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Despite the biological importance and rich
chemistry of hydroxamic acids (HAs), their
organometallic derivatives have received little
attention so far. Fully silylated (trimethylsilyl
and t-butyldimethylsilyl) derivatives which are
promising for medicinal applications have a
structure derived from that of the tautomeric
hydroximic acid with an E/Z ratio depending on
the nature of the acid. Aliphatic acids yield
disilyl derivatives in an approximate E/Z ratio of
2:3; aromatic HAs produce solely Z isomer
irrespective of the phenyl ring substituent.
Silylation of aliphatic dihydroxamic acids pro-
ceeds independently on both ends if the two
hydroxamic groups are separated by one methy-
lene group at least. It was not possible to
determine the E/Z ratio for oxalic and malonic
acid derivatives. It is shown that 29Si and 15N
NMR chemical shifts are useful for differentia-
tion between hydroxamic and hydroximic struc-
tures, but for determination of E and Z config-
urations spin–spin coupling must be used until
more data relating 29Si, 13C and 15N chemical
shifts to the configuration are available for
this class of compounds. The dependence of
chemical shifts on Hammett substituent con-
stants in ring-substituted benzhydroxamic acids
is discussed. Some errors found in the litera-
ture on hydroxamic acids are also explained.
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INTRODUCTION

Rich chemistry, ability to form stable chelates and
biological activity of many hydroxamic acids
(HAs) makes this class of compounds important
for biochemistry, analytical chemistry and med-
icinal applications.1,2 Despite their importance,
some current organic chemistry textbooks do not
mention HAs at all3,4 and their organometallic de-
rivatives have so far received little attention (ex-
cept for studies of complexation with heavy
metals in connection with membrane transport, or
industrial or analytical utilization).

The HAs, discovered in 1869 by H. Lossen5

when he worked in the laboratory of W. Lossen
(after whom the well-known rearrangement is
named), can possess the structures shown in
Scheme 1, dissociate and assume various con-
formations (for leading references to the deter-
mined structures see Ref. 6). The two tautomeric
structures will be referred to as hydroxamic and
hydroximic acids, using the atom numbering
indicated.

Organometallic derivatives of HAs can have
the structures indicated in Scheme 1 with the
substituent R containing an organometallic group.

Scheme 1
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We havebeeninterestedin organosiliconderiva-
tives especially after Chiu7 suggestedthat R3Si
derivatives of HAs are suitable candidatesfor
anticancerdrugs (by controlling Si–N and Si–O
bondhydrolysisonecouldcontroldrugunmasking,
hydrolysis by-products are non-toxic and R3Si
groupsincreasethe lipophilicity neededto pene-
tratethebrainbarrier).

Though the organosilicon derivatives can be
preparedby different routes, the most straight-
forward are acylationof silylated hydroxylamine8

andsilylationof HAs (Scheme2).Thoughthelatter
canleadto a numberof productsdependingon the
reactionconditionsandthenatureof HA, it is more
general. Since it is also closely related to our
interestin 29Si NMR tagging,9 we havechosenthis
route.

Aliphatic HAs were silylated previously, e.g.
by Bliefert’s group.10 Analogous products were
also preparedby Mironov’s group,11 by different

methods(Scheme3). Both researchgroups ob-
taineda mixture of two products(A andB). Both
groupsbelievedthat oneproductis a derivativeof
hydroxamicandtheotherof hydroximicacid(E or
Z configurationswerenot considered).

Silylationof aromaticHAs (e.g.benzhydroxamic
acid; Scheme4) yielded what appeared(in the
NMR spectrum) as a single product but the
authors12,13 assumedthe presenceof hydroxamic
andhydroximicderivativesin a fastexchange.

RESULTS AND DISCUSSION

Silylation

Our silylation experiments(Scheme5), employing
a variety of experimentalconditions and of tri-
methysilylation reagents (hexamethyldisilazane,
HMDSN;trimethylsilyldimethylamine, TMSDMA;
bis(trimethylsilyl)acetamide, BSA, etc.) in an ex-
cess,reproducedtheresultsof boththeBliefert and
the Rigaudygroupsin the casesof aliphatic HAs
(a 2:3 mixture of isomersA and B) and aromatic
HAs (one product in the NMR spectra),respec-
tively. In the caseof aliphaticdihydroxamicacids
the product mixture appearedto dependon the
distancebetweenthe two hydroxamicgroups.

