehe urine from orally dosed rabhits (261,

262). The steroidal materials weïe extracted into ether, purified by

column chromatography and cryst.aLlization, and identified by elemental

analysis, rR, NMR and MS. Of the various products, xxrv-xxvrrr (see

Scheme 72) were the major componerits, as esti-maËed by GC. A símplifícat.ion

of the analysis was achieved by elímínating epimeric hydroxyl isomers

via Jones oxidation, and subsequenÈ GC determination of the resulting

keËones. A símpler and more accuraËe method of quanËítative analysis

would normally be by GC of TMSi derivatives. Trimethylsílylation of the

crude extracË of the rabbít urine and analysis by GC on oV-l and ov-17

columns gave the chromat.ograms shown in Figures I32a and 132b, respecÈ-

ively. The OV-17 column gave the better separation because the more

polar ketosi.lyloxysteroíds are retarded with respect to silyloxysteroids.

Hor,¡ever' tr¡/o posiËionally isomeric diols, XXIV and XXV, were inseparable

as TMSí ethers on either column, although both do separate from xxvr,

the epimer of XXIV. Hígher resolutíon columns díd not yield separatíon

of xxrv and xxv but did he1-p ín oËher parts of the chromatogram.

Preparation of the TBDMSi derivatives of the steroid meËabolites

in Ëhe erude extract resulted in the chromatograms in Figures 133b and

134, with peak identiËíes assigned by comparíson with derivatives of

isolated compounds and checked by MS. Almost eompleËe separatíons of

XXIV and XXV r,¡ere achieved on both of the short columns used. The OV-l

column (Figures 133b and 134a) gave the greater number of resolved peaks

and a better overall separation than Èhat of Ëhe TMSi derivaÈives on

l: 
':,



Scheme 72

II;b=TBDMSi;c=TMTBSi
TMIPSi;e=TMSi

Parent Compound

2o,, 3o-cyclopropano-So-andros tan-17 ß-oL

'.]-.:]'-..j':'''.''::.''':.:'.:'j...'''.'.'.:..
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SubstituenËs: (R)

#'

)o(IIIr

a-

d=

xxlvr 2o, 3cx,- cyc 1op ropano-5o-andro s tan-
4cr, L7o-dio1

xxvr 2cx,, 3o-cyc lopropano-5c-andro s tan-.

6a,17$-dío1

XXVIT 2a, 3a- cy clopropano-Sc-andro s tan-
4cx,,17$-dio1-

)OWII¡ 17$-hydroxy-3S-methyl-So-androstan-2-one

)O(VIIIT 4o-hydroxy-2crr3o-cyclopropano-5o,-

androstan-17-one



Figure 1-32. Gas chronatograms of trÍmeÈhylsílylated crude
(1-02 0V-1, 1-m x 2nm-ID), 23Oo; (b) column B (L07. OV-j_7, lm x
by cross-hatching. Peak identity (underivatized steroid) :

8t0
Minutes

'.:'.,.::'.

'.:1a,

. ,ti",,
.¡- . :¡.i

1=)O(III 4=XXIV1 = )O(III
2=X)ffII 5=XXV
3=XXVIIT 6 =XXVI

extract of steroíd metabolítes: (a) column A

2mm-ID), 230o. Ketoníc compounds are denoted

(4o,17a-dio1)
(6o,17ß-diol)
(4a, l-7ß -dío1)
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4+5

7Øl l sti
f-l z oH

ffil soH

to
Minutes

Figure 133. The influence of the type of silyl group upon Ëhe GC of
crude extract of sËeroid netabolites: (a) TMSí derivaËives on column A(102 OV-1) at 230'; (b) TBDMSi derivatives on same column at 260o. Shad-ing índicates Ëhe number of hydroxyls present in each compound. (determined
by ôr values, l,fs, and structural elucidaËion by oËher techniques). peak
identities the s¿rme as in FÍgure 132.



FÍgure 134. Gas chromatograms of TBDMS1

(102 OV-l-, 1-m x 2mm-ID), 260o; (b) column B

by cross-hatching. Peak ldentfties are Èhe

t0
Minutes

::'ail,ì :,
. i.:j l

derivatized crude ext.racË

(102 OV-17, 1m x 2min-ID),

same as 1n Figure 132.

of steroíd metabolites: (a) column A

260". Ketoníc compounds are denoted
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either column. Retent.íon indices úrere, of course, increased. relaËive

to TMSí eËhers but the greater reËentíon increments for alcohol to TBDMS1

eÈher conversion allowed beËter separation of mono-, di- and trí-sílyloxy-
sËeroids (compare Fígures l-33a and l33b). on the ov-l phase Èhe three

diols were shifted Ëo a region of the chromatogram apparently free from

other substances. However, on the ov-17 phase (Fígure 134b) the more

polar ketosilyloxysteroid, xxvrrr, \^ras sufficiently retarded that ít
interfered with Ëhe derivative of XXtrV. Retention índices, ïeporËed for
ali derivaÈives ín Table IJ(X, are very useful in supporËing Ëhe assigned

structures. ReËenËion increments in changing either the column

(ÂIoVfZ_OV') oï the derívarive (ô lfnousi_TMsi) ind.icaÈe rhe presence or

absence of ketone functions and the number of sílyl gïoups, respectively.

(Âr = 30-150 for silyloxysÈeroids, Ar = 200-300 for kerosílyloxysteroíds;

6r=300, 550 and 700 for one, two and three silyl groups respectively.)

In thís study iÈ r¿as also possible Ëo demonstrate Ëhe usefulness

of SCTASi derivatíves for TLC-GC separation schemes. UsÍng cyclohexane/

ethyl acetate (9:1) as a developing solvenË, the TBDMSi d.erLvatízed extracÈ

was subjected to TLC. Figure 135b shows Ëhe GC analysis on OV-l of the

non-po1ar fraction isolated by elution of a band at Rf = 0.55 to 0.65

clear1-y showíng the absence of the more polar keËosteroids, which were

contaíned ín a TLC band at Rf = 0.40 to 0.50. This "group separationrr is
also possible wíËh rMSi derivaËives, but due to the suscepËibility of

these derivaÈives to hydrolysis on handling it is usually ¡.ecessary to

resilylaËe the eluted material prior to furËher analysis by GC (25).

