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C-Benzoyl-N-phenylnitrone reacted with 2-R-substituted (R = phenyl, CH,OH, CH,O0COCH3,
CH,SH) furan derivatives at 55°C by a 1,3-dipolar cycloaddition reaction to the unsubstituted
furan double bond to give mono- and bisadducts. 2,5-Dimethylfuran afforded monoadduct only.
Dehydrogenations of monoadducts of 5-R-2-phenyl-3-benzoyl-3a,6a-dihydrofuro[3,2-clisoxazoli-
nes with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone proceeded anomalously at 60°C: dehydro-
genation followed by electrocyclic opening afforded the corresponding ketonitrones. This method
of dehydrogenation offers a new preparation of nitrones and further exemplifies the exploita-
tion of products of 1,3-dipolar cycloadditions for synthetic purposes.

Basing upon interpretation of the perturbation interaction diagram for 1,3-dipolar
cycloadditions of nitrones with furan it was found! that the reaction is controlled
by the limit frontier orbital interaction LU (nitrone)—HO (furan) according to Sust-
man’s classification of 1,3-dipolar cycloadditions?”*. The monocycloadduct Ila
and two biscycloadducts I17a (syn and anti)! were obtained by reacting C-benzoyl-
-N-phenylnitrone I with furan at 60°C; with 2-methylfuran and 2-ethyl-furan,
products of 1,3-addition IVb and IVe (ref.®) were isolated in addition to mono-
adducts IIb, IIc and the bisadduct I1Ib. This paper deals both with the reaction
of I with furfuryl alcohol (IP = 849 eV), 2-furfuryl acetate (IP = 869 eV), 2,5-di-
methylfuran (IP = 7:97 V), 2-furfuryl mercaptan and dehydrogenation of mono-
adducts IIb, Ila, Ile, and IIf with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone.
Values of ionization potentials given in parentheses for furan derivatives were
determined from their charge-transfer complexes with tetracyanoethylene, as pre-
sented in the next papet®. All values of ionization potentials are lower than the value
for furan itself (IP = 881 eV, ref.!). Since the reaction of I with furan derivatives
is controlled by the interaction LU (I)—HO (furan derivative), one could anticipate
their enhanced reactivity when compared with furan”-8.

* Part CLI in the';eries Furan Derivatives; Part CL: 45, 2949 This Journal (1980).
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Furan Derivatives 3547

1,3-Dipolar cycloaddition of benzoylnitrone I with the respective furan derivatives
is regio- and stereospecific, this being in line with the literature?; it afforded mono-
adducts IT and bisadducts I1I in very good yields (Scheme 1, the numbering of formu-
las for various R is as follows: a H, b CH,, ¢ C,Hs, d CH,OH, e CH,0COCH;,
f C¢Hs, g CH,SH); they were found to be stable under the given reaction conditions.
More bisadducts III than monoadducts IT were formed (Table I) when using a very
little (2-fold) excess of the furan derivative, because II are compounds of dihydro-
furan type and consequently, more reactive than the starting furan derivatives. The
1,3-dipolar cycloaddition of furan derivatives requires to overcome their resonance
energy, which is higher than that of enolethers of monoadducts II. A great (25-fold)
excess of the furan derivative resulted in formation of monoadducts II only. On the
other hand, 2-furfuryl alcohol gave, even in such an excess, the bisadduct 11Id
as a main product. This anomaly can be rationalized by a favourable arrangement
for the consecutive cycloaddition of the monoadduct IId with nitrone I through the
hydrogen bond between hydrogen of the hydroxymethyl group and nitrone I oxy-
gen. The above-mentioned hydrogen bond can be observed in the mixture of I
with 2-furfuryl alcohol in the UV spectrum!3. As found, the cycloadditions
proceed smoothly in a nitrogen atmosphere under exclusion of light and moisture'
at 55°C and were completed after 16 h (TLC, chloroform-n-heptane 8 : 2). Higher
reaction temperature resulted in lowering yields, temperatures above 90°C furnished
tarry products. Physical and analytical data of new compounds, which were purified
by chromatography on a silica gel column, are given in Table 1. Elemental analysis,
mass, UV and IR spectra clearly indicated the formation of cycloadducts. Their
structure was deduced on the basis of 'H-NMR spectral data using also the INDOR
and decoupling techniques. The chemical shifts, coupling constants and the num-
bering of the heterocyclic system are listed in Table II and in the Scheme 1. The
'"H-NMR spectra of cycloadducts /T and 111 are in full accordance with those of mono-
adducts IIb, Ilc and the bisadduct I1Ib, (ref."*?). Thus e.g. in the monoadduct IIf,
where R stands for phenyl, the 'H-NMR (8, ppm) signals at 5-35(d), 5:66 (dd),
5-81(s) and 606 (d) were ascribed to protons Hy, Hs, Hj, and H,. The spin-de-
coupling of the 'H-NMR spectrum at 484 Hz, associated with the H, resonance,
reduced the doublet of doublet at 5:66 to a doublet Hs, and was of no effect on the
doublet at 5-35 H,. This experiment evidenced the correct attribution of proton
signals of thé isoxazolidine skeleton Hj, Hy and Hs and also that of dihydrofuran
proton H, (Table II). The value of coupling constant of bridgehead protons J, s =
= 7 Hz indicated the cis arrangement thus evidencing both the stereospecificity
of the 1,3-dipolar cycloaddition and the concerted reaction of benzoylnitrone I
with the listed furan derivatives. Signal of the isoxazolidine proton Hj appeared
in the "H-NMR spectrum as a singlet and therefore, one is entitled on the basis
of the zero value of the coupling constant J; 4 to ascribe the structure with an anti
arrangement of the bridgehead dihydrofuran protons and the isoxazolidine Hj
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TaBLE I
Physical Properties and Elemental Analyses

