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The reduction potentials of I-III (Table XII) are considerably
more negative than those expected for a Rieske center analogue.
Furthermore, they are even more negative than those found for
the conventional 2Fe-2S ferredoxin analogues.

Direct comparisons of redox potentials between synthetic
analogues and proteins are difficult to make. Potentials for the
proteins are obtained in aqueous media and are reported vs the
saturated hydrogen electrode (SHE). In contrast, the potentials
for the synthetic analogues are obtained in organic solvents
(CH;CN, DMF, etc.) and are reported vs the saturated calomel
electrode (SCE). Under the conditions described above regarding
solvent and reference electrode, the redox potentials as reported
for the most acceptable synthetic analogues (in DMF vs SCE)
are more negative by about 1 V than those of the protein centers.
Thus, the reduction of the [Fe,S,(SEt),]?~ complex is found at
-1.44 V (DMF vs SCE), while the reduction of the 2Fe-28S fer-
redoxins takes place at around -0.4 V (H,O vs SHE). The
midpoint redox potentials for the Rieske protein from 7hermus
thermophilus'3 and Pseudomonas putida® are found at +0.15
and -0.11 V, respectively (vs SHE). An acceptable synthetic

(41) Dunham, W. R.; Wu, C. T.; Polichar, R. M,; Sands, R. H. Nucl.
Instrum. Methods 1977, 145, 537.

(42) Geary, P. J; Saboowalla, F.; Patil, D.; Cammack, R. Biochem. J. 1984,
217, 667,
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analogue for the Rieske centers probably should undergo reduction
between —0.9 and —1.1 V (in DMF vs SCE). The pH dependence
of the midpoint potential in the Rieske protein from 7. thermo-
philus has led® to the suggestion of the following equilibria:

[Fe,S;]%*,LH + ¢ — [Fe,S,]*,LH at pH <8
[Fezsz]2+,L— +e + H+ - [Fezsz]+,LH at pH >8

and the proposal that LH is probably coordinated imidazole.

Cognizant of these results, we are currently directing our at-
tention to the synthesis and structural characterization of Fe,S,
complexes that contain bidentate ligands that contain OH™ or SH™
and imidazole as functional groups.
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170 NMR spectroscopy and gas chromatographic-mass spectral analysis have been used to monitor the source of oxygen in the
triethylphosphine oxide formed by the reaction of the antiarthritic drug auranofin ((2,3,4,6-tetra-O-acetyl-8-p-1-gluco-
pyranosato)(triethylphosphine)gold(I)) and bovine serum albumin (BSA) in the presence of reduced glutathione (GtSH). A
procedure to extract Et,PO from aqueous solutions and concentrate it for subsequent analyses was developed. When the in vitro
reaction is carried out aerobically in !’O-enriched water, Et;P!0 is generated. The chemical ionization (CH,) mass measurement,
(m+ 1)/z = 135, and the 1O NMR parameters (6q = 40.6 and 'Jpo = 156 £ 5 Hz) unambiguously establish its identity. The
SH titer of the albumin (mole ratio of protein SH groups to BSA) increases during the reaction, confirming that albumin disulfide
bonds are reduced in the reaction. Under aerobic conditions, the enriched Et;PO accounts for at least 60% of the Et,PO formed.
The significance of these results for the in vivo formation of Et;PO, an auranofin metabolite, is discussed.

Auranofin ((2,3,4,6-tetra-O-acetyl-3-D-1-glucopyranosato)-
(triethylphosphine)gold(I), Et;PAuSAtg),? a newly licensed
chrysotherapy agent, undergoes ligand-exchange reactions that
render its metabolism different from that of organic drugs. The
products of its metabolic reactions in vivo and model reactions
in vitro have been characterized by a variety of physicochemical
technigues including radiotracering,’ 3P NMR,** 'H NMR,’ and

(1) On sabbatical leave for the 1986-1987 academic year from the De-
partment of Chemistry, The King Fahd University of Petroleum and
Minerals, Dhahran 31261, Saudi Arabia.

(2) Sutton, B. M. ACS Symp. Ser. 1983, No. 209, 371-385.

(3) Intoccia, A. P.; Flanagan, T. L.; Walz, D. T.; Gutzait, L.; Swagzdis,
J. E.; Flagiello, J., Jr.; Hwand, B. Y.-H.; Dewey, R. H.; Noguchi, H.
In Bioinorganic Chemistry of Gold Coordination Compounds; Sutton,
B. M., Eds.; Smith Kline and French Laboratories: Philadelphia, PA,
1983; pp 21-33.