Product identi®cation

Since the silylated HAs are moisture-sensitive

Scheme2

Scheme4

Scheme3 Scheme5
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honey-like liquids, the possibilities for their
structuredeterminationare essentiallylimited to
NMR. In thesederivativesthe hydroxamic/hydro-
ximic groupoffersonly NMR spectraof insensitive
nuclei and no usual coupling pathway. Though
Lipczynska-KochanyandIwamura14 advocatedthe
use of 17O NMR for the studiesof hydroxamic
acids, it requiresselectiveenrichmentin 17O in
orderto differentiateamongvariousoxygennuclei
in the moleculeandhenceis of little value in this
case.13C and 15N NMR databasesdo not contain
enough data which would enable the chemical
shifts to be relatedto the proposedstructuresbut
the J(13C–13C) coupling constantsare related to
the electron lone pair orientation15 similarly to
J(15N–1H) couplings.16 For similar reasons29Si
NMR chemicalshiftscannotbeusedfor geometry
(E/Z) determinationbutaregoodfor differentiation
betweenhydroxamicandhydroximic structuresof
disilyl derivatives: hydroxamic structureswould
containSi–N(� =ÿ2 to 10)andSi–O(� = 18to 25)
silicon while hydroximic structurescontain only
Si–Osilicon.

Let us start with the A � B silylation product
mixture, acetohydroxamicacid. The presenceof
two isomers(which can be differentiated in the
spectraaccordingto line intensity)anda hydrogens
(CH3 group)facilitatesthestructuredetermination.
Accordingto the29Si chemicalshifts(A: � = 20.69
and23.26;B: � = 19.33and23.84),both products
have a hydroximic structureand so the reaction
(Scheme3, top) should be correctedto yield a
mixtureof isomersof hydroximicacidderivatives.
Their 15N chemical shifts (A: � =ÿ73.2; B: � =
ÿ87.9) are substantiallydifferent from that in the
parentHA (� =ÿ214.7).Thissignificantdifference
between15N chemical shifts in hydroxamic and
hydroximic structuresis of diagnosticvalue. The
15N spectrameasuredwith selectivemethylproton
decoupling indicate (Fig. 1) that there is no
coupling between 15N and CH3 protons in the
productA but J = 3.3Hz in the productB (asseen
whenprotonsin A areselectivelydecoupled).Such
three-bondcouplingsarelargerin thoseisomersin
whichthenitrogenelectronlonepair is closerto the
coupledprotons,in this casein the Z isomer.This
conclusion is further supportedby 1J(13C–13C)
couplings,determinedby the usual 1D INADE-
QUATE experiment,17 which arealsofound to be
larger for the carboncloser to the nitrogen lone
pair.16 Theseresults18 are summarizedin Scheme
6; silylation of acetohydroxamicacid producesE
andZ hydroximic derivativesin a 2:3 ratio.

According to 29Si and 15N chemical shifts

[�(29Si) = 19 to 28; �(15N) =ÿ65 to 92], silylation
of aromatic HAs leads also to a derivative of
hydroximic acid (independentlyof the ring sub-
stitution). Use of different solvents(chloroform,
dimethylsulfoxide,acetone)and low-temperature
(ÿ70°C) spectraprovided no indication of any
exchangeprocess(all the lines remainednarrow)
andsothereis no reasonto assumea fastexchange
betweenany hydroximic isomersas suggestedby
Rigaudyet al.12 In the absenceof any a hydrogen

Figure 1 15N NMR spectra(50.7MHz) of trimethylsilylated
acetohydroxamicacid (productsA and B) measuredwith a
selectiveprotondecoupling.Top: methylprotonsof productB
decoupled.Bottom: methyl protonsof productA decoupled.