Calculated/Found

Compound Formula M.p., °C v(CO) Ainax _
R (mol.w.) (yield, %) cm™ ! (log &) %C %H %N
11d C,oH;NO, 168—170 1695 246 70-57 530 433
CH,OH (323-3) 1) 3568° (4:54) 7069 525 420
3681°
Ile C, H,NOs  108—I110 1693 245 6903 524 383
CH,0COCH; (365-4) (1) 1744 (4-42) 6921 514 408
1f CyHyoNO,  121—122 1692 246 7782 544 378
CeHs (370-4) (38) (4-30) 7810 545 406
1lg CyoH;NO3S  133—135 1694 246 6723 505 412
CH,SH® (339:4) (64) (4-68) 6711 512 426
1nd C33HygN,04  200—202 1695 246 7225 514 511
CH,0H (548-6) (54) 35677 (4-45) 72:29 508 510
3679%

1ile Cy5H30N,0, 142—144 1694 246 71-17 512 474
CH,0COCH; (590-6) 12) 1747 472) 7134 517 495
uif CygHy N,05  178—180 1699 246 7662 525 470
CgHs (595-6) (40) (466) 7690 515 493
v CyoH gNO; 147—148 1682 244 7474 596 436
CH, (321-4) (46) 1695 (4-41) 7471 ° 580 438
Villa CgH;3NO;  163—164 1680 314 7421 449 481
H (291-3) (83) (4-82) 7441 452 492

261

(4-51)
2000 CioHsNO;  133—134 1681 326 7473 495 458
CH, (305-3) (90) (4-87) 7478 487 479

256

(4:50)
Ville C,,H,,NO; — 1680 321 6941 472 385
CH,0COCH;,4 (363-4) (75) 1742 260 — — —
vy Cy4HgNO;  143—144 1679 366 7824 492 380
CgHs (368-4) (88) (4-83) 7821 506 3-02

349

(4:50)

9 y(OH); ® % S calculated: 9-58% S; found: 9-81% S.
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Furan Derivatives 3549

proton to monoadduct IIf. The substituent R at the furan ring is of minimum effect
on the value of chemical shift of isoxazolidine moiety protons; a greater effect
was exerted on the value of chemical shift H,. The !H-NMR spectrum of the mono-
adduct IIg (R = CH,SH) was excluded from the series, since the H, H, and H,
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proton signals appeared, due to the close values of chemical shifts, as a complex
multiplet with 5-97—6-20. Their correct assignment and also the determination
of coupling constants were enabled by using the combination of INDOR technique,
decoupling experiment and application of a shift reagent. The mutual doublet-
-doublet interactions at 424 Hz (Hs) with the doublet at 487 Hz (H,) and partly
also with the doublet-doublet at 478-5 Hz (HA) were determined employing the
INDOR technique. Decoupling of the signal at 424 Hz belonging to the H; resonance
reduced the complex multiplet at 5:97—6-20 to a doublet at 6:16 (H;), the singlet