(4) Malik, N. A.; Otiko, G.; Sadler, P. J. J. Inorg. Biochem. 1980, 12,
317-322,

(5) Razi, M. T.; Otiko, G.; Sadler, P. J. ACS Symp. Ser. 1983, No. 209,
371-384.
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EXAFS and XANES spectroscopies, and HPLC.” Et,PO is the
principal, and probably exclusive, metabolite generated from the
phosphine ligand after it is displaced from the gold(I).3*62-10

Sadler proposed that disulfide bonds in serum albumin oxidize
triethylphosphine when [Au(PEt,),*] is added to whole blood.’
In packed red blood cells pretreated with auranofin, Et;PO for-
mation is stimulated by the addition of 2,3-dimercaptopropanol.®
In reactions of serum albumin with auranofin analogues, auranofin
generated a small amount of Et,PO, but none was generated by

(6) Coffer, M. T.; Shaw, C. F., III; Eidsness, M. K.; Watkins, J. W.; Elder,
R. C. Inorg. Chem. 1986, 25, 333-340.

(7) Tepperman, K.; Finer, R.; Donovan, S.; Elder, R. C.; Doi, J.; Ratliff,
D.; Ng, K. Science (Washington, D.C.) 1984, 225, 430-432.

(8) Dent, J; Hwang, B., Smith Kline and French Laboratories, personal
communication.

(9) Carlock, M. T. M.S. Thesis, University of Wisconsin—Milwaukee,
1985.

(10) Coffer, M. T.; Shaw, C. F., III; Hormann, A. L.; Mirabelli, C. K,;

Crooke, S. T. J. Inorg. Biochem. 1987, 30, 177-187.

© 1988 American Chemical Society



Et;P!70O Formation from Auranofin, BSA, and H,’0

the deacetylated analogue, Et;PAuSTg ((B8-D-1-thiogluco-
pyranosato)(triethylphosphine)gold(I)).’ A detailed examination
of the reactions of various thiols with the serum albumin me-
tabolite, Et;PAuSAlb; where AIbSH represents the mercapt-
albumin form of bovine serum albumin, demonstrated that the
thiols having the greatest affinity for gold(I) promote the most
rapid formation of Et;PO and that 40% or greater conversion to
Et;PO could be obtained with excess thiol present:!°
-Ht
AIbSALPEt; + RSH == AIbSAUSR + EtgP

‘[0] Mm

EtaPO

The studies cited above are consistent with the suggestion that
albumin disulfides are the oxidants but do not provide direct
evidence in support of their participation.*®#10 Since triethyl-
phosphine is pyrophoric, O, might oxidize it after it is displaced
from gold. Although reaction 1 proceeded to the same extent,
and as rapidly, under argon as under aerobic conditions,!? this
constitutes only negative evidence for the role of disulfides as
oxidants. Furthermore, albumin often contains an oxidation
artifact (putatively a sulfenic acid, AIbSOH) formed during
storage$ and might contain spuriously oxidized methionine residues
(methionine sulfoxides), which could act as oxidants. O,, sulfenic
acid, and sulfoxides contain oxygen atoms that would be trans-
ferred to the phosphine, while the disulfide linkages do not contain
any transferable oxygen. Water is the most probable source of
oxygen when disulfides (RSSR) drive the formation of Et;PO (eq
2). This reaction is analogous to well-known, commercially

RSSR + Et;P + H,0 = Et,PO + 2RSH )

important reactions of disulfides with tri-»-butylphosphine and
triphenylphosphine.!!™!* Thus, demonstrating the incorporation
of labeled oxygen from the water into the Et;PO, as it is formed
by the reaction of bovine serum albumin (BSA) with auranofin
and a thiol such as glutathione (GtSH), would provide strong
support for the role of the disulfide bonds as oxidants. This paper
describes an investigation by O NMR and GC-MS tracer
techniques of the source of the oxygen in Et;PO. Measurement
of the albumin thiol groups generated by the reaction are also
reported.