The TBDMSÍ derivatíves, on the oËher hand, are recovered without any

decompositÍon, allowíng direct analysis of the eluate from the silica gel.

To further ínvesÈÍgate isomer separations achieved by the change

:r;:.
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fl Hydroxysteroids

?Ø KeIo -hyd roxysteroids

¡o
Minutes

Figure L35. Gas chromatograms of (a) TBDMSi derivatized crude extract,
of steroid meËabolites on column A (L0"Á ov-l, lm x 2nm-rD) at 260" 1 (b)
non-keÈonic fraction of TBDIISi derivatives of metabolÍtes ísolaËed by TLC

(Rf = 0.55 to 0.65), with same GC condÍtions. Peak ídenrities Ëhe same

as in Fígure 132.
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Parent Compounda O-Silylb Comprda - TLcc
Name Derivat.ive No. Ãf

2c, 3o,- cyc 1op ropano - 5s-and ro s tan- 1_ 7 $ - o 1_

TMSi XXIIIe 0.62
TBDMSi XXITTb 0.62

2o, 3o,- cyc 1op ropano-5o-andro s tan-40,, l7o-d io 1

TMSi XXIVe 0.59
TBDMSí XXIVb 0.59
TMTPSi XXIVd 0.59
TMTBSí )ffiIVc 0.59

2e, 3o-cyc 1-opropano-5cr-andros tan- 6c, 1 7ß -d ío 1

TMSi XXVe 0.61
TBDMSí XXVb 0.61
TMIPSí XXVd 0.61
TMTBSi XXVe 0. 6l-

2o, 3o- cyc lopropano-5o,-andros tan-40,, I 7ß-d io I
TMSi XXVIe 0.58
TBDMS1 XXVIb O.58
TMIPSÍ XXVIb 0.58
TMTBSi XXVIc 0.58

TABLE XXX. Chromatographic data for steroid metabolite derívatíves.

T-ov-1
ffi

2464
2780

265L
3Ls4 3L79

373s
3790

2654
320L 3229

37 6r
383B

2699
3269 3303

3846
3930

GC DATAd
T-ov-l_7

ffi

2598
29L9

273L
32L8

3928
3952

27 32
3260

3944
3986

2787
3337

4044
4095

ri:::r::
l . t:..:-ìr :, :,.
.'l:r. ì,l

atrur-z-our-'

L34 (230')
139 (260')

B0 (230")
64 (260')

1_93 (280" )
L62 (280")

78 (230')
59 (260")

183 (280")
\48 (280")

BB (230")
68 (260')

t 98 (280')
L65 (280")

continued... (,
\o
lJt



TABLE XXX (continued)

Derivative

1 7S -hydroxy- 3$ -me ËhyI-So-andro s r,an- 2-one

TI'fSi XXVIIe 0.42, 2550
TBDMSí XXVIIb 0.42' 2849

4o-hydroxy -2a r3o- cyc lopropano-5c,-andr o s tan-17 -one
TMSi )ffiVIIIe 0.43 2630
TBDMSi XXVIIIb 0.43 2930

*rtt'
rov-t

ffi

d

b

c

d

e

See Scheme 72 fot structures and numberíng sysËem.

No rníxed derívaËíves used; refer to compound number to determine the number
of silyl Broups.

TLC deveLopnent solvent: cyclohexane/ethyl_ acetaËe (9:lrv/v)
GC data expressed as KovaÈsr retention indíces.
Temperature gÍven in parentheses.

rov-tz
ffi

2835
3A49

2888
3r_90

atou

285 (230')
200 (260")

258 (230")
260 (260")

(+)
\o
Or
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TABLE XXXI. Separation facËors (o) for isomer paÍrs.

Derivat.ivea CoJ-.Tenp. ov-1 ov-l_7

XXV/XXIV )offI/xxlv XXV/XXW XXVI/XXIV

TMSi 230"

TMIPSi 280"

TBDMSí 2600

TMTBSí 28OO

1.008

1. 0s9

L.L24

r.LL2

L.L52

1.280

1.335

L.367

L.002

1. 039

1.119

1.083

1. 188

L.320

r.373
1.406

" Arr"r,.g.d in order of increasing steric crowding around silicon.

ôf sílyl groups, the separation fact.ors for the derivatives of three

ísomeric dio1s, XXIV-XXVI, were measured for each of the four sily1 groups:

TMSí, TMIPSi, TBDMSÍ and TMTBSi. The results in Table XXXI, expressed as

separatíon facËors for isomer paírs, imply that, up Ëo a point, separation

of ísomers increases wíth increasíng steric crowding around silicon.

Possibly, as proposed earlier for other steroid isomers, the bulkier

(sterically) ÈhaL the si1y1 group is, the more the steroids are forced

into conformations whích accentuate the differences between ísoners. In

the case of the epimers, XXIV and )O(VI, the best separation r¡as achieved

wíth the most srerically crov¡ded TMTBSi derívatives. For the more diffi-

cult separation between XXIV and XXV, TBDMSi derivatives gave the best

separation.
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The mass spectra of the sílyl- derivatives of Èhe diol metabolíËes

XXIV-XXVI were studied in order to assess their effectiveness in disting-

uishing between posiËional isomers and between epímers. The mass spectra

of the TMSi and TBDMSi ethers are shown in Figures 136-141, wíth a summary

of Ëhe more important ions for all derivatives presented in Table XXXII.

The epimers XXIV and XXVI are virtually indistinguishable by Ëhe mass

spectra of their TMSi ethers, while differences in the spectra of Ëheir

SCTASi ethers are observed. These are mainly variatíons in the inËens-

ities of cerEaín ion Ëypes. The isomer xxV has mass spect.ra readily

distinguishable from those of XXIV or XXVI as either rhe TMSi or SCTASi

ether derivat.ives.