Scheme6
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only 13C coupling constantscan be used for
geometrydeterminationin this case.Fortunately,
the coupling in question, 1J(13CN–13C), can be
determinedfrom CN carbonsatelliteswhile theC-1
part of the 13C 1D INADEQUATE spectrumis
complicatedby the presenceof the lines of other
carbons(Fig. 2). In the seriesbeing studied the
coupling varied between74.9 and 77.8Hz. Since
only one isomeris present,numericalvaluesof J
must be used for the geometry determination
insteadof relative magnitudesof J as in the case
of acetohydroximicderivatives.Hence,to interpret
theaboveJ values,dataonclosemodelcompounds
had to be sought.(The precursorsof the chosen
models have an interesting history: they were
studied already by Alfred Werner19 in 1893 but

the structureassignedto them on the basisof the
Beckman rearrangementwas reversedafter the
stericrequirementsof the Beckmanrearrangement
were better understood and dipole moments
supportedthe reversedassignment,20 which was
provedby X-ray diffraction later.21) Thedatafrom
models, Scheme 7, show clearly that only Z-
hydroximic acid derivatives are produced by
silylation of aromatic HAs independentlyof the
ring substitution or silylation group involved
(SiMe3 or SiMe2CMe3).

The spectraof reactionproductsof silylation of
aliphatic dihydroxamicacids dependstrongly on
theseparationbetweenthetwo hydroxamicgroups.
When the separationis large enough,e.g. four or
more methylenegroups as in dihydroxamadipic
acid ([CH2CH2C(O)NHOH]2), the two endgroups
aresilylatedindependentlyandtheir NMR chemi-
cal shifts are also independent.The 29Si NMR
spectra are almost identical to those described
abovefor thesilylationproductof acetohydroxamic
acid, i.e. both end groupsproducesilyl E and Z

Figure 2 Relevant regions of 13C 1D INADEQUATE
spectrum of 4-F-C6H4CONO[SiMe2(tBu)]2. (a) CN carbon
well separated;(b) C-1 carbonoverlapped with C-2 carbon
lines.

Scheme7

Figure 3 NMR spectra of trimethylsilylated dihydroxam-
malonicacid.(a)29Si NMR spectrum;(b,c)15N NMR spectrum
in two parts.
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derivativesof the hydroximic group in approxi-
matelythesameratio asobservedin acetohydroxa-
mic acid.Whenthetwo endgroupsgetcloser,asin
dihydroxam-malonic acid, the spectra of the
silylation products look more complex (Fig. 3).
Accordingto both29Si and15N NMR spectra,both
endgroupsaresilylatedsolely in their hydroximic
form. The numberof the observedlines is easily
interpretedasa superpositionof the spectraof all
three possible combinationsof end group con-
figurations.Taking into accountthat if the two end
groupshavethesameconfigurationthecorrespond-
ing nuclei are chemically equivalentand that the
configurationof oneendgroupaffectstheshifts in
theother,wegetfor thecombinationsZ–ZandE–E
two lines in the29Si NMR spectrumandonein the
15N spectrumfor eachcombination,and for Z–E
combinationfour 29Si andtwo 15N lines.In totalwe
shouldseeeightandfour linesin 29Si and15N NMR
spectra,respectively.While this agreeswith the
pictureobserved(Fig. 3) we havenot yet beenable
to assign the observed lines to the individual
combinationsof configurations.The mostdifficult
to solve is the silylation product of dihydroxa-
moxalicacid.Accordingto NMR spectra(two 29Si
lines at � = 26.28 and 22.22, one 15N line at � =
ÿ62.8) the product is a derivative of dihydroxi-
moxalic acid but its configuration is difficult to
determine becauseof symmetry (the two CN
carbonsareequivalent),absenceof hydrogensetc.
Becauseof experimentalrequirementswe havenot
yet beenableto measurethe 3J(15N–13C) coupling
constantwhich could resolvethis ambiguity. We
only assume that the product takes the Z–Z
configurationas it is lesssterically crowdedthan
theE–Ecombinationandit is unlikely that29Si and
15N shiftswouldbothaccidentallydegeneratein the
E–Zconfiguration.

NMR spectra of ring-substituted
silylated benzhydroximic acid
derivatives

For a studyof NMR propertieswe haveprepareda
series of ring-substitutedbenzhydroxamicacids
and silylated (trimethylsilylated and t-butyldi-
methylsilylated)them as describedabove.In the
course of preparationof the parent hydroxamic
acidswe havecomeacrossof someerrors in the
fundamentalpapers;thesearebriefly describedin
the Appendix.The detailedNMR datahavebeen
published22,23 but we shall mention here briefly
only some interesting results concerningsimple
Hammett-typecorrelations; a more complicated

treatment(DSP) can be found in the references
cited.22,23

Linear correlationof 15N chemical shifts with
Hammettsubstituentconstantsin the silyl deriva-
tivesof benzhydroximicacidsstudiedconfirmsthe
hydroximic structure,as the slope (TMS deriva-
tives; b = 7.73, n = 12, r = 0.966) is intermediate
betweenthosefound in analogouscorrelationsfor
N,N-dimethylbenzamides (C—N; b = 3.79,n = 12,
r = 0.951)andbenzonitriles(C�N; b = 10.5,n = 7,
r = 0.993).