Experimental Section

Materials. BSA (fatty acid free, Lot 1028252049) was obtained from
Boeringer Co., H,'"O (Lot F-7959: 34% H,'60; 20% H,"70; 46% H,'*0)
and H,'%0 (F-3580: 99.99%) were obtained from Cambridge Isotope
Laboratories, glutathione (reduced) and DTNB were from Sigma Bio-
chemicals, CDCl; and SOCI, were from Aldrich Chemical Co., CHCl,4
(ACS grade) was from Fisher Chemical Co., and Et,PO was from Strem
Chemical Co. Auranofin was generously provided by Smith Kline and
French Laboratories.

Et,PO Generation. In a typical reaction, BSA (240 mg; SH titer 0.60)
was dissolved in 1 mL of H,O (natural abundance, 99.9% H,!0 or 20%
H,"70). The [BSA] was determined to be 3.5 mM from its UV spectrum
(€78 = 39600 L mol™ cm™). Et;PAuAStg (75 mM in CH;OH) was
added to yield a 2.5 mM auranofin concentration. Sufficient GtSH
(solid) was added to yield a final 2.0 mM concentration. Et;PO for-
mation was allowed to proceed for 24 h with gentle stirring.

SH Titers. Aliquots of several typical reaction mixtures were frac-
tionated over Sephadex G-75 with 100 mM NHHCO, buffer, pH 7.9,
as the eluant. The albumin-containing fractions were pooled, and the
gold, protein, and DTNB-reactive thiols were measured as previously
described.

Et;PO Extraction. Aqueous solutions of Et;PO or the reaction mix-
tures were extracted six times with 5-10 volumes of CHCl; or CDCl,.
A white, gelatinous albumin precipitate formed and was kept with the
aqueous phase, from which the CHCl; was decanted. The combined
extracts were evaporated to ca. 1 mL on a rotary evaporator to concen-
trate the nonvolatile Et;PO for spectroscopic analysis.

(11) Humphrey, R. E.; Potter, J. L. Anal. Chem. 1965, 37, 164—165.

(12) Humphrey, R. E.; McCrary, A. L.; Webb, R. M. Talanta 19685, 12,
727-732.

(13) Sweetman, B. J.; Maclaren, J. A. Aust. J. Chem. 1966, 19, 2347-2354,
2355-2360.
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NMR Measurements. !0 NMR spectra were obtained at 320 K on
a Bruker WP 250 Multinuclear NMR spectrometer operating at 33.9
MHz. The chemical shifts were measured in CHCl, solutions and are
reported relative to internal H,}’O (as 0.0 ppm). The acquisition pa-
rameters were 20-ps pulse width, 205-ms acquisition time, and 20-kHz
spectral width. Typically, 10000 acquisitions were required for enriched
samples after extraction from the reaction medium. A 29-Hz line
broadening was applied to enhance the signal-to-noise ratio. The spec-
trum of an authentic, concentrated Et;PO sample (1/1 v/v in CDCly)
was obtained at natural abundance in 4000 scans.

Under previously described conditions,® P NMR spectra were ob-
tained at 101.3 MHz on CDCl, solutions with (MeQ);PO as the internal
reference.

GC-MS Analysis of Et;PO. A Hewlett-Packard 5985 GC-MS in-
strument operating in the chemical ionization mode with methane gas
was used. Concentrated CHCI; extracts of Et,PO were passed through
a SPB-5 capillary column (30 m; 0.25-mm i.d.; 0.25-uM film thickness)
at an initial oven temperature of 100 °C and programmed to rise at 5
°C/min for 8 min. Authentic Et;PO was used to calibrate the retention
time.

MS Analysis of H,O Enrichment. The oxygen of water is conveniently
incorporated into SO, by using thionyl chloride in a conventional vacuum
line. A 12-uL portion of water (or reaction mixture) and 12 uL of
Cl,S=O0 were introduced through a septum inlet; the molar excess of
water contained in equal volumes ensured that there was no spurious
formation of SO, by reaction of unconverted thionyl chloride with
moisture on the glass surfaces of the vacuum system during the subse-
quent fractional distillation of reactants and products. Traps at —45 °C
(chlorobenzene slush), =110 °C (CS; slush), and —178 °C collected H,0,
SO,, and HCI respectively. The SO, was transferred to a small flask
fitted for the Hitachi RMU-6E inlet. Conventional electron impact
analysis of the peaks at m/z 64, 66, and 68, after correction for the
abundance of sulfur isotopes, provided the ratio of 'O and '#O incor-
porated into the SO,. Triplicate analyses of the original water and the
reaction media after 24 h demonstrated to significant dilution of the
water.

