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Pd(alkene) adducts is a donor-acceptor x-complex.!®!? For the
Pd(alkane) adducts, the structure might well be the unusual
n?-complex 2, which was recently predicted by ab initio calcula-
tions.”

H
, 4 H , v’ /'li
Pd+CHyR P4 CH-R Pd | Pd
N4 Ny AY
(V)] (20 "H (3) " CHxR (4) CHR

The kinetics measurements are described elsewhere.'>'* The
disappearance of the 4d!° ('S,) Pd ground state is monitored by
laser-induced fluorescence (LIF).!> Figure 1 gives several ex-
amples of semilogarithmic plots of Pd atom LIF signal vs hy-
drocarbon number density. The resulting effective bimolecular
rate constants k at 300 K and 0.5-0.8 Torr of He are collected
in Table I.

Most of the neutral 3d series metal atoms have 3d*24s?
ground-state configurations.'® The 4s orbital is larger than 3d;’
the outer-shell 4s? configuration presents an inert-gas-like ap-
pearance to an approaching alkane or alkene, which is itself
closed-shell. A substantial potential energy barrier typically
prevents close approach of metal atom and hydrocarbon at 300
K. The most reactive atom in the 3d series is Ni,!*!? whose
low-ly7ing 3d°4s! singlet state can form a bound Ni(alkene) com-
plex.!

In the 4d series, the 5s and 4d orbitals are more similar in size,'
which strengthens metal bonding to H and to alkyl. The 4d'°
ground state of Pd is unique among all neutral transition metal
atoms. A simple donor—acceptor model of M—alkene bonding
predicts that ground-state Pd should fall into a deep attractive
well with alkenes, consistent with our observations. The Pd +
1-butene rate constant of 3.5 X 10719 cm? s! is essentially equal
to a hard-spheres collision rate, i.e., the reaction efficiency is 1.
Every Pd + 1-butene collision produces an internally hot complex
with a sufficiently long lifetime (~50 ns) to be stabilized by He,
which implies a deep Pd—butene potential well and no barrier to
complex formation.

For Pd + alkane, reaction efficiencies are small, about 5 X 10~
for C,Hg, 4 X 107 for C,Hj;, and 0.015 for n-C Hy,. We observe
no reaction with CH, (k < 3 X 1074 cm3 s7!). The increase in
rate constant with He pressure indicates a termolecular reaction
in the linear regime of pressure dependence. The lifetime of the
internally hot Pd(alkane) complex!3 is probably ~25 ps for C,H,,
~200 ps for C;Hg, and ~0.5 ns for n-C,H;,. The reaction
efficiencies suggest that the Pd(alkane) complexes are more weakly
bound than the Pd(alkene) complexes. The efficiencies also in-
dicate barriers smaller than 5 kcal mol™! between reactants and
the stable Pd(alkane) complex.!? Exponential decay of Pd signal
vs alkane pressure over one decade at 300 K suggests'® Pd-alkane
binding energies of at least 8 kcal mol™! relative to ground-state
reactants. These results seem consistent with matrix isolation
vibrational spectroscopy® of PdACH,.

Recent high-level ab initio calculations suggest the nature of
the Pd(alkane) complexes indirectly observed here. Blomberg et
al.’¢ examined the reaction path from 1, M + CH,, through the
transition state 3 to the C—H bond insertion product 4 for all
members of the 4d series. For Pd + CH,, 3 lies 16 kcal mol™!
above ground-state reactants 1; 4 is unstable by 9 kcal mol™!
relative to 1. Pd is unique in that the n*-complex 2 is a stable
minimum below ground-state reactants, with no barrier separating
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1and 2. The calculated energy of the n?-complex is only 4 kcal
mol™! below reactants, but the geometry was not optimized. The
most plausible identity of the inferred Pd(alkane) adducts thus
appears to be the n’-complex.

We plan to extend these kinetics studies to the ground states
of ruthenium, rhodium, and platinum to further test the utility
of ab initio calculations for such electronically complex systems.
We also hope to measure accurate bond energies and to study the
novel n’-complexes spectroscopically in the gas phase.
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The blockade of the HIV protease has become a major target
in the search for an effective therapy for AIDS.! While many
reports of potent HIV-1 inhibitors have appeared recently, the
compound Ro 31-8959 remains the least selective for the HIV-1
and HIV-2 proteases.? This property may result in reduced
susceptibility to resistance since these represent the genetically
most divergent strains of HIV presently known to exist.
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Ro 31-8959, R = CHCONH;
12, R= 3(R)-tetrahydrofuranyl
13, R= 3(S)-tetrahydrofuranyl

Interestingly, no improvement over asparagine at the P, subsite
has been reported. Computer-assisted modeling starting with the
X-ray crystal structure of the L-689,502-HIV-1 protease complex?
and replacing the L-689,502 inhibitor with Ro 31-8959 suggested
that one feasible explanation for this preference might be hydrogen
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-78 °C, 2 min, then AcOH, 30 °C, 30 min; (g) LiOH, THF-H,0, 45
min.

