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Derivatives of hydroxamic acids’
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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 vyield
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?°Si and **N
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 °Si, **C and **N 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.
Copyright © 2000 John Wiley & Sons, Ltd.

Keywords: TMS derivatives; TBDMS deriva-
tives; hydroxamic acids; hydroximic acids;
silylation; NMR spectra

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:? Despite their importance,
some current organic chemistry textbooks do not
mention HAs at aft* 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. LosSen
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.
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Acylation of silylated hydroxylamine
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We have beeninterestedin organosiliconderiva-
tives especially after Chiu’ suggestedthat RSi
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-
tratethe brain barrier).

Though the organosilicon derivatives can be
preparedby different routes, the most straight-
forward are acylationof silylated hydroxylamin&
andsilylation of HAs (Scheme?). Thoughthelatter
canleadto a numberof productsdependingn the
reactionconditionsandthe natureof HA, it is more
general. Since it is also closely related to our
interestin 2°Si NMR tagging? we havechoserthis
route.

Aliphatic HAs were silylated previously, e.g.
by Bliefert's group® Analogous products were
also preparedby Mironov's group;™ by different

CH—<© CH~OSiMe;
CH3CONHOH + Me,SiNHSiMe; — N-OsiMe; * NOSiMe;
MesSi (Eorz
Me;SiCH,~<©
NOSiMe;
Me;Si
(Me3Si),;NOSiMe; + Me;SICH,C(0)Cl —
MesSINHOSIMe; + MegSICH=C=0 — “
Me;SiCH,— O5iMes
NOSiMe;
{(Eor2)
Scheme3
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methods (Scheme3). Both researchgroups ob-
taineda mixture of two products(A andB). Both
groupsbelievedthat one productis a derivative of
hydroxamicandthe otherof hydroximicacid (E or
Z configurationswverenot considered).

Silylation of aromaticHAs (e.g.benzhydroxamic
acid; Scheme4) yielded what appeared(in the
NMR spectrum) as a single product but the
author$**® assumedhe presenceof hydroxamic
andhydroximic derivativesin a fastexchange.

RESULTS AND DISCUSSION

Silylation

Our silylation experimentgSchemeb), employing
a variety of experimentalconditions and of tri-
methysilylation reagents (hexamethyldisilazane,
HMDSN; trimethylsilyldimethylamingTMSDMA,;
bis(trimethylsilyl)acetamideBSA, etc.) in an ex-
cessreproducedheresultsof boththe Bliefert and
the Rigaudygroupsin the casesof aliphatic HAs
(a 2:3 mixture of isomersA and B) and aromatic
HAs (one productin the NMR spectra),respec-
tively. In the caseof aliphatic dihydroxamicacids
the product mixture appearedto dependon the
distancebetweenthe two hydroxamicgroups.

Product identification
Since the silylated HAs are moisture-sensivie

CH3CONHOH + MesSiNHSiMe; — A + B(~2:3)
CH3CONHOH + Me;SiNMe, — A+ B(~23)
CH3CONHOH + CH3;CON(SiMes),™™ A + B (~2:3)
X-CgH,CONHOH + Me3SiNMe, —~  nen

X = H, 4-CHg, 4-Cl, 4-NO, etc.

_CONHOH AT+ UBURDY (n= 4,6, )
(GHa)n +  MesSiNMe, ——~ JIA"+"B"+iD" (n=1)

CONHOH 2E? (n=0)

n=0,14,6

Schemeb
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honey-like liquids, the possibilities for their

structure determinationare essentiallylimited to

NMR. In thesederivativesthe hydroxamic/hydro-
ximic groupoffersonly NMR spectreof insensitive
nuclei and no usual coupling pathway. Though
Lipczynska-Kochanpndlwamurd® advocatedhe
use of 'O NMR for the studiesof hydroxamic
acids, it requiresselective enrichmentin 'O in

orderto differentiateamongvariousoxygennuclei

in the moleculeand henceis of little valuein this

case.*®C and >N NMR databaseslo not contain
enough data which would enable the chemical
shifts to be relatedto the proposedstructuresbut
the J(**C-*C) coupling constantsare related to

the electron lone pair orientatiort®> similarly to

J(**N-'H) couplings*® For similar reasons?°Si

NMR chemicalshifts cannotbe usedfor geometry
(E/2) determinatiorbut aregoodfor differentiation
betweenhydroxamicand hydroximic structuresof

disilyl derivatives: hydroxamic structureswould

containSi—N (6 = —2t0 10)andSi—O(6 = 1810 25)

silicon while hydroximic structurescontain only

Si—Osilicon.