Warning: The reaction of H,0 and SOCI, is extremely exothermic
and vigorous and, therefore, potentially violent if conducted on a mod-
erate or large scale. Using microliter quantities as described here should
pose no substantial hazard.

Results

GC-MS and 70 NMR spectroscopy were selected as the most
sensitive tools to monitor the origin of the oxygen in triethyl-
phosphine oxide. For the GC~MS experiments it was necessary
to extract the Et;PO from the aqueous solutions in order to remove
the protein and glutathione before injection; for the 'O NMR
experiments it was necessary to remove it from the 10000-fold
excess of H,'70. CHCI, was chosen for the extraction because
itis (1) volatile, permitting the excess to be stripped without losing
the high-boiling Et;PO (bp 243 °C), (2) sufficiently polar to
extract Et;PO, which is highly water soluble (and hydrocarbon
insoluble), (3) readily available in deuteriated form for NMR
measurements, and (4) nonoxygenated, thereby not interfering
with subsequent ’O NMR measurements. Six successive ex-
tractions, each using 5-10 volumes of CHCl;, recovered sufficient
Et;PO from 5 mM aqueous solutions, with or without albumin,
so that high-quality GC-MS and NMR spectra could be obtained.

Control experiments, in which authentic Et;PO was incubated
with enriched water (20% H,'*O or 20% H,'’0 + 46% H,'*0)
then extracted and analyzed by GC-MS, established that direct
H,0/Et;PO exchange does not occur under the conditions used
for the reactions described below.

Previous research in our laboratory showed that excess gluta-
thione drives Et;PO formation further toward completion than
occurs only in the presence of auranofin and serum albumin,!¢
Albumin and auranofin react to form EtyPAuSAtg, from which
glutathione (GtSH) and the liberated AtgSH displace the Et,P,
thereby initiating its oxidation (eq 1). In the present study,
reaction mixtures were stirred for 24 h and then extracted with
chloroform for analysis of the Et;PO.

The critical experiments were performed with 20% ?O-enriched
water. The "0 NMR spectrum of the concentrated extract
showed two resonances. The 0.0 ppm resonance, due to residual
water extracted into the chloroform, provides a convenient ref-
erence signal. The 40.6 ppm resonance is that of Et;P'’0O. The
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Figure 1. 70 NMR spectrum of Et;P!’O generated by the reaction of
BSA (3.5 mM), GtSH (2.0 mM), and Et;PAuSAtg (2.5 mM) in en-
riched water (20% H,’0) and extracted into CHCl;/CDCl;. The
chemical shifts were measured and are reported relative to H,'’O.

=

splitting, 156 % 5 Hz, is due to one-bond phosphorus—oxygen scalar
coupling, 'Jpo. The same chemical shift was observed at natural
abundance after extracting authentic Et,PO from aqueous solution,
but the poorer signal-to-noise ratio obscured the expected P==0
coupling (not shown).

The 3'P NMR spectra of the extracted Et;PO solutions were
also recorded. The chemical shift value of 49.8 ppm relative to
(Me0),PO is in excellent agreement with that for authentic Et;PO
in CDCl;, 49.7 ppm. Jpo Was not resolved in the P NMR of
the 17O-enriched sample since the 70 magnetic moment is 3/,.

The chloroform extracts were analyzed by GC-MS, with the
use of CH, chemical ionization to facilitate observation of the
parent ion. The (m + 1)/z and (m + 29)/z peaks are generated
by addition of H* and C,H,™, respectively, to the parent molecule.
Reactions were run in depleted water (99.99% H,'°0) as well as
in enriched water (34% H,'%0; 20% H,!"0; 46% H,'®0). A single
parent ion +1 peak at mass 135 and the corresponding parent ion
+29 peak are observed for the Et;PO generated in depleted water
(Figure 2a). The spectrum of Et;PO generated in the enriched
water (Figure 2b) contains three isotopic parent iort peaks arising
from 60, 170, and 80 incorporation and three corresponding
parent ion +29 peaks. The observation of Et;PI’0O by NMR
spectroscopy and GC-MS and of Et;P80 by GC-MS clearly
establishes that water is a source of oxygen for Et;PO formation
in the presence of albumin.

The relative abundances of 60, 7O, and '#0 (100/25/42) in
Figure 2b correspond to 60, 15, and 25%, respectively. Comparing
the percent of 160 or the sum of 70 and '®O to the isotopic
abundance of the water indicates that about 60-66% of the oxygen
originated from the enriched water solvent. Either dilution of the
water with natural-abundance water (99.8% H,'%0) during the
reaction or oxidation by another oxidant could cause the observed
result.