;:r.:.-.i'. t,ì,;ì::i
i: 'ir.- :ìl-'.:.:IL ::
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FÍgure 136. Mass spectrtrm of TMSÍ derlvaÈíve of the 4a,L7a-dLol- metabolite
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Figure 1-37. Mass spectrum of TMSÍ derfvative of
MS at 70 eV.
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TABLE XXXII. Partíal- mass spectra of silyl- ether derÍvatives of dÍ-hydroxy steroíd rnetabolÍtes.

(Ion type)+

M

M-CH3
M-R
M-RXzSÍ0H
M-R-IÐ(2SiOH
M-CH3-RX2SiOH
M-R-RX2 SÍOH
M-R-RXzSi0H-H20
M-2RX2 SiOH
M-R-HX2 SiOH-RX2SfOH
M-CH3-2RX2SiOH
CtsEzz
RX2 SiOC 5H 7

X2SiOC 5H7
Ð(2SiOC3Ha
X2SiOH
X2SiCH3
RXz Sí
(M-2R) 2+

Other Íons

Base peak as %tso

DerivaËive:

DÍol-:
m/e

448
433
a

358
357
343
b

325
268
267
253
202
156
141
L29

75
73
c

209
242
227

4a,L7u
)üIVe

TMSÍ

13.4 L2.5
8.6 8.9

4o,17ß 6a,L7B
XXVIe XXVe

u Sur" u" (M-cHr)+
^J" sm" as x2sicã3+

a
L8.7
1.8
s.4
b

0.49
L3.4
2.7

L0.7
31
97
65
72
50

100
c

6.2
5.4
9.6
6.72

4

L7 .3
2.3
4.L
b

0. 38
12.2
1.8
9.5

32
9B
65
76
47

100
c

5.8
5.1
9.3
6.97

r.8
9.1

a
54
2.4
9;6
b

42
8.4

27
2.7
4.9
5.6

77
46

100
c

8.3
16.0
28
6. 03

m/e

532
517
475
400
399
38s
343
325
268
267
253
202
198
I4T
L7T
75
73

115
209

4u,L7u
XXIVb

b S"r" "" (M-R-ru(2SioH)+
I Uo"o"..cted j-ntensity. Contains sÍgníficant

contrÍbutÍon from ion type of 1or¿er mass.

TBDMSí

0. 16
3.0

B3
4"6L

L2.L
0. B7

24
3. 5.
3.4L

13.1
0.92
1.7+
1. 31

45
L7.0

100
43
9.6
4.L

4u,I7$ 6a,,L7ß
XXVTb XXVb

2.8
95

5. ga

10. 9
1.5

14.2
2.0.
3. ga

16.0
1. 3.
1.2:
L.2L

33
L8.2

100
49
11.5
7.0

8.77

3.5
91

6. 81
15.3
r.6
s.6
1.3.
9. 11

37
L.2
o.g7L
1. 6i
3.8

1s. I
100
49
8.7

13.6

9.4s10.05

continued . .
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TABLE XXXII. (conrinued)

(Ion type)+

M

M-CH3
M-R
M-RX2SiOH
M-R-HX2SiOH
M-CH3-RX2Sí0H
M-R-RXz SiOH
M-R-RX2 SiOH-Hz0
M-2RX2 S1OH
M-R-HXz SioH-RXz Sí011
M-CH3-2RXzSiOH
CtsHez
RXzSíOC sHz
X2 SiOC5H7
RX2 SiOC 3Ha
x2 sioH
X2 SiCH3
RXzSi
(M-2R) 2+

Base peak as %X5s

DerÍvative:
Diol:

m/e

584
569
527
426
425
4LL
369
351
268
267
253
202
224
167
L97
101
99

L4L
235

4u,L7u
XXIVc

TMTBSi

0. 3B
0.98

9L
B.2L

12. I
L.2

3B
5. 3.
7.5L

25
2.L .
^.L¿.o
o. 581

50
8.4

100
2B

7.6
3.9
7.02

4u,I79 6u,L7ß
XXVIc XXVc

0.32
1.1

100
i1.01
9.8
5.5

L9

3.3.
6.gL

22
L.9.
roa
ö. áot

43
7,5

8B
27
7.3
7.0
8.08

0.22 556
1.1 541

100 513
7.gL 4r2

T7.7 4TL
2.4 397
8.9 369
1.5. 351g.7L 268

39 267
r.6 2s3
o.s4: 2oz
o.zgL 2LO
r.7 167
4. 4 183

68 101
21 99
3.9 r27

10.7 235
10.20

m/e
4a,I7u
XXIVd

TMIPSi

0.74
0.72

96
g. 31
7. B

0.79
36
5.4.
8.91

20
4.5.
3 .8:
2.5L

53
14. 0

100
45
L9.6
5.6
6. 18

4u,I7ß 6u,1-79
XXVId XXVd

0. 65
0.63

81
L3.4
4.8
3.0

20
2.7 ,
g. B'

22
4.9.
3.2:
1. ga

32
16. 0

100
50
2L
6.0
6. L9

0. 45
0.4t+

100
T7.7L
15. 5
1.5

L2.9
1.7.

15. 9a
45
3.4.
1.4r.
0. 734
2.5
7.4

87
43
L2.L
13.3

7 .56

F.
O
o\
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C. Sunmary

The prececiing results have denonsEraËed that sterically crowded

trialkylsilylatíon has a number of valuable features for the chromatography

and mass spectrometry of biologícal1y irnportant compounds:

(a) Derivatives of compounds with primary and sterically unhínd-

ered secondary hydroxyls are easily prepared in quantítaËive yield under

mild reacËion condiËíons.

(b) The hy<lrolytic stabil-Íty of SCTASí eËher derivatives allows

easy handling, quantitatíve analysis by liquíd chromatography, and

isolat.ion of stable, pure sËandards for reference or quantít.ative work.

(c) The low polarity of SCTASi derívatives elimínates Ëailing and

non-quantitative elution problems encountered in the líquíd chromato-

graphy of polar compounds and allows the use of low polarity, volat.íle

mobile phases. A1so, silylatíon can be useful for "group separaËionst'

of different classes of compounds (e.g., hydroxysteroíds from keto-.

hydroxysteroids)

(d) Most SCTASi derivatives have sufficient volatílity and thermal

stabílity for quantitative gas chromatography and mass spectrometry.