Let us start with the A 4+ B silylation product
mixture, acetohydroxamicacid. The presenceof
two isomers(which can be differentiatedin the
spectraaccordingo line intensity)andax hydrogens
(CHs group)facilitatesthe structuredetermination.
Accordingto the 2°Si chemicalshifts (A: § = 20.69
and 23.26;B: 6 =19.33and 23.84),both products
have a hydroximic structureand so the reaction
(Scheme3, top) should be correctedto yield a
mixture of isomersof hydroximic acid derivatives.
Their >N chemical shifts (A: §=—-73.2;B: §=
—87.9) are substantiallydifferent from thatin the
parentHA (6 = —214.7).This significantdifference
betweenN chemical shifts in hydroxamic and
hé/droximic structuresis of diagnosticvalue. The
>N spectrameasureadvith selectivemethyl proton
decoupling indicate (Fig. 1) that there is no
coupling between®N and CH; protonsin the
productA butJ=3.3Hz in the productB (asseen
whenprotonsin A areselectivelydecoupled)Such
three-bondcouplingsarelargerin thoseisomersin
whichthenitrogenelectronlone pairis closerto the
coupledprotons,in this casein the Z isomer.This
conclusion is further supportedby *J(**C--C)
couplings, determinedby the usual 1D INADE-
QUATE experiment:” which arealsofoundto be
larger for the carboncloserto the nitrogen lone
pair® Theseresultd® are summarizedn Scheme
6; silylation of acetohydroxamiacid producest
andZ hydroximic derivativesin a 2:3 ratio.

According to 2°Si and >N chemical shifts

Copyright© 2000JohnWiley & Sons,Ltd.
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Figure 1 N NMR spectra(50.7MHz) of trimethylsilylated
acetohydroxamiccid (productsA and B) measuredwith a
selectiveprotondecoupling.Top: methyl protonsof productB
decoupledBottom: methyl protonsof productA decoupled.

[6(>°Si) =19 to 28; §(*°N) = —65 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
(=70°C) spectraprovided no indication of any
exchangeprocess(all the lines remainednarrow)
andsothereis noreasoro assume fastexchange
betweenany hgdroximic isomersas suggestedy

Rigaudyet al.*? In the absenceof any o hydrogen
E - isomer Z - isomer
15(3¢13¢) 19(Bc3c)

Me3SiO_{ CH Me;Sio [ EHs
1 35("H-15N) I 35(TH-15N)
~ ~
‘ N . o’
OSiMes Me3SiO o
Rules: JE) < Yz)
(E) < @)
Found:
A:'J=534 Hz B: V=613 Hz
3J<05 Hz 3J=33 Hz
Scheme6
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Figure 2 Relevant regions of °C 1D INADEQUATE
spectrum of 4-F-GH4CONO[SiMe&(tBu)].. (a) CN carbon
well separated{b) C-1 carbonoverlgoped with C-2 carbon
lines.

H I t
129.4 ppm

only *C coupling constantscan be used for
geometrydeterminationin this case.Fortunately,
the coupling in question, *J(**CN-'C), can be
determinedrom CN carbonsatelliteswhile theC-1
part of the *C 1D INADEQUATE spectrumis
complicatedby the presenceof the lines of other
carbons(Fig. 2). In the seriesbeing studiedthe
coupling varied between74.9 and 77.8Hz. Since
only oneisomeris presenthumericalvaluesof J
must be used for the geometry determination
insteadof relative magnitudesof J asin the case
of acetohydroximiaerivatives Hence to interpret
theabovel valuesdataon closemodelcompounds
had to be sought.(The precursorsof the chosen
models have an interesting historgy: they were
studied already by Alfred Werner? in 1893 but

Models (X=H; T' =

XQC.N?'CS“TI

FO"

1J(BeNBey = 67.5 Hz

-

T T T T T T T
26 2 24 23 22 21 20 ppm

(@)

2 33 -ee w5 wem
(b) ()
Figure 3 NMR spectraof trimethylsilylated dihydroxam-
malonicacid. (a) 2°Si NMR spectrum{b,c) **N NMR spectrum
in two parts.

the structureassignedo them on the basisof the
Beckman rearrangementvas reversedafter the
stericrequirement®f the Beckmanrearrangement
were better understood and dipole moments
supportedthe reversedassignment® which was
provedby X-ray diffraction later?!) The datafrom
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 SiMe,CMes).