TasLE 11
Chemical Shifts and Coupling Constants of the Synthesized Substances (6, ppm; J, Hz)

Compound ~ Hj H, Hg H, Aromatic m Other
d 576s 596 d 5-53 dd 501d 6:92—8:09 CH,, 360 s
(7-0) (7-0, 2-0) (2:0)
Ile 576s 5-98d 5-66 dd 510d 5-87—812 CH,,4:05s
(6:5) (65, 2:0) (2:0) CHj, 1197 s
1 581s 6-05d 5:66 dd 5:35d 6:62—8-09 —
(6'5) (6°5,2:2) (2-2)
g 616d 6:08 d 5-31dd 598 dd 6:75—8-:01 CH,, 3:56 s
[€RY] 81 81,17 31,17
1id 5685 506 d 4-55d 3-83s 6:75—7-97 CH,, 3-30s
612 (6:0) (6°0) OH, 475b
Ile 5075 4-97d 4:48 d 428's 6:90—8:05  CH,, 418 s
539s 42) (42) CH;, 185
mif 544 5:06d 4-66 dd 4-13 dd 6-83-—8:02 —
521d (4-0) (4-0, 1-0) (1-0, 0-5)
vV 5:25s — 5-14d 470 m 6-37—8:19  CH;,290d
i (2:0) (2:0, 1:0) CHy, 171 s
Villa 8:22d 6:62 dd 7-43d — 7-10—7-82 —
(3:5) (35, 1:7) 17
20004 816 d 628 m — — 7-22—7-82 CH,,220d
3-5) (35,0-5) (0-5)
Ville 8-16d 6:61d — — 7-13—7-80 CH,, 4-88s
(3-5) (3-5) CH,, 188
viif 8:21d 6:79d — — 7-00—7-85 —
32 (32
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Furan Derivatives 3551

at 608 (H,) and the doublet at 5-98 (H,). Coupling constants J, s = 8:1 Hz, J5 5 =
= 17Hz and J; , = 0 Hz are analogous to preceding monoadducts and proved
the like sterical arrangement of hydrogen atoms. The coupling constant J; , = 3-1 Hz
was surprisingly high; the mutual interaction of H; and H, protons was evidenced
by the INDOR technique, as well. Adducts Ila—IIf did not show this interaction
at all.

Pure bisadducts [11d — 111 f were obtained without any chromatographic purification
after concentration of the reaction mixture under reduced pressure by trituration
with ether, when the reaction on nitrone I was carried out in a 2-fold excess of furan
derivative. Their structures were determined from elemental analyses and by spectral
means. The UV spectra of monoadducts IT and bisadducts I71 did not display signifi-
cant differences. The structure of bisadducts III was adduced from 'H-NMR spectral
data and theoretical considerations for bisadducts IITa and IIIb presented in our
preceding papers*'®. The loss of ring current effect due to an attachment of further
molecule of nitrone I was manifested by a considerable shift of chemical shift values
for all tetrahydrofuran protons (§ = 1:0—1-2 ppm). The H, proton signal appeared
as a singlet (bisadducts I1Id and IIle), or a doublet with a very little coupling con-
stant Js , = 1-0 Hz (IIIf), this evidencing the anti arrangement of Hs and H,.
Similarly, the zero value of coupling constants also indicated the anti arrangement
of Hj; isoxazolidine protons with those of tetrahydrofuran ring. Bisadduct IIIf
had the coupling constants J, s = 10 Hz and J; , = 0-5 Hz. One experiment with
2-futfuryl mercaptane in a great excess led to the formation of a monoadduct.