bonding of the asparagine side chain to the Asp 29 and Asp 30
NH present in the HIV-1 P, subsite.* Were this model correct,
a rigid, cyclically constrained oxygen might be an effective re-
placement for the primary amide carbonyl oxygen atom. We
considered employing the inherent propensity of the tetrahydro-
furan (THF) oxygen atom to donate its lone pairs to protons and
metal ions as a potential asparagine replacement for the protease
enzyme. To test this concept, the unknown (2S,3’'R)- and
(25,3'S)-tetrahydrofuranylglycines were prepared by chiral syn-
thesis from p- or L-malic acid, respectively, in the following
manner.

Enantiomerically pure (.S)-(+)- and (R)-(-)-3-hydroxytetra-
hydrofurans (1a and 1b) were prepared by acid-catalyzed cy-
clodehydration of 1,2,4-butanetriol as described by Tandon, van
Leuson, and Wynberg.> The corresponding mesylates were
converted stereospecifically with inversion of configuration into
diethyl (R)- and (S)-3-tetrahydrofuranylmalonates 2a and 2b by
displacement with the sodium salt of diethyl malonate in DMF
at 100 °C.¢ Saponification followed by copper ion promoted
decarboxylation’ afforded the optically pure (R)- and (S)-3-
tetrahydrofuranylacetic acids 3a and 3b in excellent yields. The
asymmetric azidation methodology of Evans® was employed in
excellent overall yields for the stereoselective introduction of the
a-amino functionality as shown in Scheme I. The hydroxy-
ethylamine isostere 11 was conveniently prepared from the readily
available azido diol 7! by conversion into the (2R,3S)-azido
epoxide 8'!'!2 followed by reaction with the tert-butyl amide of
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(35,4aR,8aS)-decahydroisoquinoline-3-carboxylic acid 9'>!4 in
hot isopropyl alcohol. While the (25,3’R)- and (2S,3’S)-tetra-
hydrofuranyliglycines could be obtained quantitatively from the
(25,3’R)- and (2S,3'S)-2-azido-3'-tetrahydrofuranylacetic acids
6a and 6b by hydrogenation over a palladium catalyst, we found
the a-azido acids to be convenient, chirally stable intermediates
for introduction of the 3’-tetrahydrofuranyliglycines into the in-
hibitors (Scheme II).

A comparison of the in vitro potencies of Ro 31-8959 with the
tetrahydrofuran-modified inhibitors 12 and 13 was rewarding. The
inhibitor derived from (2S5,3’R)-tetrahydrofuranyiglycine (3’R-
Thfg) 12, ICs, = 0.054 £ 0.027 nM (n = 4), was reproducibly
4-fold more potent as a competitive enzyme inhibitor than Ro
31-8959, ICs, = 0.23 & 0.10 nM (n = 3), containing asparagine
in the P, position. In contrast, the (2S,3’S)-tetrahydrofuranyl-
glycine (3’S-Thfg) 13, IC;; = 5.4 nM (n = 1), was 100-fold less
effective than 12.1° This strong stereochemical preference supports
a hydrogen-bonding phenomenon as an important factor for ligand
binding in the P, pocket. While the chirality of the HIV-1 protease
active site requires a 3’R-Thfg, the 3'S-Thfg should prove a useful
asparagine surrogate for other binding domains in nature.

The activities of the 3-Thfg-derived inhibitors 12 and 13 in the
blockade of HIV-1 viral spread in cell culiure using MT4 human
T-lymphoid cells infected with the IIIb isolate's paralleled the
inhibitory potencies against the enzyme. In head to head com-
parison, the 3’R-Thfg-derived 12, CICys = 8 £ 4 nM (n = 8),
was consistently at least 3-fold more potent than the Asn-derived
Ro 31-8959, CICys = 22 £ 7 nM (n = 10), or 3’S-Thfg-derived
13, CICys > 100 nM.

Finally, the inhibition of HIV-2 protease!é!” by the 3’-Thfg
diastereomer 12 was measured and determined to be 2-fold more
potent (IC5, = 0.24 nM) than Ro 31-8959 (ICs, = 0.5 nM).
Further characterization and development of this novel, unnatural
amino acid as a protease inhibitor building block are under in-
vestigation.'®
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tary Material Available: Listings of experimental
details and spectroscopic characterization for compounds 2-11
and analytical data and stereoview of the optimized bound con-
formations of Ro 31-8959 and inhibitor 12 superimposed in the
inhibited HIV-1 protease active site (8 pages). Ordering infor-
mation is given on any current masthead page.