To determine whether water from the BSA and glutathione
dituted the isotopic enrichment of the reaction medium, it was
measured before and after the reaction. For this purpose we used
20% H,'80, which is more economical than H,'7O. Direct analysis
of the water was precluded because our water-intolerant GC-MS
instrument is equipped with a moisture removal system and our
conventional mass spectrometer has a high background in the mass
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Figure 2. GC-mass spectra of (a) Et;P°O generated in depleted water
and (b) Et;P'6OP (*), Et;P'70O (A), and Et;P'*0O (W) generated in en-
riched water. The composition of the reaction mixture was similar to that
used for Figure 1. Et;PO was extracted into CHCI; in each case.

region of water. Therefore, we developed an indirect method using
thionyl chloride to convert the water to SO,.

H,*O + CL,S—0 — 2HCI + S*0, 3)

C1,SO and a molar excess of water were reacted in vacuo; then
the products and excess water were fractionally distilled, collecting
the enriched SO,. Electron impact mass spectroscopy was used
to analyze the abundances of the ions at m/z 64, 66, and 68, which
depend on the natural abundance of 32S and S, the %O and '*0
composition of the H,0, and the H,O/Cl,SO stoichiometry.
Within experimental error (three repetitions), the SO, generated
from water and from the reaction media after 24 h had indis-
tinguishable isotopic compositions (e.g., 0.29 £ 0.04 and 0.30 £
0.03 %6S0,, respectively, in excellent agreement with the value,
0.29, calculated for complete exchange of 20% H,'30 with the
two sulfur oxygens).

Therefore, since the water is not isotopically diluted, another
oxidant mustsupply the 34—40% of the Et;PO oxygen not derived
from the water. Under the aerobic conditions used, it is probably
O,, but methionine sulfoxide, cysteine sulfenic acid, or other
spuriously oxidized groups on the albumin cannot be eliminated
as sources. This second source of oxygen does not, however,
invalidate the major conclusion that water is the principal source
of the oxygen incorporated into Et;PO in the presence of serum
albumin. B

To verify that albumin disulfide bonds are being reduced, we
isolated the protein and analyzed its SH titer, which should in-
crease if eq 2 correctly dessribes the oxidation-reduction chemistry.
A reaction similar to those above was allowed to proceed for 24
h, after which the reaction miixture was fractionated over a
gel-exclusion column to isolate the albumin component. In a
typical experiment, the Au/BSA ratio was found to be 0.55 and
the SH/BSA ratio, determined by using 5,5’-dithiobis(2-nitro-
benzoic acid), was 0.83. Since gold bound to Cys-34 of albumin
masks its reactivity with DTNB, this experimentally measured
SH/BSA ratio is a lower limit for the stoichiometry of thiols
generated by Et,P oxidation. The actual value may be larger due
to two factors: (1) there is reoxidation of reduced thiols under
the aerobic conditions employed and (2) the newly created thiols
may coordinate to gold(I) in lieu of the displaced and oxidized
Et,P, thus masking their reactivity with DTNB.

Discussion

The presence of a strong 'O NMR signal (40.6 ppm) for
Et;P!70 generated in ’O-enriched H,O and most convincingly
the appearance of Et;P'7O and Et;P'80 peaks in the mass spectra
demonstrate that water is the principal, but not exclusive, source
of oxygen when Et;PO is generated by serum albumin, glutathione,
and auranofin under aerobic conditions. The increased SH titer
of the albumin establishes that the disulfide bonds are being
reduced in the course of the reaction. These observations can be
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incorporated into the reaction scheme

AlbSH + EtzPAuSAtg AIDSAUPEtz + AtgSH (4a)

— AIbSAUSR™ + EtgP + H*

+ RSH ————
AIBSAUPEtg + RSH <o oH, Atgsh

(4b)
s
* \ "
PEty + H*O + | “BSA — EtgP"0 + (HS1BSA (40)
s
PEty + %0, Et3PO (ad)

Previous results established that the rates of Et;PO formation are
comparable under aerobic or anaerobic conditions!® and that the
rate of reaction 4a is much faster than Et,PO formation.® Ac-
cordingly, step 4b, displacement of the Et,P, must be the rate-
limiting step for the overall reaction.