(e) SCTASi derivatives can yíeld improved separations of ísomers

and míxtures by gas chromatography (relatíve Ëo underívaËízed anldlor

trinethylsilylated compounds ) .

(f) The use of an homologous series of SCTASi derivatives for GC

and Ëhe measurement of ô I values can yield structural informatíon,

such as the number of reactive hydroxyls in a compound.

(g) The mass specËra of SCTASi derivaËives have an abundant [M - R]+

fragment ion useful for deterrnining molecular weights and for selected

ion recording work.
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(h) Mass spectral fragmentations are directed by Ëhe SCTASi group,

usually vía siliconium ion rearrangements. Since the latter are depend-

ent upon Ëhe sËeric accessíbilíty of silyl groups and electron dense

functions, Èhey often lead to structurally and stereochemically inform-

ative fragment ions, and characËeristícally different spectra for

isomeric compounds.

(Í) An homol-ogous series of SCTASi groups allows the labe1ling of

sílyl substituents for the elucidation of mass spectral fragmenËation

paËhways. This avoids Ëhe use of expensive deuterium labelled sil-yl

groups.

(j) Mixed derivatízations are relatively easy to perform and allow

a detailed elucidation of mass spectral fragmentation mechanisms.

Mixed TMSi/SCTASi derivaËives are especially useful in this regard

since Ëhey allow the "ísolatÍont' of individual síliconír:m ion species

and their daughter Íons.

Of course there are a few disadvantages aËtached to Ëhe use of

SCTASi derivatives for GC and MS:

(a) Sterically hindered hydroxyls are difficult to silylate.

(Mixed derivatízaÈion schemes may be a solution to this problen. )

(b) Due t,o the large retention increment effect for the addition

of each SCTASi group, derivatives of polyhydroxy compounds may have

excessively long retenËion Èimes.

(c) The high mass of the SCTASi ether derívatives of polyhydroxy

compound.s could be a d.ísadvantage r¿hen using some models of mass

spectromeËers with low mass límits. (On the other hand, iË may be an

advanËage in GC/MS-SIR of some compounds, where the íncreased mass

wil1 place imporÈant fragment ions in a region free from GC bleed peaks.)

i:. '..:

l::ì,.l:.:: ..::'
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Overall, for the analysis of nucleosides, steroids, and oËher

compounds of biological interest, SCTASi derivatives appear t,o be

complementary to the wídely used TMSi derívatives and may be vastly sup-

erior for certain applications.

VI. CONCLUSION

The results presented in thís thesis have clearly indícated (a)

Èhat the techniques of gas phase analyÈical chemistry (derivaËizatÍon,

f-iquid and gas chromatography, and mass spectrometry) are valuable for

Èhe separaËion and characterízation of synthetically ímportant sí1yl

derivaËíves of nucleosides, and (b) that sterically crowded tríalkyl-

silylation is useful not only for the synthesís but, also the chromaËo-

graphy and mass spectromeËry of bíologically ímporËant compounds.

IÈ is anticipated that both sËerically crowded Ërialkylsilyl

derivatives and gas phase analysis wíll play an important role in future

research ín syntheEíc and analyËical fíelds. Therefore, it is hoped that

some of the methods and results described in Ëhis thesís will stimulate

contínued ínvestígat,ion in ühese areas.

. :.,1-Ì..i r,,ji-i.: :.

i:;,ì:l.i.::,, ,:

::.i:.:,r..: :rr':i i:: :.'.:.::
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VII. APPENDIX

A. Program for the HewleËt-Packard 91004 calculator for Ëhe calculation
of KovaÈs I isoÈhermal retention indices (I values) . A fl-ow

diagram for operatíon ís given on the nexË page.

00 CLear
01 x+ ( )
02d
03 x+ ( )
A4c
05 x+ ( )
06b
07 I
08 x+ ( )
09a
0a Ro11 *
0b sToP
0c IF FI,AG
0d4
100
11 LOG¡er
12 xíty
13+
L4 I
150
160
L7X
18+
19 ACC +
la+
lbx
lc xÐ¡r
ld vê()20d
2l+
22 v?( )
23d
24+
25X
26b
27+
28 Y*()29b
2a Roll t
2b+
2cX
2d. c

65 Y'+ ( )66c
67b
68t
69f
6a+
6be
6cX
6da
70x
7L+
72
73d'74 +7s+
76 {r
77+
78c
79 ,ß
lat
7bd
7c Roll t
7d xîly
80+
8l vO( )
82e
83e
84X
85 f.
86 x.îty
87
88e
89 STOP
8a v.+ ( )
8rb b
8c0
8dt

i
STOP
LOG¡o r

+
b

e

ó
+coro()()

30+
3l Y+ ( )
32c
33a
34+
35 I
36+
37 Y')()38a
390
3a+
3b coro()()
3c0
3at b
40a
4Lô
42 I
43
44+
45 x+ ( )
46a
47e
48+
49a
4a+
4b y?()
4cf
4d+
50 y*()
5Ie
52X
53e
54X
55d
56 x?y
57
58 y+()
59d
5ac
5b+
)c1
5d+

9
t

n{D

90
9l
92
93
94
95
96
97
98
99
9a
9b
9c
9d

60x
61 a
62X
63*
64
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Appendix A (continued)

Next Data+
Set

Enter Progran (startfng address 1s 00)
I
ü

Press: END

Iry

Press: Continue

t
Dlsplay:

¿
Enter: (a) C#, (b)

J

1 = palr of data pofnÈs
entered

1, (c) Reteutiou Time
of Alkane

to be

ContÍnue

Press: Set FIag

Press: Contlnue

I
Display:

J

Press¡ Continue

t

z = r (correlatíos coefficl.eoÈ)
y = b (intercept)
r = rû (slope)

Retention TLme

z=I(Retentioulndex)
y=0
xo0

Press:

Press: B{D
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B. Fortran IV program for plotting mass spectra. (An improved version
of thaÊ reported by D.C.K.Lin (Ph.D. Thesís, Uníversíty of
Manitoba, L972).)