(18) Proton NMR and infrared spectra are consistent with assigned
structures. Satisfactory (£0.4%) elemental analyses were obtained for new
compounds, and all melting points were determined on a Thomas-Hoover
capillary melting apparatus and are uncorrected.
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Electrospray ionization (ESI) has been demonstrated to be a
“soft” ionization technique, allowing accurate molecular weight
determination for biopolymers due to gas-phase multiple charging.'
Recent results have demonstrated that noncovalent associations
can be preserved upon transfer into the gas phase with ESI,
providing a new approach to the determination of both struc-
turally-specific? and nonspecific’ noncovalent associations in so-
lution. The mass spectrometric experimental conditions necessary
to preserve such noncovalent associations, and the physical con-
straints upon such, have yet to be elucidated, although it is clear
that gentle interface conditions minimizing internal excitation of
noncovalent complexes are helpful.'s>* Base-paired oligonucleotide
hybridization constitutes one of the most important and thoroughly
studied noncovalent associations of biopolymers. Our initial at-
tempts to observe duplex oligonucleotides resulted in detection
of only the monomeric constituents. Since then, we have developed
interface conditions that are more gentle and yet still provide
sufficient molecular ion desolvation to preserve such associations
using new instrumentation with a greatly extended m/z range.
In this communication, we report the successful ionization of
duplex oligonucleotides and the conditions necessary for detection
by negative ion ESI-MS.

Two complementary 20-base single-stranded oligodeoxyribo-
nucleotides were prepared with a DNA synthesizer (Applied
Biosystems Model 381A) by phosphoramidite chemistry. The
samples were purified by reversed-phase HPLC followed by
Centricon 3 (Amicon) ultrafiltration to remove residual salt im-
purities. Oligonucleotide I contained pyrimidine bases with the
sequence 5'-dCCTTCCTCCCTCTCTCCTCC-3’ (M, 5826.9),
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Figure 1. Negative ion ESI mass spectrum of a 20-mer oligodeoxyribo-
nucleotide duplex obtained on the extended m/z range quadrupole mass
spectrometer with a mildly heated capillary interface. Capillary—skimmer
voltage = 68 V and capillary heating = 23 W (~ 180 °C at external
surface). This spectrum is from the average of five scans consuming
approximately 100 pmol. Peaks labeled D are from the duplex ions, and
I and II are from the indicated charge states of the complementary
single-stranded ions. The insert shows the 5— charge state region of the
hybrid duplex ion at m/z ~2446 and the absence of the nonspecific
association ions (I + I)° at m/z 2330 and (II + II)*> at m/z 2563.

and oligonucleotide II was composed of the complementary purine
bases with the sequence 5-dGGAGGAGAGAGGGAG-
GAAGG-3’ (M, 6410.3), chosen to avoid ambiguous hybridization
of the complementary single strands. Also, their significant
differences in M, allowed potential nonspecific self-association
to be resolved under the low-resolution mass spectrometric con-
ditions employed. The purity of the single strands was confirmed
by mass spectrometry, and their concentrations were determined
by UV spectrophotometry. The single-stranded oligonucleotides
(~1 X 10* M) were annealed in an aqueous 10 mM NH,OAc¢
solution by heating to 90-100 °C for 5 min and then slowly cooling
to room temperature over 3 h. This solution was chosen to provide
sufficient counterions to shield the negatively-charged phosphate
groups and facilitate hybridization.

Negative ion ESI mass spectra were obtained using a new
extended m/z range (~45000) quadrupole mass spectrometer
developed in our laboratory employing a heated capillary inter-
face.* All mass spectra were obtained under conditions intended
to minimize heating of molecular ions (i.e., low capillary-skimmer
interface voltage, low capillary temperature), but which still
provide sufficient excitation to give sufficient desolvation.’ Figure
1 shows a low-resolution mass spectrum of the hybridized sample
in 10 mM NH,OAc showing multiply charged ions (D* to D*)
corresponding to the intact duplex (D) dominating at m/z ~2500.
It is noteworthy that, while both single-stranded constituents (I
and II) are observed at low m/z, the duplex form is predominant
at higher m/z. The insert in Figure 1 shows an expansion of the
m/z region of the 5~ charge state of the double-stranded duplex
ion (D%) at m/z 2446 corresponding to the specific hybridization
of the complementary single-stranded species (I + II). Homo-
dimeric association of each strand during the electrospray process
would be expected to produce additional 5— ions at m/z 2330 (I
+ I) and m/z 2563 (II + II) which are not observed, indicating
that a more specific association in solution was involved in pro-
ducing the duplex ions. As expected, the intact duplex was not
observed when distilled deionized water was substituted as the
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(5) Electrospray conditions utilized a 0.4 xL /min sample flow, a methanol
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suppress electrical discharges during negative ion production, and a coun-
tercurrent flow of heated N, for desolvation. An aqueous sheath flow gave
similar mass spectra but weaker ion signals.
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