The incorporation of oxygen from water and the increased SH
titer of the albumin provide the first direct evidence that albumin
disulfides oxidize triethylphosphine in these reactions.!*!* Al-
bumin is rich in disulfide bonds since 34 of its 35 cysteine residues
form intramolecular disulfide bonds.!® Even the remaining
cysteine (Cys-34) forms mixed disulfides with cysteine or gluta-
thione in 30-40% of the molecules in vivo.!” In eq 4b, the disulfide
is associated with BSA, since all of the multiple albumin species,
not just mercaptoalbumin (AlIbSH), contain the 17 intramolecular
disulfide bonds.!” One of the disulfide bonds is postulated to be
close to Cys-34,'® which is the high-affinity binding site for
Et;PAu*S and this disulfide might be preferentially reduced.

(14) A reviewer suggested that glutathione might be the oxidant. Reductions
of its functional groups (-NH;*, -CO,~, -CONH-, and -CH,SH) by
phosphine are without precedent, while the reduction of disulfide bonds
with various phosphines is a well-established reaction.!'* Furthermore,
several laboratories have established previously that glutathione and
other thiols undergo ligand-exchange reactions with auranofin but do
not generate Et;PO.>7 Nevertheless, we incubated a mixture of gluta-
thione and auranofin at the concentrations employed here; after 24 h,
the *'P NMR spectrum had only a single resonance at 36.2 ppm due
to the rapid exchange of thiol ligands but no resonance at 61 ppm, the
chemical shift of Et;PO in aqueous solution.

(15) Another reviewer raised the possibility that the chloroform was re-
sponsible for the oxidation of the phosphine. Our previously published
studies, in which CHCl, extractions were not employed, monitored the
reaction for 24 h by *'P NMR spectroscopy and found conversions up
to 50%;!° only a few minutes is required to extract the Et;PO from the
reaction mixture and then strip off the chloroform, so it is not likely to
be a significant oxidant.

(16) Brown, J. R. In Albumin Structure, Functions and Uses; Rosenoer, V.
M., Oratz, M., Rothschild, M. A., Eds.; Pergamon: Oxford, UK., 1977;
pp 27-52.

(17) Foster, J. F. In Albumin Structure, Functions and Uses; Rosenoer, V.
M., Oratz, M., Rothschild, M. A., Eds.; Pergamon: Oxford, UK., 1977;
pp 53-84.

(18) Noel, J. K. F.; Hunter, M. J. J. Biol. Chem. 1972, 247, 7391-7406.
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In three related systems ({i) reactions using cyanide to displace
the phosphine from Et;PAuSAtg,' (ii) reactions of the methyl
analogue of auranofin, Me;PAuSAtg, with albumin,?® and (iii)
reactions of Au(PEt;),* with albumin?!), the albumin thiol titer
increases concomitantly with Et;PO formation, which is consistent
in each case with disulfide oxidation of the phosphine. Hemo-
globin, which contains no disulfide bonds, forms a complex,
Hb(SAuPEL;),, via the Cys-3-93 thiols.?? It is noteworthy that,
unlike AIbSAuPELt,, the hemoglobin complex does not generate
Et;PO when it is treated with thiols.??

Although an in vivo role for albumin disulfides as oxidants has
not been established yet, the rate of phosphine oxide generation
is greater than auranofin is added to whole blood (i.e., in the
presence of both serum and red cells) than when it is added to
serum alone or red blood cells alone.® In addition to its role as
oxidant, the albumin also labilizes the phosphine due to the trans
effect of the unusual Cys-34 thiol group, which has a higher
affinity for gold(I) than any other known thiol group.!®!® While
our in vitro studies clearly establish the feasibility of nonenzymatic
phosphine oxidation mechanisms, there exists the possibility that
reactions in vivo may involve other oxidants, for example, cyto-
chrome P-450 monooxygenases, which are known to oxidize di-
phenylmethylphosphine and diphenyl(3-aminopropyl)phosphine
to the corresponding phosphine oxides.?

The chemical shift value, 5o = 40.6, and the Jpg coupling
constant, 156 Hz, for Et,P!’O can be compared to the values of
80.9 ppm and 74 Hz, respectively, which are average values for
all four oxygens in H;PO,?* The coupling constant shows better
agreement with the range of values reported for phosphoryl ox-
ygens, 120 Hz (Me,;PO) to 205 Hz (Cl,P0O).%
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