00010 c ¡rÀssPLo,l 12/4/76
00020 c
OOO:IO C- PFOGFÀ}I 10 CÀLCIILATF å,ND PLOT À NOBI'À,LIZED !IASS SPECÎSt'II
OOO4O C IIÀGNTFICÀTION ÀHD SCÀLE EXPÀ¡íSION FEÀTURES ÀVÀILÀBLS0005c c
OOOSO C TNPUT PÀRÀIÍETEBS:
00070 C
00080 C CÀRD t1" PORüÀ1: (211,I4r10À41
00090 c
OOIOO C PÀRÀI/IEîER 1: K = INTEGER DE}¡OIING I{ÀSS SPECTRO¡TETE8 USED ÀTID
OO 1 10 C TREÀT¡{ENT OF TRE SPECî8U¡1
00120 c 0 - HIIACHT p¡îU-6D, ÀCT0ÀL SPECIRI'L
00 110 C 1 - 1015 OilÀÐiìur-rolB H¡rsS spEcTRoüEîEn, ÀcTüAL spEcTRtt¡t ßtf D
OOI4O C SPECIRÍ'¡I CONRECTED POR fiÀSS DISCRII{INÀTIO¡I
00150 C 2 - 10 15 OnADRUPoLE, SPECTRUI{ CoRRECTED FOR IIASS DfSCBItl.
00160 c 3 - 1015 onÀDRÌrpoLE, ACTUÀL spEClRUn
0017C C PÀRÀllElER 2z L = INTEGER DENoTING FORHÄT OF DÀÎÀ Il¡PUf
00180 c 1 - FoRHAT l. SEE CÀRD *5
00190 C 2 - FoR!ÀT 2, s?E cÀRD *5
00200 e 3 - FoRtrÀT 3, sEE CÀRD *5
OO21O C PÀFÀIIETEB 3: ID = rDENTrFreÀlIoN NUIIBER oF THE sPEcTnUü. IF TE8
OO22O C NÛ¡.ISER TS NOT >O ETECI'TION IIILL ÎER¡IINATE
OO23O C PÀIIAI{ET5E 4: TITI-E OR EI]RTI]EN IDENTIFICÀÎION O? THE SPECTRIIII"
OO24O C TITLE IS NOT LOIIGER THÄ¡i 40 CSARÀCTEBs
00250 c
00260 c cÀnD *2. FoRüAT; (1F10.4)
00270 c
00280 e PÀRÀ¡IETER¡ SEP = SCÀLE EXPÀNSIOil 8ÀCAOB
00290 c
00300 c cÀRD *3. rORtllT: (1F10.ttl
0o 310 c
OO32O C ÎHIS CÀRD TO BE INCLUDED ONLY HITH FORÌIÀTS 2 ÀND 3
OC33O C PÀPÀ}IETER : DSTAPT = TEE FIBSÎ ¡IÀSS NO. TO BE R8ÀD II¡ PBOII
OO34O C COL.I OP THE FIBST DÀÎÀ CÀBD.
00350 e
00360 c cÀ RD l,r. FoRttÀ1: (8F10.41
00370 c
00380 C PAFÀ¡IETER 1: XSCÀLE = IIASS SCÀLB lll UNllS OF ]IASS lltl{BER/Cll.
00390 C PÀRÃIIETER 2: XSTÀRT = üÀSS NOIIBER À1 íHICR PLOT fS 10 BEcIl,
00400 c lMS HÀY BE: 0,10,20,30,1¡0,50;îHEN:1c0,150r81C.
OO41O C PARÀË:TEI 3: XSI0P = HÀSS NI]4BER À1 IIHICH PLol rS 10 EIID.
OO42O C PÀFÀIIETER 4: YHGHT = HETGI.IT OF THE PLOT TN Cü. (IIÀX=19.1)
OO43O C PÀRÀ!.IETERS 5, 6 ÀND 7; VÀLOES OF IISTART, }'SIOP ÀND IIÀGI¡IPÍ
OO44O C RESPTCTTVELY. À I'ÀGNIrICÀTIoN oF INTENSTTIES occuns
OOq5O C (DI'RING PLoT:TNG) oP ALL PEÀKS BETI{EEN MSTÀRT ÀND ¡IsToP,
00t160 C BY À FAcToR IlÀGNFr. IF IiSTABT = ¡lSlOP = 0.0 THERE IS tlo
00470 C ÈlÀc¡¡IFrCÀÎrON.
00tt80 e PÀAÀüETER 8: XEROX = l¡ÎtüBER OF PI.OTS OF lEE SÀltE SPECTRttll.
00490 c
00500 c cARDrs-oNr¡ARDS: DÀÎÀ CÀ8DS - IN FoR¡íÀT 1,2 OR 3:
005 f0 c
00520 C PoRllÀÎ 1: (2F10.4) llÀss Nttl{BER ÀND TNTENSIIT 0F TEE PEÀKS Il¡ TRIS
OO53O C SPSCTEI'II.DENOTE lHE END OF TIIIS SERIES BT À BLÀI¡K CÀRDC
00540 c EG. 16.0 10.0
00s50 c 2c .1225 1 2. 1 531
00560 c
00570 c
00580 c
0059C C fORüÀÎ 2: (I1rF9.2.7F10.21
OO6OO C IIÀSS NO. OBTD FROII POSN OF INÎENSIÎT YÀLI'E OII DåÎÀ CÀ8D
00610 C PÀRÀI{ETEA 1: TNTEGER DENOÎING INCREÌIENÎS OP IIASS SCÀLE
00620 C 0 - INCREIÍ ENT = 1.0 l{ÀSS UIIT
00630 C 1-INCREI{E¡{T=0.5 llÀSStNfl

L. i:-ì : a;:'
: :... ii \:.. .



00640
006 50
00660
00670
006 80
006 e0
007 00
00710
00720
00730
00740
00750
00760
00770
00780
00?90
00800
008 10
0082c
008 30
00840
00850
00860
008?0
008 s0
00890
00900
00 !ì 10
009 20
009 30
oo94o
00950
00e6c
00970
00e80
009 90
010c0
0101c
01 020
010 30
01040
010 50
01060
01070
010 80
01090
01100
011 10
01 120
0113C
01140
01150
011 60
01 170
0r180
01190
01200
01210
01224
012 30
0t 2 rr0
01250
01 260
01270
01 2e0
o129t