Similar correlationsalso hold for 13C chemical
shifts in the C=N moiety but the slopes are
negative and in absolutevalue smaller then in
methylbenzoates,benzonitrilesandN,N-dimethyl-
benzamides.Consideringthe polarizability of the
groupsinvolved andthe propertiesof Si–Obonds,
thesefindingsare in agreementwith the model in
whichtheC=N doublebondbehavesasanisolated
unit polarizedby thedistantsubstituent.22

Excellentcorrelationsbetweenthe29Si chemical
shifts in TMS andTBDMS derivativeson oneside
and Hammett substituentconstantson the other
(TMS: SiO1; r = 0.988, n = 12, b = 1.96; SiO4;
r = 0.977 n = 12, b = 1.92; TBDMS: SiO1;
r = 0.988,n = 12, b = 1.83;SiO4; r = 0.977,n = 12,
b = 1.96) confirm the independenceof the hydro-
ximic structureon the remotering substituent.(In
contrast, the molecular structure of the parent
benzhydroxamicacids or their alkali acids are
strongly influencedby the ring substituents.24–26)
The correlationshavesurprisinglythe sameslopes
for the two silicon atomsin themoleculeirrespec-
tive of the fact thatoneof thesilicon atoms(SiO4)
is onebondcloserto thebenzenering. We assume
thatassociationwith thesolvent(hydrogenbonding
with chloroform) partially compensatesthe direct
substituent effect on the nearer silicon. The
substituent effect which increases the silicon
shieldingalsoincreasesthe basicityof the oxygen
atom in the C–O–Si fragment and hence the
hydrogenbondto it is stronger.As suchhydrogen
bondingreducesthe shieldingof silicon,27 it com-
pensatespartially the direct substituent effect.
Calculationshaveshownthat the oxygenatom in
questionis solvent-accessible,evenin theTBDMS
derivatives.

Uniquely, we observedcorrelationsof methyl
and quaternarycarbonsof both t-butyl groupsin
TBDMS derivatives. Such effects, observedon
atomsfive and six bondsaway from the ring, are
rareanddifficult to explain.

The correlationsdescribedandotherdetails22,23

indicatethat the ring substituenthasno significant
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effect on the geometryof the hydroximic moiety;
its structureandtorsionanglewith thebenzenering
do not vary in theseries.

APPENDIX

As mentionedabove,in the courseof the present
study we have come across several errors in
fundamental papers on hydroxamic acids. We
would like to explainthemhereastheexplanations
areinstructive.Theerrordescribedunder(i) warns
againstanindiscriminatetrustin acceptedreference
sourcesof information; errors(ii) and (iii) canbe
easily repeatedif straightforward logic is used
without consideringfine detailsof experiments.

(i) Structure of alkali salts of
benzhydroxamic acids

Preparationof alkali saltsof benzhydroxamicacid
for studiesof their structuresis usuallycarriedout
accordingto theprocedure28 described(andtested)
in Organic Synthesis.29 As a simple complete
elementalanalysisreveals,the product29 is not a
potassium benzhydroxamate,K[C6H5CONHO],
but potassium hydrogen benzhydroxamate,KH
[C6H5CONHO]2. The sameproduct had already
beencorrectlydescribedin 1967by Maggioetal.30

but their acidimetric study went unnoticed.Our
X-ray diffraction studies24,26 revealed that the
structure of these salts is very sensitive to the
natureof the cation and phenyl ring substitution;
for examplewhereasbenzhydroxamicacid forms
acid salts with potassiumand lithium, the potas-
sium salt of 4-nitrobenzhydroxamicacid is a
normalsalt.