The 1,3-addition product of general formula IV, as well as the reverse regioisomer
were not found in the reaction mixture. The formation of 1,3-addition products IV was
explained® by a mechanism involving a zwitterionic intermediate for which a high
electron density in position 2 of the furan ring was needed, since the nitrone I is
a weak electrophile only. The n-electron densities for 2-furan derivatives were
calculated by the ab initio method!® in the series C,Hs > CH; > H, CH,OH.
The n-electron densities of furan derivatives employed in this paper were not higher
than with furan, where the presence of IV was similarly not found. The absence
of 1,3-addition products might well be rationalized through m-electron densities
according to the mechanism® already mentioned.

The reaction of nitrone I with 2,5-dimethylfuran afforded a cycloadduct C,,H,.
_NO, showing in its mass spectrum a peak of molecular radical ion at m[z 321
to which structure of the monoadduct V was ascribed on the basis of analytical and
spectral evidences. The UV spectrum indicated the isoxazolidine structure, the
'H-NMR spectrum showed the bridgehead of proton Hj as a doublet with J5 4 =
= 2:0 Hz typical of dihydrofuran derivatives'!. Signals of protons of methyl groups
and that of Hs were assigned by means of interaction between H, and methyl group
Jens,a = 1'0 Hz
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Structures of the synthesized compounds were verified also by mass spectra. As
found, these compounds are thermally unstable and a cycloreversion took place
at temperatures of the ionizing chamber over 100°C. Molecular ions in the spectra
are either little pronounced or absent, especially with bisadducts. Table III lists
mass spectral data of ITa, IIb, Ile and IIg. Fragmentation of the molecular ion
of compound IIb is seen in Scheme 2. The metastable transitions were verified in the
first field free region.

Our preceding papers reported the structure elucidation of cycloadducts II
by spectral means only. A chemical proof by acid hydrolysis with dilute hydrochloric
acid, alkaline hydrolysis or bromination in tetrachloromethane led to decomposi-
tion of dihydrofuroisoxazolidine system and thereby to unidentified compounds.
In this connection the dehydrogenation of mono adducts I1 was studied in attempting
to obtain the heterocyclic furoisoxazolidine system VI. The use of dehydrogenating
reagents as e.g. an active MnO,, Pb(OAc)4 in dichloromethane or tetrachloromethane
at room temperature yielded oligomers of benzoylnitrone I. The 'H-NMR spectrum
of crude reaction mixtures after removal of volatile components under reduced
pressure contained only signals of aromatic protons. With chloranile in benzene

TasLE IIL
Mass Spectra of the Synthesized Compounds

Compound m/z (relative intensity?)

Ila 293, M*"(5), 225 (4), 172(9), 171 (68), 170 (35), 143 (11), 142 (15), 122 (28),
117 (5), 116 (4), 115 (11), 106 (7), 105 (75), 104 (24), 93 (5), 81 (4), 78 (10), 77 (100),
76 (5), 79 (4), 68 (17), 52 (5), 51 (35), 50 (11), 43 (17), 41 (4), 49 (21).

1Ib 307, M*" (4), 209 (8), 203 (11), 202(72), 200 (13), 199 (15), 186 (6), 185 (36),
184 (22), 171 (13), 170 (7), 157 (4), 143 (6), 142 (11), 122 (12), 106 (6), 105 (53),
104 (55), 82 (29), 81 (15), 77 (100), 76 (4), 54 (5), 53 (17), 52 (6), 51 (33), 50 (10),
43 (14), 41 (4), 39 (17).

Ile 365, M " (1), 260 (8), 243 (8), 225 (5), 209 (9), 201 (15), 200 (24), 184 (6), 140 (8),
122 (19), 106 (16), 105 (79), 104 (51), 98 (15), 97 (4), 94 (4), 93 (11), 91 (4), 81 (32),
80 (5), 78 (11), 77 (100), 76 (5), 74 (4), 66 (5), 65(6), 69 (8), 53 (14), 52(I8),
51 (40), 50 (14), 45 (6), 43 (33), 41 (10), 49 (14).

1y 339, M** (0), 321 (5), 210 (4), 209 (20), 114 (14), 106 (13), 105 (45), 104 (81),
86 (5), 82 (6), 81 (63), 78 (25), 77 (100), 76 (7), 74 (4), 53 (44), 52 (14), 51 (56),
50 (21), 45 (10), 39 (27).