10

E FEÃD
20

C PTÀD
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C PÀRÀI{E?ERS 2 - I : :UTENSIIrES, Il¡ OFDEB OF I!ÀSS, OF EIGRT
c HÀssES pROn E.G. 33.0 1O 40.0, 0E pBO¡f 32.5 10.36.0,
C FCLLOIIED BY 36.5 1O 4O.O EVEN IF ÎHERE IS NO PEIK 11
C T8À1 flÀ,SS. El{D OF DÀÎÀ UHEN INTENSITY=9999.
c
C PoF!,tÀT 3: (8P10.21
C IIÀSS I{O. OBTD FRO¡I POSN OP INTENSTTY VÀLUE ON DÀÎÀ CABD
C PÀFÀI,IETERS'l-8: filTENSfTIES IN CRDER OF I{ÀSS, ÀT I üÂSS INTEB-
c vÀLs, Ec. FRoü 33. 10 40. (irHEN ÎHERE IS NO pEÀK À? À llÀSS,
c LEÀVE À BLÀNK). COHPLEIIOI{ OF DÀrÀ IS DENOÎED ¡ÍHEil INTENSIIT
Ç =9999.
c
C CÀRD ltl: À BLÀ}¡K CÀRD flILL lERüf¡üÀÎ E THE PRocRÀ¡t; HOHEVER IP
c À sEFrEs oF cÀnDs FRotr *1 ÀBovE Dc¡tN 1o *3 Is INSEBTED,
C CONÎROL HTLL BPANCIT 10 1ts8 BEGINNIIIG OF lHE PROGEÀ¡I.
c
c

rNTEcEE rBrrF (rt000l,TrÎLE (10) .ÀST(1001
REÀL É¡,SSNO (4c0 ) ,INTET{ (40 0} , üS1ÀET, ¡tSlOprH!.GHFyrpKRt (81
Do 10 J=1r100
AsT (J) =l'l
cÀ[L PLOTS (IBLP,4000l
cÀLL PtOT (6. 0r-10,0r-31
cÀLL PLOT(0. 0, 1. 78r-3)

CARD *1
I EAD (5,480,END=460f K, L, IDrIfttE
r F (r D" tE. 0l co To lt70

ScÀI;E EXPÀxSroN FÀCTOR (CÀRD l2)
E EÀD (5 r 4c5, tND=460) SEP

c FEÀD DSrÀRT (CÄFD *3) FOR pORlrÀTS 2 ÀND 3
rF (L. cT. 1) REÀD (5,485, END=460) DSlt8T

c REÀD PLOT PÀnÀUETERS (CÀRD *4)
30 PEåD (5,490,8ND=460) XSCALETXSlÀRloXSÎOPrYHcHTrltslÀRTrllSTOPrlltcEff

E, XEBO T
IF (ISCÀL8.L8.0.0) XSCÀLE=5.0
IF (YHGHÎ.LE.0.0l YItGHl=10.00
IF (ltSTOP. LE. l'!S1ÀRT. 0R. tlÀcNFY.LE.0. 0) l{SToP=-99.0

C COIIVENÎ TC TNCHES JOR PLOTTEE
YqcHT = rllGHT/Z.S4
XSCÀLE = XSCÀLE*2.54
f=1
rF (r.E0.3Ì Go 1o 60.
rF (r.89.2) co 10 90

C FCBITÀT 1 INPUT:
40 FE¡,D (5,495¡END=460) trÀSSNO(II TINTEU(IlrF (nAsst¡o(rl.LÎ.1.08-10) co To 50

I=f+1
co 10 ¡t0

50 NOPKS=I-1
Go TO 150

C POR}ÍÀT 2 IìIPUT:
50 1lÀSS=DSTÀRÎ-1.0
70 BEAD (5"500,8ND=460) (PKlIf (J] ,J=1r81

Do 80 J=1rB
1H ÀSS=T HITSS + 1 .0
rF lpr{Hr(Jl .LE.t.0E-10) GO 1O.80
I NTEN (r) =PKIII (J)
11ÀSSNo (I) =1ltÀSS
I=I+1

8O COI{TTNI'E
rF (TNTEN(r-r).80.e999.) cOlO 140
GO îO 70

c PoRüÀT 3 rNPtf:
90 TrTÀSS=DSÎÀRÎ-1.0

100 REå,0 (5,510r8ND=4601 tt, (PKHl(J) rJ=lr8l. XIIIC=1.0
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0r30e IF(tt.EQ.1) XINC=0,5
0131C 12O DO 130 J=1rB
0132Ð
013 3c
013 43
0135t
01363
01373 130 CoNTTNUE
0139:
0r393
0l 40c e
0141C 1¿rO NOÞKS=f-2
0r42C 150 BIGPK=-1.OEtt9

1¡lÀSS=1õÀSS+XfNC
rF (pr(HT (J) . LE.1.0E-10) cO 10 t30
TIITEH (rl =n¡ta,",
llÀSSNO (f l =1ËÀSS
¡=t+ 1

rp (rNrEn (r-1) ,80"9999.) GO 10 1r¡0
co ro 100

01453 C çgID9UPOLE ËÀS.S DISCRTüINÀlTOH CORRECTTOÜ
01rt63 160 DO 170 I=1,NOPKS
01f¿7? 1'lO f NTEN (f ) =ru1¡¡(I) +IIÀSSIJO(fl
01481 C SnFr pEÀK HErcsTS (SrJ¡rINT) Àr¡D SELEC? BÀSE PE¡K (BlGPKl
0149i '1 8C DO 190 I=1,NOPKS

01 43n
011¡ 4?