The spectraof reactionproductsof silylation of
aliphatic dihydroxamic acids dependstrongly on
theseparatiorbetweerthetwo hydroxamicgroups.
When the separationis large enough,e.g. four or
more methylene groups as in dihydroxamadipic
acid ([CH,CH,C(O)NHOHY}), the two endgroups
aresilylatedindependenthyandtheir NMR chemi-
cal shifts are also independent.The 2°Si NMR
spectraare almost identical to those described
abovefor thesilylation productof acetohydroxamic
acid, i.e. both end groupsproducesilyl E and Z

C2H5; T=H, SiMesze3)I

ng,d—T
Ngr

Y(1BcN-"Bc) = 72- 74 Hz

Series studied: (T' = T= SiMej;, SiMe,CMej; X = NMe,,... NO,)

U(MPCN-"3C) = 74.9- 77.8 Hz

Scheme7

Copyright© 2000JohnWiley & Sons,Ltd.

Appl. Organometal Chem.14, 604-610(2000)



608

J. SCHRAML

derivatives of the hydroximic group in approxi-
matelythe sameratio asobservedn acetohydroxa-
mic acid. Whenthetwo endgroupsgetcloser,asin
dihydroxam-malonic acid, the spectra of the
silylation productslook more complex (Fig. 3).
Accordingto both?°Si and**N NMR spectraboth
endgroupsaresilylatedsolely in their hydroximic
form. The numberof the observedines is easily
interpretedas a superpositiorof the spectraof all
three possible combinationsof end group con-
figurations.Takinginto accountthatif thetwo end
groupshavethe sameconfigurationthe correspond
ing nuclei are chemically equivalentand that the
configurationof oneendgroupaffectsthe shiftsin
the other,we getfor thecombinationZ-ZandE-E
two linesin the 2°Si NMR spectrumandonein the
>N spectrumfor_eachcombination,and for Z—E
combinatiorfour 2°Si andtwo **N lines.In totalwe
shouldseeeightandfour linesin 2°Siand*>N NMR
spectra,respectively.While this agreeswith the
pictureobservedFig. 3) we havenot yet beenable
to assign the observedlines to the individual
combinationsof configurations.The mostdifficult
to solve is the silylation product of dihydroxa-
moxalic acid. Accordingto NMR spectra(two 295
lines at 6 = 26.28 and 22.22, one **N line at § =
—62.8) the productis a derivative of dihydroxi-
moxalic acid but its configurationis difficult to
determine becauseof symmetry (the two CN
carbonsare equivalent),absencef hydrogensetc.
Becausef experimentatequirementsve havenot
yet beenableto measurahe 2J(**N-3C) coupling
constantwhich could resolvethis ambiguity. We
only assumethat the product takes the Z-Z
configurationasit is lesssterically crowdedthan
the E—-E combinationandit is unlikely that?°Si and
15N shiftswould bothaccidentallydegeneratin the
E—Z configuration.

NNMR spectra of ring-substituted
silylated benzhydroximic acid
derivatives

Forastudyof NMR propertiesve haveprepareda
series of ring-substitutedbenzhydroxamicacids
and silylated (trimethylsilylated and t-butyldi-

methylsilylated)them as describedabove.In the
courseof preparationof the parent hydroxamic
acidswe have come acrossof someerrorsin the
fundamentalbpapers;theseare briefly describedn

the Appendix. The detailedNMR datahavebeen
published®?® but we shall mention here briefly

only some interesting results concerningsimple
Hammett-type correlations; a more complicated

Copyright© 2000JohnWiley & Sons,Ltd.

treatment(DSP) can be found in the references
cited?>%3

Linear correlationof *°N chemical shifts with
Hammettsubstituenttonstantsn the silyl deriva-
tives of benzhydroximicacidsstudiedconfirmsthe
hydroximic structure,as the slope (TMS deriva-
tives; b=7.73,n=12, r=0.966) is intermediate
betweenthosefoundin analogouscorrelationsfor
N,N-dimethylbenzamide (C—N; b=3.79,n=12,
r =0.951)andbenzonitrilesC=N; b=10.5,n=7,
r=0.993).

Similar correlationsalso hold for *3*C chemical
shifts in the C=N moiety but the slopes are
negative and in absolute value smaller then in
methyl benzoateshenzonitrilesandN,N-dimethyl-
benzamidesConsideringthe polarizability of the
groupsinvolved andthe propertiesof Si—O bonds,
thesefindingsarein agreementvith the modelin
whichthe C=N doublebondbehavessanisolated
unit polarizedby the distantsubstituent?