“ Table lists peaks of relative intensity =4% with the exception of those of molecular radical
ions.
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at 60°C the cycloadducts II remained unaltered, at a higher temperature in toluene
products of cycloreversion were formed. Differential thermal analysis of cycloadducts
II showed the compounds under investigation to be stable up to 90°C after which
they underwent cycloreversion.

.
N—C¢H; AI ~CHNER *
S - CH,C0
HC~—COCH;
mfz 209 mfz 105
* \—cbn,éo * ‘—co
0.
YSN— + —HCN
\ N—C,H C HN=CH — CSH,_V
H,C o —
mfz 104 mfz 17
mfz 202

o
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| il —— 2 CpHN C,H,
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B
H,C o CH—CH;
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SCHEME 2
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Compound I1b reacted with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone in benzene
at 60°C for 3 h to give a yellow compound of M** 305 evidencing the successful
dehydrogenation. The spectral data did not fit the presumed structure of furoisoxali-
dine heterocyclic system. The 'H-NMR spectrum lacked the bridgehead dihydro-
furan protons H, and Hs, and also the isoxalidine H; proton; instead of the anticipat-
ed two singlets characteristic of structure VI, two mutualy interacting doublets
(proved by the INDOR technique) at 628 and 8:16 J5 , = 3-5 Hz, indicative of 2,5-di-
substituted furan derivatives appeared. The presence of the above-mentioned doublets
excluded the alternative structure VII, which might be formed by elimination of hydro-
gens Hy and H,. The isolated substance, was assigned the structure of C-benzoyl-
-C~(5-methyl-2-furyl)-N-phenylnitrone (VIIIb), which accorded with the 'H-NMR
spectrum. Doublet at 6-28 was ascribed to the proton H, (numbering with regard
to the 2,5-disubstituted derivative) on the basis of interaction with the methyl group,
which was observable even upon high resolution of the spectrum. Doublet Hj
revealed an unexpectable high value of chemical shift (8-16 ppm) as a consequence
of deshielding by the nitrone oxygen. E.g. in compound I'Vb differing from VIIIb
by the very absence of oxygen, the chemical shift of Hy makes 6-67. Signal of the H,
doublet in VIIIb was considerably shifted by the shift reagent, this evidencing the
correct assignment. The equally great downfield shifts were observed also with other
nitrones'2. The regeneration of the furan system, associated with the dehydrogena-
tion of IIb with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, also followed from the
methyl group signal position, which, due to the establishment of the ring current
effect changed from 1-31 to 2:20. Another proof provided the UV spectrum showing
a noticeable hypsochromic shift of the absorption maximum: IIb A, 246 nm,
VIIIb 327 nm. Structure of the nitrone moiety of VIIIb evidenced the presence of the
fragment at m/z 289 originating from M** by the loss of oxygen, this being a dia-
gnostic feature of nitrones. The remaining part of the mass spectrum was identical
with that of IVb (ref.®). The IR spectrum displayed bands at 1133 cm™! (N-O)
characteristic of nitrones (~1200 cm™* ref.'?), at 1677 cm™" y(C=0) for VIIIb,
which is lower than that for the starting monoadduct IIb (1691 cm™") this being
in accordance with formation of an o,B-unsaturated nitrone system.

Compound VIIIb is assumed to be formed according to the following mechanism:
derivative VII originating from dehydrogenation was electrocyclically opened in agree-
ment with the Woodward-Hoffmann selection rules by an allowed reaction under
formation of VIIIb. The unilatelar shift of the reaction toward the opened acyclic
structure was due to thermodynamic factors, i.e. to a regeneration of the furan
heterocyclic system in conjugation with the nitrone grouping. Dehydrogenation
of monoadducts Ila, Ile, IIf with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone under
the same conditions led analogously to so far unknown ketonitrones VIIla, VIIle
and VIIIf (Table I). The formation of a conjugated furan system was manifested
by a great effect of the substituent attached at furan ring on the K band in the UV
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spectra (for VIlIa A, 314 nm, for VIIIf ., 366 nm). The assignment of proton
signals in VIIIa was effected by means of INDOR technique, coupling constants
J3,4 = 35Hz and J, 5 = 1-7 Hz fully agreed with the structure of 2-substituted
derivative. Comparison of methylene groups signals attached to the furan of di-
hydrofuran ring in VIIIe (6 CH, = 4-88 ppm) and in Ile (4-18 ppm) indicated the
ring current effect associated with the re-formed furan ring. Compound VIlIe is
a yellowish oil undergoing decomposition. The respective spectra were measured
immediately after isolation of the substance by a preparative thin layer chromato-
graphy. Yields of dehydrogenation varied within 75—90%.