01 s03
01511
01 52C

c1591
0160c

sul,tf NT=0.0
rF (K'. NE. 2l cO TO 1 80

T Ef P= INTS!{ (Il
S trTIl¡ T= S Ollf NT+TEllP
rF (TEHP.GT.BIGPK) EIGPK=1EüP

X S?AR 1=XSIOP
X STOP=TE IP

0153C 190 clNTrNrP
0150î 200 SCÀLE=100.0/BlcPX
c1554 S f]HfN 1=S C lfNT*SCÀLE
01563 C COREECT ÀNY !rÏXUP TN XSTART AI¡D TSTOP
o15'?a TF (TSTO?-XSTÀFT) 210c4601220
Cl5Sl 2'lO TEttP=XSTÀRT

c't 5 2c
016 3G

Ct5lC 22O xscÀL2=1.0/\.SCA,LE
Y SCÀ L2= Y3G HT,/BTGPI
COPY=XEFCI-0.1

0168a 230 COPY=COPI-1.0
0165'. C PRTTî ÀND PLCÎ lHE îIÎLE

c170e 2+0 ËRrlE (6,5301
0171C co 30 270
a112C 250 rRlTE (6,540)
0 173Ð GO 10 270
017r¡9 260 çRITE (6,550'
01754 27O ¡rR ITE (6,560)
01 75?
0 177:
c1781
0179C
0180î

01 823
01 83C
018 0s
01853
01861 C pLoT X-ÀXIS
01873 31O PosN=(xsToP-rsTÀRT),/XscALE/2.0-0.27

016 6 C.

c16?:
016 83
c169C

c183î
c189e'
01 90î
c1910
0192û
0193C
0f9qo 320 X=x+l 0,

rarTE (6,520) lrlLE
rF (K.E0.1) G0 10 250
rF (K.EO.2) ßO TO 260
rF (K.EO,3) Go TO 250

cÀLL SYüBâL (POSNT-0. 65, 0. 1 tr,3EIl8r0. 0,3l
cALL PLCT(0.0r0.0r31
X= XSlÀRT- 1 0.
I=5
rF(xsTAR1.LT.0. 1.OR.XS1ÀR1.GT.¡¡9.9) GO rO 320
I=IFII (l/10.1.

0181C 280 CÀLL Sril3ol.(0.0rTRGHT+0.6r0.14,41HFrt¡NrcÀt¡-1015 8F-QITADRUPOLE üÀSS

c ÀLL ST¡l30L (0. 0, YHGEI+o. I 5, 0. 1 l¡, TIILE, 0. 0, 401
r F (K. cT. c) co ro 280
cALL SyHSOt (0. 0,YltcHT+0.6 r 0. 1q r44IJHIÎÀCHI nütt-6D ttÀGt¡EîIC SECTOn !

ÊÀss sPEclRuH,0.0,q4)
c0 ro 310

E SPECÎRII 5r0.0rql)
IF(K.NF.2)GO 10 310
C.qLL SYllSOL (0. 0 rYHçHT+o, 35,0. I 4T33HCoRRECTED FOB IIASS DISCRIüINÀÎI

&cN,c.0r33!

01 950 1EüP= (x-XSTÀBIl *rSCtL2
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01960 cALL PLOî(1Er{Pr0.0r2l
01970 cÀLL ELCT (tE¡tP,-0.05,21
01980 ¡=t+l
01990 rF (r.LT.s) co TO 340
02000 cÀLL FLOT (TEHPT-0.15121
020 10 POSr-{=O.18
02020 rF(x.LÎ.99.5) PosN=0;11
02030 IF (x. L!.0. 1) POSN=O.07
02040 cÀLL NUt{BEì(TEt{p-pOSNr-0.35r0.14,Xr0.0r-l'
02050 I=0
02060 340 cÀLL PLOT (TE!P,0.0r3)
02070 rF (x.LT.rsroP) co 1o 320
O2O8O E PLOT NIGFT.HÀND Y-ÀXIS
02090 350 lEHp= (XSTOp-XS1ÀRTl *XSCÀL2fl.0
02100 POSN=\HGBÎ/2.0-1.47 ,
02110 cÀLL Sy¡.tBCL(1E'tp,pOSNr0.14r21Hl Op -ÎOTÀL IOÌ¡IZÀTIOtIr90.0r21)
02120 TEI,IP=TE¡rP-l.0
02130 cåLL PIOT(TEHPr0.0,3'
O214t 1EìlP1=YHGST/10.0
02 1 50 T=0.0
02160 X=0.0
C2110 PCTG= 1 000. 0/sûHIlll/sEF
02180 360 Y=I+TE!Í Pl
02190 CÀLL FLOT (TE'lP;Yr2l
02200 cÀLL Ptor (TEüP+o.05,7r21
A22fi X=Í+PCTG
02220 cÀLL NUITBgRITpüp+0.11,y-0,07r0.14rfr0.0r21
0223C 370 cÀLL PLOT (Tg'{P,Yr3)
c224C r.p (T. tr. (y1-rcHl-0.1) I GO TO 360
02250 C PLOT LEFT.HÀND T-ÀXIS
02260 POSII=YRGHT/2.0-1.q
a2270 380 rF (SEF.Lr.1.01) GOTO 382
0228C cÄLL SyHBOL(-0.80,POSN,0.1lrr2oRBELÀTM INTEr{SI1Trfr90.0r20}
c2290 co ro 384
0230c 382 cÀLL SyrfBoL(-0.50rposN,0.1tr,2oHRELATM TNTENSIlT,lr90.or2ol
02310 384 CÀLL ELOT(0.0r0.0r31
02320 Y=ÎEllPl
02330 X=0.0
02340 390 x=X+10.00,/SEP
c2350 cÀLL PIOT (0.0rYr2l
02360 cÀLL PLOT (-0.05rY,2)
023?0 rF(sEF.Lr.1.01l GO TO 392
0238C POSN=-0.60
02390 IP(X.LT.9"95) POSN=-o.06' I 02400 CÀLL nrJ¡IBER (POSNrf-0.07'0.14rXr0.0rtl
02010 GO TO 39r¡
O242O 392 PoSN=-0.31
02.t3C rF(X.GÎ.99.01 POSN---0.45
o2tt/rtc cALl NUt!BER (POSt,Y-0.07,0.14,Nr0.or-1f
02450 394 cÀrl. ELOT(0.0rrr3l
02460 Y=Y+TEÍPI
o2tt'ìa rF (x.Lr. (100.0,/sEP-0.05) ) Go 10 390
02t¡80 q00 cÀLL PLoT (0.0r0.0r3)
O2I¡90 C PLOT }IÀSS SPEC PEÀKS AND PRTNT HTSIOGBAI' À!¡D INTENSITÍ DÀÎI
02500 Do 410 I=1"N()PKS
02510 TEIIP= llÀsSNO (f )
02520 rp(TEr'rp.lE.xsrÀRTIGO 10 410
02530 RELTNI=INTEN (Ì) *scÀLE
0254C ITEüP1=FELINT
02550 Perc=nELrNl,/sttHrN?*100,00
0256C FRITE (6,5701 1EtlI,, RELINTTPCTG, (ÀST (Jl ,J=1'ITEtlPll
02570 TEItP'l= (TEltP-xSTÀRÎ¡ *:¡5ç¡¿2
02580 TE:lP2=Il¡TEN (I) *YSCÀL2*SEF
02590 IF (TEüp.cT. üSTARr.Àt{D.lEr,rP.LT.nSTOP) 1EüP2=TEúP2*üÀGBPI
02600 rF (TEüP2. GT. (YqGHr+0.01) ) TEüP2=YHGHT+0.03
026 10 CÀLL PLOT (TEttPl ,0.0,3l