Excellentcorrelationsbetweerthe *°Si chemical
shiftsin TMS and TBDMS derivativeson oneside
and Hammett substituentconstantson the other
(TMS: SiO%; r=0.988, n=12, b=1.96; SiO’;
r=0.977 n=12, b=1.92; TBDMS: SiO};
r=0.988,n=12,b=1.83;Si0% r=0.977,n=12,
b =1.96) confirm the independencef 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 substituent$#—29
The correlationshavesurprisinglythe sameslopes
for the two silicon atomsin the moleculeirrespec-
tive of the fact thatoneof the silicon atoms(Si0?)
is onebondcloserto the benzenging. We assume
thatassociatiomwith the solvent(hydrogernbonding
with chloroform) partially compensateghe direct
substituent effect on the nearer silicon. The
substituent effect which increasesthe silicon
shieldingalsoincreaseghe basicity of the oxygen
atom in the C—-O-Si fragment and hence the
hydrogenbondto it is stronger.As suchhydrogen
bondingreducesghe shieldingof silicon?” it com-
pensatespartially the direct substituent effect.
Calculationshave shownthat the oxygenatomin
questionis solvent-accessiblevenin the TBDMS
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 correlationsdescribedand other detail$?%3
indicatethat the ring substituentasno significant

Appl. Organometal Chem.14, 604-610(2000)
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effect on the geometryof the hydroximic moiety;
its structureandtorsionanglewith thebenzeneing
do notvary in the series.

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 explainthemhereasthe explanations
areinstructive.The errordescribedunder(i) warns
againstinindiscriminaterustin acceptedeference
sourcesof information; errors(ii) and (iii) canbe

easily repeatedif straightforwardlogic is used
without consideringfine detailsof experiments.

(i) Structure of alkali salts of
benzhydroxamic acids

Preparatiorof alkali saltsof benzhydroxamiacid
for studiesof their structureds usually carriedout
accordingto the proceduré® describedandtested)
in Organic Synthesi$® As a simple complete
elementalanalysisreveals,the product® is not a
potassium benzhydroxamate, K[CsHsCONHO],
but potassium hydrogen benzhydroxamate KH
[CeHsCONHOL. The same product had aIread(}/
beencorrectlydescribedn 1967by Maggioetal.?
but their acidimetric study went unnoticed. Our
X-ray diffraction studie$*?® revealed that the
structure of these salts is very sensitiveto the
natureof the cation and phenyl ring substitution;
for examplewhereasbenzhydroxamiacid forms
acid saltswith potassiumand lithium, the potas-
sium salt of 4-nitrobenzhydroxamicacid is a
normalsalt.

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

(Theabsencef av(OH-assocpand(at2730cm )
in the solid-statelR spectreof somealkali salts,as
contrastedto the spectraof the parent benzhy-
droxamicacid, wastakenas a proof that the acid
was an O-acid in thesesalts which were (incor-
rectly) assumedo be‘normal’ salts.How couldthe
OH banddisappearfrom the spectrumof an acid
salt? According to the X-ray structure, the
OH...ON bondsin thegeacid saltsare very strong
andshort(around2.46A)?° andso,accordingo the
correlation betweenO...O distancesand v(OH-
assoc)frequencies’ the band should move from

Copyright© 2000JohnWiley & Sons,Ltd.
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Figure 4 Regionsof 'H NMR spectraof 4-methylbenzhydro-
xamicacidin dry (bottom)andwet (top) dimethyl sulfoxideds.

2730cm ! to the 1600-70&m * region, whereit
is buriedamongmany otherbands.

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

(Brown et al.>2 assignedhe two lines in acetohy-
droxamic acid (in DMSO) through *>N isotopic
substitution unequivocally. Their assignmentop-

posesthat derivedearlier® from the spectraof N-

phenyl derivativeshby straightforwardlogic: if a

peak disappeardrom the spectrumwhen NH is

replacedoy N—CgHs, thenthe peakmustbedueto

the NH proton. Clearly, the author§® neglected
other factors. Similar mistakescan happenwhen
the hydroxamicacidsare measuredn wet DMSO

(Fig. 4). If the moisture is not monitored, the
broader of the two peaksmight be erroneously
assignedo the NH proton(asif broadenedy the
quadrupolar“N nuclei).

CONCLUSIONS

Silylation of hydroxamic acids producesderiva-
tivesof thetautomerichydroximicacids.In thecase

Appl. Organometal Chem.14, 604-610(2000)
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of aromatic acids the Z conformeris the single

product;aliphaticacidsyield E andZ productsn an

approximateatio of 2:3.In aliphaticdihydroxamic
acids,thetwo groupsaresilylatedindependenthas
long astheyareseparatedby atleastonemethylene
group.

29Si and >N NMR chemical shifts can differ-
entiate hydroxamicand hydroximic structuresbut
more dataare neededbefore E/Z canbe estimated
from the chemicalshift data.At presentcoupling
constants are the only option for the latter
determinationbut a suitable coupling must be
choserfor eachcaseindividually.

The chemicalshiftsreportedfor ring-substituted
benzhydroximiacidsexhibitexcellentcorrelations
with Hammettsubstituentonstantsindicatingthus
that no significantstructuralchangein the hydro-
ximic moiety is inducedby the remotesubstituent.
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