The presented method of preparation of ketonitrones via dehydrogenation of di-
hydrofuroisoxazolidines with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone offered
a further possibility to exploit products of 1,3-dipolar cycloaddition reactions for
synthetic purposes. Isoxazolidines have hitherto been utilized for preparation of N-
-substituted y-amino alcohols!* and B-amino ketones!>.

EXPERIMENTAL

Yields, uncorrected melting points and analytical data of the synthesized compounds are listed
in Table I. IR spectra of saturated chloroform solutions were measured in 0-6 mm-NaCl cells
with a UR-20 (Zeiss, Jena) spectrophotometer in the 700—3 800 cm ™! range; reading accuracy
+1cm™! (Table II). 'H-NMR spectra of deuteriochloroform solutions were recorded with
a BS—487 C (Tesla, Brno) apparatus operating at 80 MHz with tetramethylsilane as an internal
reference. The position of lines was determined by an in-built frequence reader (Table II). Mass
spectra given in Table III were taken with a MS 902 S (AEI Manchester) instrument provided
with a direct inlet system at an ionizing electron energy 70 eV, ion current 100 HA and 80°C
ionization chamber temperature. UV spectra were measured with a UV VIS spectrophotometer
(Zeiss, Jena) in methanolic solutions. The reaction course and the purity of compounds were
monitored by TLC using Silufol (Kavalier, Votice) plates (detection by the filtered 254 nm UV
light, or with iodine vapours). C-Benzoyl-N-phenylnitrone I was prepared according to'6 from
nitrosobenzene and phenacylpyridinium bromide, 2-furfuryl alcohol and 2-furfuryl mercaptan
were commercially available, 2-furfuryl acetate was obtained from furcuryl alcohol according
to'”, 2-phenylfuran according to!® using isopentyl nitrite or n-propyl nitrite. Silica gel and Silica
gel LSL (Lachema, Brno) were employed for column and TLC chromatography, respectively,
using 45 g of the latter carrier for a 20 X 20 cm plate, 2 mm-coating; solvent system chloro-
form-n-heptane 8 : 2 for cycloaddition reactions and benzene for reaction products.

Cycloaddition of / with Furan Derivatives

The mixture of I (2:25g, 10 mmol), furan derivative (250 mmol), and toluene (40 mi) under
nitrogen at 55—69°C for 15 h was concentrated in vacuo (rotary pump, 55°C bath temperature)
and the oily residue was separated on silica gel packed column. Yield: Ile 73%;, 1If 69% V 46%;.
A solid was obtained when using 2-furfuryl alcohol from which bisadduct I7]d was obtained
in 54% by washing with ether. The concentrated filtrate was separated by TLC chromatography
to furnish the monoadduct 14 in a 21%; yield.

Bisadducts I/ld and Ille were obtained under the same reaction conditions and using a two-fold
excess of the furan derivative; IIIf was obtained using methanol instead of ether for trituration
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the distillation residue. Analogously, monoadducts I/ were obtained from the filtrates, which
were purified by column chromatography through silica gel and crystallized from dichlorome-
thane-hexane.

Dehydrogenation of // with 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone

The mixture of monoadducts 7/ (1:5 mmol), 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(4-5 mmol) and benzene (40 ml) was heated at 60°C for 3 h, filtered, concentrated under di-
minished pressure and separated by preparative TLC, benzene being the eluent. Good separation
was assured by rechromatography. Yields before crystallization from dichloromethane—hexane
are listed in Table I. Work-up in an orthodox way, i.e. filtration, washing with 2M-NaOH, water,
drying with MgSO, and concentration under diminished pressure afforded products in sub-
stantially lower yields.

The authors are grateful to Mrs M. Somorovskd, Mrs L. Livafovd, Mrs S. Markusovd, Mrs
E. Sykorovd and Mrs M. Hroboriovd for spectral and analytical measurements.
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