i¡i.: .: .

r..'-....:
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02620 cÀLL PLOT (TBnPl ,1Bttp2.2l
02630 IF (TEüP2. LT. lYucHT+O.O1) ) Go1O405 . :

026r¡0 cÀLL fìyHBOL (TEHPI,TE$P2 ,0,07,6,0.0r-1) ....,-,
02650 cAtt NU¡,1BER(TEt'tp1+0.05rTnHP2-0.07,0.07rR8LI¡¡Ir0.0r-t)
02660 POSN=0.19
0267A IF (RELINT.Gî.99.4) PoSN=O,26
02680 cÀLL Syl'tBot(TEr{p1+poSNrTE¡rP2-0.0'1 r0.071108r0.0r-11
02690 405 cÀLL PLOT(T8r,tPlr0.0r3l
c2700 410 CONTTNTTE
027 10 rP (¡rsroP,LT.0.0) Go 1O 450 ; .1.:
02720 C PLOT IIAGNTFTCATTON INDICAÎORS :':,:..::.

0271A 420 TEilP= (¡ISTÀRT-XSTÀRTI *XSCÀLZ ,'. ,

027!¡0 YHT2=YHGHT,/2.0
02750 cÀLL PLOT(TEHP,o.0"3)
02760 C¡\LL PLOT (TErlP+o. 25rYHî2.21 r..:...':

' ',: :'027?0 cÀLL PLOT(TEilP+0.50,YHT2'21 :: ¡:.
02780 ctìLt sY$BOL(TF¡'!P+0.50,y11T2,0.07 16,270.02-11
02790 CALL SY:'tBOL (TEFP+0.55,YHT2,0. 1l¡,ó 1r0.0 r- ll
02800 cÀLL NUHBER(TFHP+0.70,YHT2,0.1trrllÀGNFTr0.0r-11
028 10 IF (ÄBs (r'rsr0P-xsroP) .LT.1.08-05) GO TO 450
02820 430 TESP= (r'!STOP-XSrÁnt¡ *X5ç¡¡2
02830 cÀLL pLOr (1EÍP-0" 50, YHT2,3)
02840 CÀLL SyüBOL(TE¡tP-0.50,YHT2r0.07r6r90,0r-11
02850 CÀrL rLOT(TEfrP-o.2s,'.1E12r21
02860 CÀLL PLOÎ (TFr{P,0.0,2)
02870 450 CÀLL ptOT((XSlOp-XSTARl)*¡¡59¡¿2+6.0,0.0r-31
02880 c REpEÀTS FOB EXlF.À COprES, DISCRTT.lrNÀTION CORRECTION ÀllD 5EF=1.0-
02890 rF (COPÏ.G1.0,0) GO 10 230
02900 rP (K.NE,1) c0 1O 055
0 29 10 K=K+1 i

02920 co ro 150
02930 .l 55 IF(SEF.Lî.'| .01)GOÎO 20. l

02940 snF=1,0 :

02950 CoPY=xEROf-0. I
02960 co 10 230
02q70 46C ltFTlE (6,580t
02980 t¡70 ¡rRIlE (6,590)

'. '.02990 ,eÀLL pLOT(0.0,0.0r9991 
t:::,.¡,03O0C CÀLL EXIÎ i:ri: r:::
:: :t,03010 480 FO?üÀ1 (211rr4r1oÀtt)

03020 485 FOFrf À1 (110:41 :r::":
...'-: :'

030-30 490 FORI'iÀÎ (8F10.41 ',',t, 
,,.,,.

0 j040 495 FOR¡íÀT (2F10.41 . 
:

03050 500 PoRsÀT (8F10.21
03060 510 FoRt'!ÀT (r1rF9.2,7?10.21
0307c 520 FORUÀT (1t1.//1H ,15X,10À4t i
c3030 530 poRt{ÀÎ ('lH ,15X, !SPECTRUIt EECoRDED ON HIÎÀCRr RHU-6D l{AGl¡ElrC SEC
c3c90 EToR üSr)
03100 540 FonüÀÎ (1H ,l5X,rSpBCTRfrü RECORDED Oü TINNIGÀN 1015 RF-Q{IÀDRLPOLB
03'110 t !tsr) ,- ,1.

03120 550 FoRt{ÀT (1H ,15X' I SPECTBIT¡t FECORDED ON FINNIGBN 1015 AF-QÎJÀDRIIPOLE rr,':.r,i:r
o-3't 30 s !'ts ÀND coRREcrED FoR ü Às s DrscRrt'trt¡ÀTroN r ) i r:: :'

03't40 560 FonnÀT (1H t//1f1 , | 5ÀSS I¡llENSIlY lt ,/1fl , I NnüBER (HllL
03150 6IZED) rONTNrl
03160 570 FORttÀT (1F ?î7.2,F'10.3,F9.3,4Xr100I 1l
03170 580 FOR¡tÀT l/////1n '45X,r**:rDÀTÀ ERROE'È**rt
03180 590 FORIIÀT (///19 ,45Xrr***END OF ÎHIS JOBttrr)
031 90 EID
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