(ii) IR spectra of the alkali salts of
benzhydroxamic acids

(Theabsenceof an(OH-assoc)band(at2730cmÿ1)
in thesolid-stateIR spectraof somealkali salts,as
contrastedto the spectraof the parent benzhy-
droxamicacid, was takenas a proof that the acid
was an O-acid in thesesalts which were (incor-
rectly)assumedto be‘normal’ salts.How couldthe
OH banddisappearfrom the spectrumof an acid
salt? According to the X-ray structure, the
OH…ON bondsin theseacid saltsarevery strong
andshort(around2.46Å)25 andso,accordingto the
correlation betweenO…O distancesand n(OH-
assoc)frequencies,31 the bandshouldmove from

2730cmÿ1 to the 1600–700cmÿ1 region,whereit
is buriedamongmanyotherbands.

(iii) Assignment of OH and NH lines
in the 1H NMR spectra of
hydroxamic acids

(Brown et al.32 assignedthe two lines in acetohy-
droxamic acid (in DMSO) through 15N isotopic
substitutionunequivocally.Their assignmentop-
posesthat derivedearlier33 from the spectraof N-
phenyl derivativesby straightforwardlogic: if a
peak disappearsfrom the spectrumwhen NH is
replacedby N—C6H5, thenthepeakmustbedueto
the NH proton. Clearly, the authors33 neglected
other factors.Similar mistakescan happenwhen
the hydroxamicacidsaremeasuredin wet DMSO
(Fig. 4). If the moisture is not monitored, the
broaderof the two peaksmight be erroneously
assignedto the NH proton(asif broadenedby the
quadrupolar14N nuclei).

CONCLUSIONS

Silylation of hydroxamic acids producesderiva-
tivesof thetautomerichydroximicacids.In thecase

Figure 4 Regionsof 1H NMR spectraof 4-methylbenzhydro-
xamicacidin dry (bottom)andwet (top)dimethyl sulfoxide-d6.
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of aromatic acids the Z conformer is the single
product;aliphaticacidsyield E andZ productsin an
approximateratio of 2:3. In aliphaticdihydroxamic
acids,thetwo groupsaresilylatedindependentlyas
longastheyareseparatedby at leastonemethylene
group.

29Si and 15N NMR chemicalshifts can differ-
entiatehydroxamicand hydroximic structuresbut
moredataareneededbeforeE/Z canbe estimated
from the chemicalshift data.At present,coupling
constants are the only option for the latter
determination but a suitable coupling must be
chosenfor eachcaseindividually.

Thechemicalshifts reportedfor ring-substituted
benzhydroximicacidsexhibitexcellentcorrelations
with Hammettsubstituentconstants,indicatingthus
that no significantstructuralchangein the hydro-
ximic moiety is inducedby theremotesubstituent.
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7. ChiuF-T,ChangYH, ÖzkanG,ZonG,FichterKC, Phillips

LR. J. Pharm.Sci.1982;71: 542.
8. King FD, Pike S, Walton DRM. J. Chem.Soc., Chem.

Commun. 1978;351.

9. SchramlJ.29Si NMR Spectroscopyof Trimethylsilyl Tags.
In: Progressin NuclearMagneticResonanceSpectroscopy,
vol. 22, Emsley JW, Feeney J, Sutcliffe LH (eds).
Pergamon,Oxford, 1990;289–348.

10. HeuchelW, BoldhausH-M, Bliefert C. Chem.-Ztg. 1983;
107: 69.

11. Kozyukov VP, FeoktistovAE, Mironov VF. Zh. Obshch.
Khim. 1988;58: 1056.

12. RigaudyJ,Lytwyn E, WallachP,NguyenKC. Tetrahedron
Lett. 1980;21: 3367.

13. NarulaCK, GuptaVD. Indian J. Chem.,Sect.A 1980;19:
1095.

14. Lipczynska-KochanyE, IwamuraH. J. Org. Chem.1982;
47: 5277.

15. Kalinowski H-O, BergerS, Braun S. 13C-NMR-Spektros-
kopie. GeorgThieme:Stuttgart,1984.

16. BergerS, Braun S, Kalinowski H-O. NMR-Spektroskopie
vonNichtmetallen. GeorgThieme:Stuttgart,1992.

17. Bax A, FreemanR, KempsellSP.J. Am.Chem.Soc.1980;
102: 4849.

18. SchramlJ,BoldhausH-M, ErdtF,Bliefert C.J.Organomet.
Chem.1991;406: 299.

19. WernerA. Berichte1893;26: 1561.
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